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Abstract 

We report the ability to tune and characterise the mechanical properties of low 

molecular weight hydrogels over different length scales. These materials have 

been investigated due to their potential for use in a wide range of biomedical 

applications including drug delivery, tissue engineering, cell culture and wound 

healing. As such, it is really important to not only being able to characterise the 

properties of this class of materials at different length scales, but also to find new 

approaches that will open up new opportunities to control gel networks on demand 

to provide tuneable, triggerable materials. 

 

We describe a multicomponent system of two gelators that forms a gel via a 

solvent-trigger approach. After gelation, thermal annealing leads to a self-sorted 

network which interestingly exhibits significantly different mechanical properties 

to the as-prepared gel. The changes in the mechanical properties affect the 

stiffness of the resulting gel system, which will also impact on the diffusion and 

transport within the gel network. Furthermore, we demonstrate that it is also 

possible to selectively anneal only one component within the mixture. This also 

leads to a change in the final gel properties, but in a different manner than when 

both gelators were annealed.   

 

We also describe the use of cavitation rheology to characterise the linear elastic 

modulus of a range of hydrogels at a different scale that traditional shear rheology 

cannot access. We investigate a quantitative relationship, ksc, between the gel 

modulus determined using both cavitation and traditional shear rheology, that will 

allow to interconvert between both techniques. We show that the data from the 

cavitation rheology correlates with the underlying microstructure within the gels, 

which allows a greater degree of understanding of the gel systems than can be 

obtained from the bulk measurements using traditional shear rheology, as well as 

allowing information to be gathered on a local environment, which can be used to 

determine gel homogeneity. 
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Finally, we successfully developed new rheological protocols to characterise the 

mechanical properties of multi-layered hydrogels prepared in situ and post 3D-

printing with a high degree of control. From rheological analysis, we show that 

not only a high control of the measured mechanical properties of the individual 

layers within the multi-layered constructions can be achieved, but also the 

contribution of each layer on the resulting properties being measured can be 

assessed. We also emphasise the importance of using different measuring systems 

for rheological measurements, as these impact heavily on the resulting properties 

being measured. We present this study as a tool for assessing the mechanical 

properties of 3D printed gels and we hope this will open up new opportunities to 

characterise new biomaterials on demand. 
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Figure 4.18 (a) Photographs of 3D printed gels of 4 at a concentration of 5 mg 

mL-1; (a.I.) A 50 mm printed line. (a.II.) Deposition of a gel filament onto the 
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1.1. Hydrogels 

Hydrogels are a class of soft materials consisting of a three-dimensional network 

structure, which entraps water.1 Hydrogels can retain large amounts of water, 

sometimes more than 99% by weight,2 and still possess properties that are 

characteristic of a solid.3, 4 In these materials, two different phases co-exist: a 

“solid-like” phase responsible for preventing the flow of a “liquid-like” phase. 

Since the pioneering research on hydrogels in the 1960s,5 these materials have 

been extensively investigated due to their extraordinary potential for use in a 

wide range of applications including cosmetics,6 environment,7, 8 agriculture,9 

personal care,10 medicine11 and electronics.12 Hydrogels are viscoelastic in 

nature; the solid network is responsible for their elasticity, whereas the viscous 

behaviour arises from the aqueous solution.13 In addition, due to their high 

water content, hydrogels are often biocompatible and their biological 

applications are manifold, including drug delivery,14 tissue engineering,15 cell 

culture16 and wound healing.17  

 

Hydrogels can be made from a wide range of polymers, including synthetic18,19 

and naturally20 occurring polymers. Hydrogels are also classified as either 

chemical or physical gels depending on the nature of the cross-linking that 

forms the gel network. Chemical hydrogels are the result of the cross-linking of 

polymer chains through covalent bonds, usually making these material 

irreversible but rendering excellent mechanical strength (Figure 1.1a-I.).21 In 

contrast, physical hydrogels, also known as supramolecular gels, are formed 

when the polymer chains are held together by non-covalent interactions such 

as hydrogen bonding, hydrophobic interactions and aromatic π-π stacking, 

making them reversible when an external stimuli is applied (Figure 1.1b-II).22 

In recent years, low molecular weight gels (LMWGs) have emerged as an 

important class of physical hydrogel. Small building blocks, known as low 

molecular weight gelators (LMWG), self-assemble through non-covalent 

interactions to form fibres which entangle to form a supramolecular gel (Figure 

1.1b).4, 23  
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Figure 1.1 Cartoon showing the differences in gelation for (a) polymers and (b) 

low molecular weight gelators.  

1.2. Low Molecular Weight Hydrogels 

Recently, interest has emerged in the use of LMWG to form hydrogels. These 

are small molecules that self-assemble into long anisotropic fibrillar structures 

through non covalent interactions.24 Many examples of effective LMWG have 

been reported over the last years, including functionalised sugars,25,26 

surfactants,27,28 aliphatic hydrocarbons 29 and peptides,30,31,32 among many 

others.29 Molecules with the potential for directional interactions and with 

abundant functional groups capable of hydrogen bonding interactions are 

considered effective gelators. Peptides are widely studied since they are 

naturally occurring biological molecules that can be found in all living 

organisms, making them ideal candidates for biological applications.33  The 

main difference between chemically cross-linked polymer and low molecular 

weight hydrogels is that in the latter the gelator molecules interact through 

non-covalent bonds during assembly, rather than irreversible covalent bonds.34 

In the same way, physically cross-linked polymer gels are formed by a network 

of polymer chains held together by non-covalent interactions. Comparatively, 

LMWGs offer advantages compared to polymer hydrogels such as their ease of 

synthesis, reversibility and their tuneable and stimulus responsive properties.35  



Chapter 1: Introduction 

4 
 

1.2.1. Self-assembly of LMWG 

Low molecular weight hydrogels arise from the self-assembly of LMWG (Figure 

1.2). Initially, LMWG are dissolved or suspended in water (Figure 1.2a). Next, a 

trigger is applied, which lowers the solubility of these molecules, driving the 

self-assembly of the LMWG into long anisotropic 1D aggregates through non-

covalent interactions including hydrogen bonding and π-π stacking (Figure 

1.2b).36 These 1D aggregates are typically nanofibres, nanotubes, nanotapes or 

helical structures.4 Although these non-covalent interactions are individually 

weak, when they work in tandem, self-assembly takes place. At a sufficiently 

high concentration, these fibres bundle and  entangle resulting in the formation 

of a 3D network that immobilise the water through surface tension and capillary 

forces (Figure 1.2c).29,4 

 

Figure 1.2 Cartoon showing the self-assembly of LMWG via non-covalent 

interactions. Initially, LMWG are suspended in solution (a) and when a trigger 

is applied, these molecules assemble leading to 1D fibres-like aggregates (b), 

which entangle and result in a self-supporting gel network (c). The length scale 

of each stage is indicated beneath the cartoon. 

Due to the diversity of functional groups that can be used for the design of 

LMWG,37 differences in properties such as their ability to pack, the number of 

hydrogen bonds, steric bulk and solubility of the molecules can affect the  
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intermolecular interactions which promote 1D growth.34 In the same way, 

depending on the different interactions between the 1D structures, networks 

with different morphologies and therefore different properties can result.34  

 

As a result of their weak interactions, some supramolecular gels formed from 

LMWG can recover their original state after being subjected to external forces. 

Firstly, they undergo a gel-to-sol transition upon stress, i.e., the gel’s viscosity 

decreases with time when stress is applied. The consequent release of stress is 

followed by a sol-to-gel transition, where the gel recovers the original viscosity 

if it is left to stand.38,39 This characteristic is called thixotropy, and make these 

class of materials excellent candidates as injectable hydrogels due to their 

ability to recover their original shape after injection.40 Also, if LMWGs are made 

from naturally occurring molecules, they can usually easily degrade within the 

body and be removed after they have completed their function. These 

hydrogels can be used as scaffolds or as carriers of therapeutic agents in the 

treatment of diseases and cancers and the repair and regeneration of damaged 

tissues.41 

 

1.2.2. Multicomponent LMWG Systems 

In general, LMWGs are used as single component systems. However, there is an 

increasing interest in the self-assembly of multicomponent systems with the 

potential of each individual component to endow the gel with a different 

function.42-46 In contrast with functional gel systems, where the different 

functional groups endow the gel with different properties, multicomponent gels 

go one step further. These systems, in which the two components form a gel by 

themselves, present the advantage of preparing gels with properties that 

cannot be accessed with either of the individual components.47-52 By mixing two 

components, self-assembly can generate different situations. The molecules 

may segregate and self-sort, or they may co-assemble (Figure 1.3). In a self-

sorting system, the molecules tend to differentiate between self and non-self, 

such that each fibre contains only one LMWG (Figure 1.3a), or both LMWG are 

present in the same fibre but have sorted themselves into a pattern (Figure 
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1.3b). It is also possible that the two different LMWG mix, randomly forming a 

fibre where different amounts of each LMWG are present (Figure 1.3c). 

 

Figure 1.3 Different fibre assemblies that may occur in a two components 

system. (a) self-sorting; (b) social self-sorting and (c) random co-assembly. 

Multicomponent systems present some intrinsic advantages over single-

component hydrogels. These multicomponent systems have emerged as a 

versatile option to design hydrogels with molecular complexity, modulate 

kinetics of gelation, tune the mechanical properties and generate new 

materials.49, 53-58 These properties make multicomponent hydrogels suitable for 

a wide range of applications including tissue engineering,59 drug delivery60 and 

optoelectronics.61 For example, Gough and co-workers have shown the ability 

of a hydrogel based on co-assembly of two peptide amphiphiles molecules to 

support attachment, spreading and proliferation of encapsulated dermal 

fibroblasts for extracellular matrix secretion in tissue regeneration.62 Self-

sorting systems have emerged as an exciting strategy to generate bulk 

heterojuntions for optoelectronic devices. As an example, Shinkai and co-

workers have shown that p-n heterojuntions can be formed when electron 

acceptor and electron donor gelators self-assemble into independent fibres, 

which then interact and entangle, allowing for charge mobility in the p-n 

junction.46   

 

The design rules for a multicomponent system to self-assemble into a self-

sorting or co-assembled system are not well understood. Generally, a system 
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containing LMWG with different structural motifs encourage self-sorting, 

whether two LMWG with very similar structures tend to co-assemble.58 Also, 

gelators with very different thermal properties encourage self-sorting to 

occur.63 The efficiency of driving self-assembly towards a self-sorting system 

using two gelators with different pKa values has been described, where a 

controlled protonation drives the self-assembly sequentially.43 

 

Importantly, due to the difficulty of designing new gelators that form gels with 

specific properties, multicomponent systems have emerged as an alternative 

that allows to tune several key properties and offer materials with 

advantageous characteristics.  

 

1.3. Peptide-based Low Molecular Weight Gels 

Peptide-based gelators represent a commonly-used class of LMWG. Peptide 

hydrogels are widely used to construct self-assembling biomaterials and possess 

a number of advantages that make them particularly effective for this 

purpose.64, 65 As opposed to more complex biomolecules like proteins, peptides 

are feasible and easy to scale. It is possible to construct long sequences of 

amino acids and easily incorporate different functional groups that will render 

the molecule greater complexity and functionality.64 On top of this, peptide 

hydrogels often degrade into natural amino acids that can be metabolised, 

which make them ideal for in vivo nanomedical applications.64 

 

In the early 1990s, Zhang pioneered the use of peptide with alternating ionic 

hydrophilic and hydrophobic amino acids such as gelators EAK16 and RADA16-I, 

among others.66 The amino acids arrangement gives each peptide a hydrophilic 

and hydrophobic facial character. The hydrophobic interactions between the 

peptides from the hydrophobic amino acid residues try to “hide away” from the 

aqueous media, while the complementary charged residues interact with water 

and form hydrogen bonds and other intermolecular interactions leading to 

peptide assembly. The amphiphilic character of these molecules leads to the 

formation of a β-sheet peptide bilayer, where the hydrophobic side chains 
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remain in the middle of the bilayer, which lead to the unidimensional growth 

of fibres and therefore gel formation.66 The thixotropic character of RADA16-I 

was proved by subjecting the peptide to mechanical stress, which showed the 

breakdown of the fibres into fibrous fragments. After the stress was released 

the fibres reformed back to their original form. Using circular dichroism, Zhang 

et al. showed no changes in the molecular packing occurred during the exposure 

to stress, which showed the potential use of these type of molecules.66 

Following the concept developed by Zhang, many other ionic-complementary 

peptides have been studied.67 Although the β-sheet is the most common 

structure studied in peptide assembly, α-helical peptides that formed nanofibril 

network hydrogels have also being examined.68,69 

 

Schneider and Pochan have successfully developed a series of short amphiphilic 

alternating hydrophobic and hydrophilic residues with a tetrapeptide β-turn 

(VDPPT) in the middle that change the structural conformation according to 

external stimuli.70-74 MAX1 was the first peptide synthesised composed of 20 

amino acids consisting of two strands altering valine (V) and lysine (K) residues 

connected to a VDPPT (10. in Figure 1.4,).70 In aqueous solution, MAX1 exists as 

a random coil due to the repulsion between the positively charged lysine 

residues in the peptide side chain. Under basic aqueous solution conditions, 

MAX1 coils folds into a β-hairpin due to the less favourable interactions between 

the positively charged lysine residues. The β-hairpins pack along their 

hydrophobic faces, forming bilayers that further aggregate and form crosslinked 

fibrils that result in gel formation. The Schneider and Pochan groups have 

developed a series of MAX peptides that have shown to be responsive to 

numerous stimuli including light,71 pH,72 temperature73 and ionic strength,74 and 

all of them result in different rheological properties. 

  

Similarly, there are numerous short peptides that can also form hydrogels. One 

class is that of peptide amphiphiles (PA), which consist of a peptide sequence 

conjugated to an alkyl tail that gives hydrophobic and hydrophilic regions 

(Figure 1.4, 9.). These molecules combine the structural features from the 

amphiphiles with the functionality of bioactive peptides. In 1995, Tirrell’s group 
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pioneered the research of such class of molecules.75 His group synthesised a 

series of amphiphiles containing different peptides derived from extracellular 

matrix collagen.75 Since then, Stupp’s group has widely investigated PA 

peptides.76-78 They demonstrated that the selection of amino acids and alkyl 

tail will directly yield the formation of different morphologies, surface 

chemistry and bioactivity in the molecules. This shows the adaptability and 

functionality of this type of molecules to form hydrogels with tuneable 

properties.  

 

Over the last decades, shorter amphiphiles peptides have been widely studied. 

An amino acid or dipeptide conjugated gelators are a class of short amphiphiles 

molecules consisting of one and two amino acids, typically N-protected with an 

aromatic group (Figure 1.4, 1-8). Examples of protecting groups are 

naphthalene (Nap),79 fluorenylmethoxycarbonyl (Fmoc),80,81 cinnamoyl,82 

pyrene,83 indole,84 among others.85 The aromatic groups contribute to the 

hydrophobicity of the peptide gelators, promoting hydrogen bonding, π- π 

stacking and Van der Waals forces that are needed for self-assembly to occur. 

Depending on the nature of the protecting group, redox-responsive, fluorescent 

and drug delivering hydrogels can be developed.85 The modification of the N-

terminal protecting group facilitate the tuning of peptides self-assembly and, 

therefore, the resulting hydrogel properties. Dipeptide conjugated hydrogels 

are the focus of this Thesis. 
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Figure 1.4 Some examples of peptide LMWG. 

 

 



Chapter 1: Introduction 

11 
 

Fluorenylmethyloxycarbonyl-diphenylalanine (FmocFF) is probably the most 

studied dipeptide gelator (4. In Figure 1.4). Hydrogel made of 4 was first 

reported by Gazit’s86 and Ulijn’s87 groups and since then numerous researchers 

have recognised the potential use of this peptide molecule. Gelator 4 forms 

hydrogels at physiological pH, making this class of materials ideal candidates 

to be used cell culture or drug delivery. Furthermore, Gazit and co-workers also 

showed that diphenylalanine (FF) forms well-ordered tubular assemblies with 

similar structural properties with those of β-amyloid fibrils associated with 

Alzheimer’s disease.88 

 

1.4. Gelation Triggers 

There are numerous potential triggers reported in the literature to form 

hydrogels such as changes in temperature89 or pH,80 a solvent switch,74 addition 

of a salt85 or enzymes.94 Notwithstanding the differences between different 

triggers, all of these operate on the same basis; a stimulus is applied which will 

encourage the system to dissolve and a subsequent trigger decreases the 

solubility of the molecules to induce the self-assembly. As will be explained 

later, the properties of the resulting gels depend on how the gels are formed. 

As such, gels with different properties can be prepared from a single gelator if 

different gelation triggers are used.34 It is even possible that the use of the 

same trigger causes differences in the gel properties since different methods 

can be employed.90 Therefore, it is really important to control the trigger used 

if the gel needs to meet specific properties for a given application. 

 

1.4.1. Temperature Trigger 

A heating and cooling cycle is often used to trigger gelation. Generally, due to 

their hydrophobic nature, LMWG are insoluble in water at room temperature. 

If the gelator solution is heated, the gelator solubility increases. On cooling, 

the solubility is reduced once again, driving the self-assembly of the gelator 

molecules.89 Although this is one of the simplest methods to form a gel, the 

resulting gel properties can sometimes lack reproducibility.91 This is likely to 
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be a consequence of the differences in cooling rates through the hydrogel 

sample. In the same way, the rate at which the temperature is reduced will 

affect the kinetic of aggregation and, therefore, the resulting properties of the 

gel.92 Instead, a heating and cooling approach is often reported as a way to 

tune the mechanical properties post-gelation.93,94,95,96  

 

1.4.2. Solvent Trigger 

The use of a solvent trigger is very common to activate gelation.86, 90, 97 Due to 

the hydrophobic nature of the LMWG, these are insoluble in water. As such, the 

gelator molecules are firstly dissolved in a suitable water-miscible organic 

solvent. This solution is then diluted by the addition of water, which lowers the 

solubility of the gelator molecules and forces the self-assembly into 1D fibril 

aggregates.86 Occasionally, upon addition of water, a turbid solution is formed 

that clarifies over time as the gel forms. Chen et al. interpreted this process as 

a phase separation occurring initially before the gel is formed.94 Firstly, there 

is a transition to a non-equilibrium state where nucleation centres are formed 

(Figure 1.5a). Consequently, nucleation takes places and the fibres arise from 

the surface of the spheres (Figure 1.5b), expanding into the solution and thus 

forming a spherulitic multi-domain fibre network (Figure 1.5c).98 

 

Figure 1.5 Schematic representation of a multi-domain fibre network formation 

through the nucleation and growth of fibres when a solvent trigger is used. 
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The final gel properties depend upon the water:solvent ratio, the gelator 

concentration and the nature of the organic solvent used.86, 90 It may happen 

that only a specific solvent or a range of different solvents will be suitable for 

gel formation. This will depend on the interactions between the solvent and 

the gelator molecules.  

 

The use of this method is widespread due to the ease of preparation and the 

quick gelation times. Sometimes only few seconds are needed for a gel to form 

using a solvent-triggered approach, as it is the case for peptides 7 or 8 (Figure 

1.4),99 compared to the slow gelation when using a pH trigger, that can take 

few hours to complete gelation.100 

 

1.4.3. pH Trigger 

A pH trigger is a widely used method to prepare hydrogels from LMWG. The 

cooperation of charged interactions during the self-assembly process, makes 

many LMWGs intrinsically pH responsive. Therefore, the solubility of the gelator 

molecules is also pH dependent. For dipeptides, the C-terminus (carboxylic 

acid) is deprotonated at a pH above the apparent pKa, so the gelator molecules 

can be solubilised in water under these conditions (Figure 1.6a). If the pH is 

then lowered below the apparent pKa, the C-terminus is re-protonated reducing 

the solubility of the LMWG, thus activating the self-assembly of the gelator 

molecules into fibres that form a hydrogel (Figure 1.6,b-c). Some LMWG can 

form surfactant-like aggregates at high pH. As a result, a high viscosity solution 

is formed, but typically no gelation occurs unless the pH is lowered.101 This is, 

gelation will only take place when the pH of the solution is below the pKa and 

thus, the molecules will start to protonate, driving the assembly of the 

molecules into the long fibres.  

 

Lowering the pH to trigger gelation can be achieved by different methods. The 

addition of hydrochloric acid (HCl) to lower the pH has been extensively used 

to form hydrogels.102,103,80 Xu’s group reported the use of HCl to lower the pH 

and trigger gelation for a series of naphthyl-protected dipeptide based 
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hydrogels.79 The dipeptides were suspended in solution at high pH to 

deprotonate the C-terminus. A small volume of HCl 1M was added until gels 

were formed.79 Ulijn’s group demonstrated in 2006 that a number of Fmoc-

dipeptides also formed gels by lowering the pH using HCl, including 4.87 

Hydrogel made of 4 has the highest pKa value of any dipeptide conjugate gelator 

reported so far in the literature, with a pKa of around 9.9.104 Because of this 

high pKa, hydrogels can form at physiological pH, which make them of interest 

in many biological applications.86, 87, 105-107 Later, Adams et al. showed that the 

use of hydrochloric acid to trigger gelation of a Fmoc dipeptide gel resulted in 

inhomogeneous turbid gel network. This behaviour was associated to the 

differences in kinetics of mixing HCl  being slower than the initial kinetics of 

gelation.100 As an alternative, Adams et al. reported the use of glucono-δ-

lactone (GdL) to control the pH in dipeptide gels.100 GdL slowly hydrolyses in 

water to gluconic acid. The dissolution of GdL is quicker than the hydrolysis to 

gluconic acid, which result in a slow decrease in pH, this allowing to form a 

visibly more homogeneous hydrogel. Since then, this method has been 

extensively used. 108-114 

 

Figure 1.6 Schematic representation of self-assembly when pH is lowered; (a) 

At high pH the C-terminus is deprotonated and the gelator can be solubilised in 

water under these conditions. It is important to note that numerous gelator 

molecules can be dispersed as a surfactant-like aggregate above the pKa. (b) 

When the pH reaches the pKa value, the gelator molecules start to self-

assemble. In the case of surfactant aggregates, these are disrupted and self-

assembly also starts to occur. (c) Further decrease in pH leads to the formation 

of fibres that entrap the solvent and form the gel. 
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Alternatively, the use of photoacid generator (PAG) can also be used to lower 

the pH of a solution. Upon UV light exposure, PAG molecules dissociate into 

acidic species, which will allow to drop the pH and therefore form a gel.112, 115 

This method allows gel patterning since UV light can be applied in specific areas 

rather than applying the trigger to the bulk sample, as happens when using GdL 

or HCl. As such, this method has potential for use in cell differentiation.116 

 

1.4.4. Salt Trigger 

The use of metal ions have been extensively used as a way to trigger gelation 

in a wide range of peptide based LMWG.94, 117-120 Numerous peptides including 

some naphthalene dipeptide gelators,108 a carbazole protected dipeptide121 and 

a Fmoc protected dipeptide (4 in  Figure 1.4)115 at a high pH, and when the 

molecules concentration is above the critical micelle concentration (cmc), it 

leads to the aggregation of the gelator into worm-like micelles. Chen et al. 

have shown the aggregation of a range of naphthalene functionalised dipeptides 

into worm-like micelles at high pH (for example 3 in Figure 1.4).94 The model 

proposed suggests that the naphthalene protecting group and the hydrophobic 

amino acids are driven away from water, thus forming the core of the micelles, 

with the carboxylates stabilising the micelles in solution (Figure 1.7a). When 

divalent cations Ca2+ are added, carboxylates are attracted by the positively 

charged Ca2+, this bringing together the worm like micelles and crosslinking to 

them through the negatively charged carboxylates (Figure 1.7b). The 

crosslinking results in the gel formation. 
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Figure 1.7 Schematic representation of a) the assembly into worm-like micelles 

and b) the cross-linking of the micelles through the metal ion to form a network. 

Adapted from ref. 94. 

1.4.5. Enzyme Trigger 

In nature, self-assembly is often under the control of enzymatic reactions.122 As 

such, enzymes can be used as a catalytic tool to convert a non-gelling precursor 

molecule to a self-assembling gelator. Generally, there are two possible modes 

of enzymatic hydrogelation, this is by either breaking or forming bonds.123 In 

the former, the attachment of a hydrophilic group to the gelator molecule 

forms an ideal soluble precursor. Then, if the hydrophilic group is removed by 

the action of an enzyme-catalysed bond cleavage, the precursor is converted 

back to an efficient gelator capable of self-assembly (Figure 1.8a). The groups 

of Xu and Ulijn have extensively used this method of self-assembly.80, 122-125 

They use a phosphorylated tyrosine as the cleavable side and by addition of 

alkaline enzyme, dephosphorylation takes place, which makes the molecule 

insoluble, driving the self-assembly and hydrogel formation. The other method 

consists of an enzyme-catalysed reaction, where the two soluble precursors are 

linked together and form an efficient gelator (Figure 1.8b).126 The advantage 

of using enzymatic triggers is that they are highly specific and can exhibit 

selective response to different environments.127   
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Figure 1.8 Schematic representation of enzymatic self-assembly via (a) bond 

cleavage and (b) bond formation. 

Naturally, the final properties of the gel will not only be affected by the choice 

of the LMWG, but also by the process by which gelation is triggered.34 Even 

using the same trigger of gelation, different methodologies are required and 

gels with different properties can result.42  

 

1.5. Mechanical Properties of LMWGs 

Low molecular weight hydrogels have emerged as a promising class of soft 

materials due to their extraordinary properties. By virtue of their inherent 

reversibility, dynamism and vast range of mechanical properties, LMWGs are 

suitable for a wide range of applications.8, 128-131 In general, for any material, 

the understanding of mechanical properties is key in determining whether these 

materials are potentially suitable for specific applications.  

 

The mechanical properties of gels prepared from LMWG are controlled by the 

kinetics, the nature of the gelator molecules and the assembly environment 

(pH, solvent, temperature, etc.). Hence, it is possible to prepare gels with a 

wide range of mechanical properties if we can control these parameters. The 

diversity in mechanical properties can be exploited to access different 

materials on demand. This is one of the main reasons why hydrogels are 

appealing in biomedical applications, as a result of their ease to mimic human 

tissue.132 For example, if the hydrogel is going to be used for controlled release, 

it is important that we can control the pore size, as it plays an important role 

to control if small molecular or macromolecular drugs can be trapped as well 
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as the rate of release.133  In the same way, the rigidity of the hydrogel plays an 

important role if it is to be used as a scaffold for cell growth where stiffness is 

essential for cell adhesion and survival.128 Recently, Cross et al. have also shown 

the importance of the hydrogel stiffness to control the antimicrobial activity of 

a LMWG.134  

 

The understanding and tuneability of LMWGs mechanical properties are of 

growing interest. It is therefore important to understand the mechanical 

properties of hydrogels at different length scales as well as their tuneability to 

access mechanical properties on demand.   

 

1.5.1. Mechanical Properties Across Multiple Length Scales 

For gelation to occur, self-assembly of LMWG involves inter- and intra-

molecular interactions across multiple length scales.54,154 Firstly, molecular 

interactions drive the self-assembly of the gelator molecules into 1D aggregates 

through non-covalent forces such as hydrogen bonds, hydrophobic forces and 

π-π stacking. The 1D nanostructures formed can be vesicles, micelles but are 

most commonly fibrillar structures (fibres and nanotubes). At the next level, 

the resulting fibres crosslinks to form the microstructure through entanglement 

or branching of the fibres. These crosslinks are non-covalent in nature, which 

allow the reversibility of the system. Therefore, the mechanical properties of 

supramolecular hydrogels are controlled by multiple parameters across multiple 

length scales.154  

 

The mechanical properties of the bulk gel arise from the properties of the single 

fibres and their thickness, the degree of entanglement, number and types of 

crosslink, how the fibres are arranged across the whole network, the interaction 

with the media and the homogeneity or lack thereof of the network.135 The self-

assembly process governs all these parameters. Firstly, the nature of the 

gelator molecule will control the intermolecular interactions that drive the 

assembly into 1D aggregates, which partly control the properties of the 

resulting gel.135 Numerous researchers have shown how subtle changes in the 
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gelator molecule can dramatically affect the resulting gel properties.99, 136, 137 

The mechanical properties of 1D fibres can  be assessed using atomic force 

microscopy (AFM). Many researchers have studied the mechanical properties 

and morphology of fibres at the nano-scale using AFM technique.138,139,140 

However, the mechanical properties do not just depend on the molecular 

structure and the intermolecular interactions, but also on the degree of 

crosslinking, i.e., how the fibres interact. The microstructure of the gel can be 

described by the distribution of fibres and the way they crosslink.  

 

Typically, the crosslinking of the fibres can be either entanglement or 

branching,141 but it is also possible to find different branching and 

entanglement of fibres in the same gel network.141 One class of microstructure 

is the one where a dense network of fibres is present.142 Other type of fibre 

networks can give rise to spherulitic patterns.142 In the latter, there is an initial 

nucleation of the gelator molecule, followed by growth of fibres. As such, the 

system results in multi-domain fibre networks.108 In Chapter 3, we show a 

comprehensive study of the effect that different microstructures has on the 

resulting mechanical properties at different length scales using different 

characterisation methods. We have also shown previously the importance of 

characterising the differences in the microstructure, as it governs their ability 

to be used in 3D printing, for example.143 

 

1.5.2. Importance of the Kinetics During Self-Assembly 

The self-assembly is considered a non-equilibrium process144 in which the 

system moves from a “highly soluble state” toward a “less soluble state”, this 

implying a high kinetic dependence. Self-assembly is based on the synergistic 

effect of various non-covalent interactions, which will determine the 

thermodynamic stability and the state of minimum energy of the resulting 

structure. These non-covalent forces are relatively weak in nature, and as such 

they can be easily modulated with different kinetic parameters including 

temperature, pH, concentrations, solvents, etc. Therefore, the resulting self-

assembled structures may not reach the thermodynamic equilibrium but rather 
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they will be trapped in a kinetic state (Figure 1.9, states #1 and #2).145 This can 

lead to kinetically favoured outcomes which are permanently or temporarily 

stabilised at a local minimum of the free energy landscape. The permanently 

stabilised state is known as the kinetically trapped state (Figure 1.9, state #2), 

while the temporarily stabilised state corresponds to a metastable state (Figure 

1.9, state #1). The latter can convert into a thermodynamic state over time 

without the intervention of kinetic parameters. Although the kinetic trapped 

state possesses higher energies, the energy barriers between the 

thermodynamic minimum and the kinetic trapped state are relatively low. 

Thus, by input of external stimuli it is possible to move between different 

energy states, this allowing the fabrication of responsive and adaptive 

materials. Intrinsically, a kinetically trapped product will differ from the 

thermodynamic counterpart in their structure and properties, but will still 

possess the same compositions.135, 145, 146  

 

Figure 1.9 Schematic of a free energy landscape showing the different 

thermodynamic states that a precursor can reach during self-assembly. 

In this context, the competition between thermodynamic and kinetic states of 

assembly provides the opportunity to transform from thermodynamic control to 

kinetic control, allowing the system to stay in a kinetically trapped state. As 
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such, materials with different properties can be prepared from the same 

precursor depending on the assembly pathway kinetics.34 Kinetically trapped 

states provide opportunities to prepare materials with different properties from 

the same gelator depending on the method used to access the different states.  

 

1.5.3. Tuneability of Mechanical Properties  

Although a large number of effective gelators are known, to date it is still 

difficult to predict which gelator molecule will form a gel and which will not.60 

Furthermore, predicting what the properties of the resulting gel will be is still 

uncertain. Therefore, an efficient approach is to find robust LMWG and by use 

of kinetic parameters, tune their properties into the desired characteristics. 

The kinetic factors will influence the thermodynamic interactions between the 

gelator molecules and with their environment. This is very useful, as depending 

on the final application, gels with different mechanical properties are needed. 

As such, careful selection of gelator molecule and concentration, self-assembly 

method, solvent choice, gelation temperature, as well as other parameters, 

can be crucial to control the final hydrogel properties.  

 

1.5.3.I. Influence of precursor concentration 

Prior to self-assembly, some LMWG form colloidal aggregates at high pH. In this 

case, hydrophobic and electrostatic forces may dominate and lead the gelator 

to form micellar aggregates. These aggregates can be spherical structures or 

worm-like micelles. 101, 147 For example, for a specific naphthalene dipeptide, 

Adams and co-workers have shown the formation of different structures when 

the concentration of the gelator was increased for a specific dipeptide.148 

Initially, at a critical micelle concentration (cmc) at low concentration, 

spherical domains were formed. Then, when the concentration of the gelator 

is increased, there is a second cmc where worm-like micelles are formed. If the 

concentration is increased further, the worm-like micelles turn to liquid 

crystals. The different structures are likely to influence the resulting 

mechanical properties of the gels formed from these solutions.  
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1.5.3.II. Influence of the gelation trigger choice 

In recent years, the effect that changing the trigger of assembly has on the 

resulting gel mechanical properties have been reported.34 Different triggers can 

be used such as heat-cool cycle, changes in solvents or pH, application of light 

and addition of an enzyme, among others. All of these result in different 

kinetics of assembly and, as such, gels with different properties can be made 

from the same LMWG.149 Colquhoun et al. have shown that using three different 

triggers to form gels from 5 (Figure 1.4), resulted in differences in the 

structures formed and, therefore, differences in the mechanical properties.34 

This is a clear example of how changing the self-assembly process have an 

effect on the different pathways the system can undergoes, thus affecting the 

kinetics of assembly and resulting in hydrogels with different mechanical 

properties.  

 

Likewise, even when using the same trigger, different methods are possible. A 

pH trigger can be performed following different methods as mentioned earlier 

in this Chapter.100, 42, 115, 150 There have been examples were acids such as HCl 

have been used to lower the pH.79,80 However, inhomogeneous gels were 

obtained due to the kinetics of mixing HCl being different to the kinetics of 

gelation.100 Alternatively, the hydrolysis of GdL to gluconic acid have been 

extensively used as it slowly decreases the pH, resulting in reproducible 

hydrogels.100 Additionally, the use of different anhydrides that hydrolyse to give 

acids, has also been shown to result in differences in the final gels properties.151 

In the same way, for gels made using the addition of a salt, the nature of the 

salt added can affect the mechanical properties. For example, for gels formed 

from 5 (Figure 1.4), when monovalent cations are used, less stiff gels result 

than if divalent cations are utilised. These changes are attributed to differences 

in the charge affecting the ability of the micelles to bind together.152  
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1.5.3.III. Influence of solvent choice 

Similarly, the choice of the organic solvent in which the gelator is initially 

dissolved when using a solvent trigger affects the outcome properties.90,86  This 

can be explained by the fact that different solvents, each of which have specific 

solubilities, will trigger different rates of mixing between the solvent and the 

water. In the same way, varying the ratio of solvent:water will result in 

different rates of assembly. As such, different kinetics will drive the assembly 

process, resulting in gels with different properties.90,86 Mayans et al. have 

shown how depending on the solvent:co-solvent conditions, molecules of a 

series of peptide gelators organise themselves in different ways, resulting in 

materials with different microstructures.153 Similarly, He and co-workers have 

demonstrated a structural transition of self-assembled diphenylalanine peptide 

from microtubes to nanofibres by progressively introducing an organic solvent 

to the water phase.154 Raeburn et al. demonstrated the tuneability of the 

rheological properties of Fmoc-diphenylalanine by varying the solvent 

conditions.90 They used four different solvents, in which the resulting primary 

fibres were very similar in all cases when water was added, but the fibres 

arrangement was controlled by the solvent choice. This allowed control of the 

mechanical properties of the resulting hydrogels. 

 

1.5.3.IV. Influence of Temperature 

There is also a great potential to use molecules sensitive to temperature to 

control the mechanical properties of hydrogels.155, 156 Pochan and co-workers 

have shown that the degree of folding and β-sheet formation of MAX1 is 

dependent on temperature.156 Below 25°C, MAX1 is in a random coil state, 

however when the temperature is above 25°C, a β-sheet structure results.  

Rheological data show the differences in stiffness of the resulting gels at 20 and 

37°C. Chen et al. have also shown the temperature dependence of the apparent 

pKa for a particular naphthalene dipeptide.108 They have shown a linear 

relationship between pKa and temperature, where the apparent pKa decreased 

as the temperature of the solution was increased. This implies that there is a 
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the reduction in the interactions between the dipeptide conjugates as the 

temperature is increased.108 Recently, Ulijn and co-workers have demonstrated 

that a range of architectures with different rheological properties can be 

formed from the same peptide molecule by simple controlling the pre-assembly 

temperature.157 Given that the different non-covalent interactions involved 

during assembly possess different temperature dependencies, they tuned the 

different assembly pathways by varying the thermal history.157 

 

Alternatively, using a heating-cooling cycle, also known as annealing, to a gel 

has been widely used as means of changing the physical properties of gels after 

gelation has occured.94, 96 LMWGs are often kinetically trapped (see above), and 

as such annealing can be used as means of driving towards the, or at least, 

thermodynamic minimum. By controlling the rate of heating and cooling, the 

final gel properties can be tuned.158 Numerous researchers have shown the 

tuneability of gel properties by using an annealing approach in single 

component systems. 95, 96, 158 However, annealing multicomponent systems 

should allow to prepare gel with properties that cannot be achieved with either 

individual components. In Chapter 2, we report for the first time the use of an 

annealing approach on a multicomponent system of LMWG. 

 

1.5.3.V. Influence of pH 

The self-assembly process itself comprehend charge interactions, making 

LMWGs responsive to pH. Therefore, the solubility of the gelator molecules will 

be pH dependent. Becker and co-workers reported the influence of initial pH 

on hydrogel formation for a peptide-functionalised oxime gelator.159 They 

prepared a series of buffers at different pH values and observed that the 

stiffnesses of the resulting gels were different. They found gels were nearly 50 

times stronger at an initial pH of 4.5 compared to pH 7.4. The differences in 

the mechanical properties are related to the density of the cross-link in the gel, 

which is determined by the nature of the different functional groups of the 

gelator molecules at different pH values.159 In the Adams group, hydrogels 

formed from dipeptide 5 (Figure 1.4) have been extensively investigated.34, 148, 
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160 Different methods have been successfully used to trigger gelation in this 

particular gelator.34, 148 Particularly, when a salt-trigger is used to form the 

gels, differences in the resulting rheological properties have been 

observed.34,148 These differences in the mechanical properties have been 

attributed to differences in the initial pH of the solution before the salt was 

added. The initial pH was adjusted to 12.634 and 10.5148 before gelation and 

Ca(NO3)2 was added under the same conditions in both cases, however gels with 

different stiffness were formed. Recently, Cross et al. presented a method to 

trigger gelation of a dipeptide-based LMWG by lowering the pH via the oxidation 

of dopamine.161 They were able to control the stiffness of the gel by modulating 

the initial pH of the gelator in solution. Interestingly, a linear relationship was 

found between the gel stiffness and the pH of the starting solution.161 

 

1.5.4. Getting a Real Insight into the Gel Properties: The 

Influence of Using Multiple Techniques to Characterise Gel 

Properties 

In the sections above, we have discussed the tuneability of hydrogel properties 

by varying different parameters prior and post gelation, which highlights the 

importance of controlling the gelation conditions to get gels with reproducible 

properties. When it comes to characterisation, gels are subjected to different 

characterisation techniques in order to give a full understanding of their 

properties. Some of the most common techniques used to fully characterise 

gels include rheology, nuclear magnetic resonance (NMR), ultraviolet-visible 

spectroscopy (UV-Vis), microscopy techniques such as transmission electron 

microscopy (TEM), scanning electron microscopy (SEM), atomic force 

microscopy (AFM), confocal laser scanning microscopy (CLSM), as well as small 

angle neutron (SANS) and X-ray (SAXS) scattering. All these different techniques 

demand specific working conditions.54, 162  

 

NMR and SANS, for example, most often involve the use of deuterated solvents. 

For hydrogels, self-assembly is driven primarily by hydrophobic interactions and 

hydrogen bonding.29 Therefore, swapping between D2O and H2O may have a 
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direct effect on hydrogen bond strength163 and hydrophobic interactions.164 

Hamley et al. observed the consequences of H/D isotopic substitution on the 

size of the primary structures and mechanical properties of the resulting 

network.165 Grant et al. showed the enhancement in the modulus of agar gels 

when replacing H2O with D2O using AFM nanoindentation.166 Similarly, Sabadini 

and co-workers also reported the increase in modulus when gels of k-

carrageenan were prepared in D2O compared with H2O.167  Most recently, 

McAulay et al. have also reported the effect of isotopic changes on the 

properties of a series of LMWGs.168  

 

Furthermore, some microscopy techniques involve drying of the material prior 

to analysis. Recently, Mears et al.169 showed the effect of drying gels using 

small-angle neutron scattering. They found significant differences in the 

scattering pattern before and after drying a number of different LMWGs. 

 

Similarly, for all the techniques named above, each one typically uses specific 

container sizes and shapes in which the samples are prepared. Despite the many 

discussions on characterisation techniques for hydrogels,54, 170-173 the fact that 

gels are made in different sizes/shapes has not received attention. We consider 

this could also control the hydrogel network growth and, therefore, affect the 

final properties.  

 

All of the above suggests that care needs to be taken when characterising 

hydrogels using multiple techniques. Ideally, we should prepare the gels under 

the same conditions and be able to fully characterise them. However, this can 

be very difficult and tedious as depending on the instrument different container 

sizes, amounts of gels and different solvents are needed. 

 

1.6. Characterisation of The Mechanical Properties Across 

Multiple Length Scales 

To characterise soft materials such as hydrogels, a variety of techniques have 

been developed and used from bulk scale to the micro/nano scale. Shear 
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rheometry, or bulk rheometry, is probably the most widely used technique. This 

technique allows one to characterise the mechanical properties of bulk 

materials, thus avoiding inhomogeneities issues. However, this technique 

requires millilitre sample volumes and with specific shapes, which can be 

difficult when only small volumes of gel are available, as is the case in biological 

sciences. Microrheology is another technique that can be used to characterise 

the mechanical properties of hydrogels. This is also known as the rheology in 

the micrometre length scale. This approach could overcome some of the 

limitations of oscillatory shear rheology. This technique measures the 

mechanical properties on very small volumes (on the order of micro-litres) via 

the measurement of the trajectory of particle probes.174 The use of a local 

probe allows for characterisation in a local point. This is advantageous as it 

could be used in heterogeneous systems, where oscillatory shear rheology just 

gives an average distribution of the bulk material.175 However, one of the 

drawbacks of this technique is that the use of probe particles may cause 

changes in the local microstructure being measured, and as such only very soft 

materials could be measured in order to get reliable data.176 Nanoindentation 

is another powerful technique that allows mechanical analysis down to the 

micro/nano scale.177 This is advantageous, as it allows for region-specific 

mapping of hydrogels inhomogeneity. Another advantage is that there is any 

restriction regarding the size or shape of the material to be analysed, which 

avoids special preparation of gels samples. However, this technique only allows 

to probe the surface mechanical properties.177 Cavitation rheology has emerged 

as a powerful alternative to these techniques.178 This new technique allows for 

mechanical properties characterisation at the micrometre scale, in gels of any 

shape and size. Although numerous techniques have been presented in this 

section, we will just focus on few of them given their relevance in this thesis. 

 

1.6.1. Oscillatory Rheology 

Rheometry is the most extended method used for researchers to explore the 

bulk viscoelastic properties of hydrogels. The mechanical properties can be 

assessed by quantifying the response of our bulk material when a deformation 
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is applied.179 Normally, the two-plates model is used to describe the parameters 

involved in the deformation of a viscoelastic material (Figure 1.10). During 

measurements, the upper plate is moving, while the lower plate is kept 

stationary and the sample is sandwiched between the two plates. For a 

controlled strain measurement, for example, a shear strain (𝛾) is applied in a 

sinusoidal oscillation and the resulting shear stress (𝜏) is a phase shifted sine 

wave (𝛿) under angular frequency (𝜔) (Figure 1.10). For an elastic material 𝛿 =

0, while in a viscous deformation 𝛿 = 90°. For hydrogels, the viscoelastic 

deformation will take place in a phase shift in between these values.179,180 

 

Figure 1.10 Viscoelastic model behaviour where the sine curves for shear strain 

𝛾 and shear stress 𝜏 show a phase shift 𝛿. Figure adapted from Ref. 181. 

During oscillatory shear measurements, the shear storage (G') and loss (G'') 

moduli can be monitored over strain, frequency, time or temperature. The G' 

is a measure of the deformation energy stored, i.e. the stiffness or how solid-

like the material is, while G'' is a measure of the deformation energy, i.e., how 

liquid-like the material is.179 A true gel is considered when G' is an order of 

magnitude greater than G'', or, phrased differently, when the ratio of loss 

energy to stored energy (tan δ = G''/G') is less than 0.1.23  

 

Different tests can be carried out to fully characterise the rheological 

properties of hydrogels. For example, we can measure the evolution of G' and 

G'' over time and, as such, monitor the gelation kinetics (Figure 1.11c). If 
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instead we monitor both moduli against strain keeping frequency constant, we 

can characterise the linear viscoelastic region (LVER), where the hydrogel 

properties are independent of the magnitude of strain applied. We can also 

determine the strength of our gel; this is the G' corresponding to the strain at 

which G' and G'' start to deviate from linearity, also known as critical strain (𝛾𝑐), 

(Figure 1.11a). In a different experiment, both moduli are measured over 

frequency (Figure 1.11b).  

 

Figure 1.11 Examples of different tests that can be carried out using oscillatory 

shear rheology. (a) Strain sweep showing the critical strain at which the 

material breaks; (b) frequency sweep showing the frequency independence of 

such class of materials and (c) time sweep showing the kinetics of gel formation. 

In all cases, closed symbols represent G' and open symbols represent G''. 

 

Different geometries can be used for rheological measurements, this includes 

vane (Figure 1.12a) and parallel plate, PP, (Figure 1.12b) among many others.  

The vane geometry has blades and a flat surface that sticks out into the sample 

and that pushes the material as the blades move. The vane geometry is 
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advantageous for measuring heterogeneous samples that may slip using the 

parallel plate. However, the shear stress applied using this system may be 

undefined as the distance between the vane blades and the wall container (Rc 

– Rv) in which the gel is being measured, increases (Figure 1.12aI).182 During 

measurements, the vane delineates a path along which the stress applied is 

inversely proportional to the square of the radius (Figure 1.12c).182 Inside the 

limits defined by the vane blades radius (Rv), the material moves guided by the 

blades. However, the stress decays gradually outside these limits (Figure 

1.12aII). Differences in the radius between Rv and the wall container (Rc) will 

therefore have an effect on the calculated rheological parameters (Figure 

1.12c). Similarly, the position of the vane during measurements can affect the 

rheological properties being measured. Differences in the vane position will 

determine the height/thickness of gel touching the vane blades and, therefore, 

the rheological parameters measured. The vane geometry is a relative system 

and therefore the calculated rheological properties are “apparent”. By 

changing the vane position, we change the amount of sample being measured 

and this will result in different G' values independent of the sample properties. 

 

The PP geometry is widely used to characterise hydrogels. In this system, the 

sample is placed between the two plates and the measuring gap (h) can be 

controlled (Figure 1.12bI, top). This is advantageous as gels with different 

thicknesses can be measured. During measurements, the shear rate is not 

constant along the geometry, being higher in the outer part of the PP (Figure 

1.12bI, bottom).183 The shear stress applied also depends upon the size of PP 

used (Figure 1.12bIII) and the thickness of the sample, i.e. the measuring gap 

(Figure 1.12bII).184 To ensure homogeneous laminar flow of the material, the 

sample needs to range between 0.5 mm and 2 mm in thickness.185  Laminar flow 

is not guaranteed if the sample height is outside of these limits. Likewise, the 

shear stress is also influenced by the size of the PP used, being higher for 

smaller sizes of PP geometries (Figure 1.12bIII),185 and are commercially 

available, which allows for a wider range of shear rates to be measured.186  
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Figure 1.12 (a.I) (top) Cartoon of a four bladed vane geometry inserted into a 

hydrogel (red) for measurement and (bottom) cartoon of the shearing profile 

the material experiences during measurements. Inside the limits defined by the 

vane blade radius (Rv), the material moves guided by the blades. However, the 

stress decays gradually outside these limits, i.e., for the material trapped 

between the vane blades and the wall container. The distance between the 

centre of the vane and the wall of the container is defined as Rc. (a.II) Profile 

showing the gradual decay of the shear stress as the radius increases. (b.I) 

Cartoon showing the setup of a typical experiment using a PP geometry, where 

the sample is placed between the geometry and the base plate. Schematic 

representing (b.II) the laminar flow of a material using PP and (b.III) the shear 

stress dependency on the size of the geometry used. (c) Equation that defines 

the shear stress (𝜎, in Pa), where F is the force acting in shear direction (N), A 

is the surface (m2), M is the torque (N m), R (or Rv) is the radius of the geometry 

(m) and h is the thickness (m) of the material being examined.  

Oscillatory shear rheology allows to characterise the bulk mechanical 

properties of hydrogels in a mm scale. The use of this technique is broadly 

extended for hydrogels characterisation, but some considerations need to be 
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taken into account. Sometimes loading the sample into the rheometer can be 

tricky since the measuring system geometries need to be in full contact with 

the sample in order to get reliable data. This can be a problem when only small 

amounts of material is available, as could be the case of biological samples,175 

or when gels have a specific shape that do not fit in the rheometer measuring 

system. Also, depending on the geometry used to perform the experiment, the 

sample is subjected to different gradients of deformation. When a parallel plate 

is used, the deformation of the sample is directed to the surface of the gel, 

being the edges of the material suffering the stress at higher rates.186  However, 

when using a vane this is immersed into the sample, where the same stress is 

applied along the bulk material.182 It is common to simply assume that 

rheological values are comparable when using different geometries. However, 

in Chapter 4 we discuss this in detail and show the effect of swapping between 

different geometries under different circumstances.   

1.6.2. Cavitation Rheology 

Cavitation rheology is an emerging technique that was introduced by Zimberlin 

et al. in 2007.178 In a cavitation experiment, a needle is inserted within the 

sample at an arbitrary position. A cavity is grown within the material via the 

pressurisation of either a gas or a liquid through the tip of a needle (Figure 

1.13a). During pressurisation, the system pressure increases with time until the 

maximum pressure is reached, known as the critical pressure, Pc. The sample 

then undergoes mechanics deformation resulting in either elastic deformation 

or fracture of the sample (Figure 1.13c).178, 187-198 This new technique presents 

several advantages compared to the other techniques discussed above. It allows 

measurement of the mechanical properties in situ at a micrometre scale, thus 

avoiding isolation problems, and it is also possible to use in materials of any 

shape and size.  

 

The maximum pressure the cavity can withstand corresponds to the elastic 

instability limit of the material, which can be related to the elastic modulus.178 

Zimberlin et al.178 related the critical pressure, 𝑃𝑐, to the elastic cavitation 
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modulus, 𝐸𝑐, by modelling the gel as a neo-Hookean (Figure 1.13b).189 

Cavitation modulus derived from this model will depend on the mechanics of 

the material.178 Both the surface tension of the material and the needle radius 

will determine the critical pressure and, therefore, the cavitation modulus. 

 

The use of cavitation rheology has grown over the last few years.178, 187-198 Cui 

et al. have used cavitation rheology to measure the mechanical properties of 

bovine eye lenses in the nucleus and cortex.190 They proved that differences in 

the elastic properties exist in the two different regions of the bovine lens. This 

is important as some eye diseases are related to change in elasticity in certain 

areas of the eyes.199 Crosby and co-workers demonstrated the differences in 

mechanical properties of a bovine vitreous humour in the eye and in vitro. The 

modulus decreased when the vitreous humour was removed from the eye and 

even further decrease in modulus was observed when the vitreous cortex was 

disrupted.187 This technique have also been used to characterise numerous gel 

systems.196, 200-202 However, the poor understanding of the relationship with 

oscillatory shear rheology restricts its use in gels laboratories, particularly when 

comparing the gel modulus.202 
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Figure 1.13 (a) Diagram showing the principles of cavitation rheology where a 

needle is inserted in the gel and an air bubble is grown via air pumping. (b) 

Cavitation phenomenon and the Neo-Hookean model relating the critical 

pressure Pc with the cavitation modulus Ec. (c) Experimental data for a 

cavitation example, where the maximum pressure recorded over time gives the 

critical pressure, Pc. 

Pavlovsky and co-workers used a correction factor to compare both shear and 

cavitation moduli, although they examined solutions and not gels.203 Other 

researchers have looked at the correlation between modulus obtained from 

shear and cavitation rheology in a number of organogels.193, 194 Their results 

show cavitation moduli were always an order of magnitude greater than shear 

moduli. Bentz et al. reported recently a quantitative relationship, ksc, between 

the gel modulus determined using shear and cavitation rheology for a series of 

model polymer gels.202 This quantitative constant can be used to interconvert 

between shear storage (G') and cavitation (Ec) modulus (Figure 1.14). In Chapter 

3, we examine the quantitative relationship between the shear storage modulus 

(G') and cavitation modulus (Ec) for gels formed from two different dipeptide 

low molecular weight gelators. The ksc values obtained are statistically 
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different, and correlate with differences in the microstructures that lead to the 

gel.  

 

Figure 1.14 Schematic showing the differences between a shear and cavitation 

rheometer. The relationship between both techniques is given by a 

proportionality constant, ksc, determined by the ratio of the moduli obtained 

from the two techniques.  

 

1.7. The Importance of Mechanical Properties and their 

Tuneability for Biological Applications  

LMWGs are a hugely important class of materials that have been extensively 

studied over the last years. Their popularity is in part due to the extensive list 

of applications in which they are suitable candidates.8, 128-131  Although the 

absolute design rules are not yet recognised, their ability to be tuned makes 

them promising candidates capable of developing new materials on demand. 

Specifically, due to their biocompatibility and the wide range of mechanical 

properties, LMWGs have been broadly studied for biomedical applications such 

as tissue engineering and cell culture. Hydrogels can mimic the three-

dimensional extracellular matrix (ECM) of different tissues in the body to 

provide a suitable environment for cells. Ulijn and co-workers successfully 

reported the formation of an aromatic-peptide hydrogel capable to promote 

adhesion, spreading and proliferation of dermal fibroblasts.87, 204 Hydrogel 

stiffness plays a significant role in cell adhesion, proliferation, differentiation 

and functionality.205 Emerman et al. were the first to observe the effect of the 
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ECM stiffness on cell differentiation.206 They found that mammary epithelial 

cells (ECs) undergo stronger differentiation on soft collagen gels than on stiff 

tissue culture plastics.206  Engler et al. found that mesenchymal stem cells 

(MSCs), for example, differentiate into neuron-like cells, myoblast and 

osteoblasts depending on the stiffness of the gels.207 On the softer gel (0.1-1 

kPa), cells mimicked nerve tissue properties, on the moderately stiff gel (8-17 

kPa), cell mimicked muscle tissue and on the stiffer gels (25-40 kPa), cell 

mimicked bone tissue (Figure 1.15, a-b).207 

 

For controlled release in drug delivery and tissue engineering, a key property 

of hydrogel is that they can hold different types of molecules, including 

proteins, growth factors or bioactive agents.208, 209 Normally, hydrogels are used 

as homogeneous materials with homogeneous bulk properties. However, 

hierarchical hydrogels containing multiple layers with different mechanical 

properties play an important role as they can mimic complex structures of 

different body tissues.209,210 Therefore, multi-layered hydrogels in which 

multiple cell types or drugs can be loaded, could control the release behaviour 

or cell interactions.189 Recently, researchers have focused their efforts on 

developing new techniques capable of generate multi-layered hydrogels, thus 

including layer-by-layer self-assembly, step-wise technique, photo-

polymerization and 3D printing, among others.189 

 

3D printing allows for the deposition of a material layer-by-layer. In a typical 

experiment, the gel is made in a syringe and the gel is extruded through the 

needle. During extrusion, the gel is subjected to shear stress and as such, it 

converts into sol. If the gel is thixotropic, it will recover its shape after 

extrusion (Figure 1.15c). 3D printers are widely used to print polymer gels for 

the fabrication of biomaterials. However, due to the poor mechanical 

properties that LMWGs possess and the relatively small number of gelators with 

appropriate thixotropic characteristics, make their use underestimate for 

extrusion-based 3D printing. Nevertheless, interest in the use of 3D printing 

LMWGs is growing.143, 211, 212 Nolan et al. recently reported a series of 

parameters to be optimised to get high quality 3D printing of dipeptide 
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hydrogels (Figure 1.15e-j). They found that hydrogels made from spherulitic 

domains exhibited better printability that hydrogels with a more uniform 

distribution of fibres.  

 

Figure 1.15 (a) Range of stiffnesses of the different tissues in the body, 

expressed as the elastic modulus, E. (b) Images of MSCs differentiation, where 

they are initially small and round (0.1-1 kPa), then they develop branches in 

spindle (8-17 kPa) or polygonal shapes (25-40 kPa) depending on the stiffness 

of the matrix. Scale bar represent 20mm. Adapted from ref 207. (c) Schematic 

representing the 3D printing of a thixotropic gel, where the gel during extrusion 

is sheared and turns into a solution and then recovers its shape and reconverts 

into a gel again. (d) Schematic indicating the increase in shear stress that is 

applied to the gel during extrusion through the needle.  (e-j) Images of multi-

layered 3D printed gels where the different colours correspond to different dyes 

loaded before extrusion and represent different layers. The scale bars 

represent 1cm in all cases. Images adapted from ref 143. 

The ability of LMWGs to recover their shape after extrusion is key in using them 

for 3D printing. Numerous examples in the literature show that numerous 

systems can be printed, however little importance is given to the effect of 
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extrusion on the resulting mechanical properties. In Chapter 4, we address this 

matter and show the effect of 3D printing on the properties of the extruded 

multi-layered hydrogels. 

 

1.8. Aim of the Present Study 

The aim of this Thesis is to understand the tuneability and characterisation of 

the mechanical properties of LMWGs across multiple length scales. 

Furthermore, we have developed a series of rheological methods to 

characterise multi-layered hydrogels which allow to investigate the effect that 

3D printing has on the mechanical properties of such systems.  

 

Chapter 2 discuss the tuneability of a multicomponent LMWGs system by means 

of using an annealing approach to move from a kinetic trapped state to the, or 

at least, a thermodynamic minimum. We will show that annealing in a two-

component gel leads to a self-sorted network, which has significantly different 

mechanical properties to the as-prepared gels. Whilst the fibres are self-sorted, 

we show that the annealing of this system leads to significant changes in 

the network level of assembly, and it is this that leads to the increase in storage 

modulus. We also show that it is possible to selectively anneal only a single 

component in the mixture. 

 

Chapter 3 demonstrates the efficiency of using a cavitation rheometer to 

characterise the mechanical properties of LMWGs at the µm scale. We will show 

that the underlying microstructure of our gels correlates with the data obtained 

from cavitation rheology and how it links with traditional oscillatory rheology. 

This will allow for a greater degree of understanding of the gels than can be 

obtained from the bulk measurements. 

 

Finally, in Chapter 4 we investigate the effect that 3D printing has on the 

mechanical properties of LMWGs. The reversibility and recovery character of 

some LMWGs after being exposed to stress, make them ideal candidates for 3D 

printing in cell culture or tissue engineering applications. We will present a 
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broad rheological study on the mechanical characterisation of multi-layered gel 

systems. We will show not only a high degree of control of the mechanical 

properties’ characterisation of the individual layers within multi-layered 

systems, but also the contribution of each layer to the resulting combined 

properties. Finally, the effect of 3D printing on the mechanical properties and 

morphology of the resulting materials is discussed. 
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This Chapter is adapted in part from the following publication: 

 

“Annealing multicomponent supramolecular gels” 

Nanoscale, 2019, 11, 3275-3280.  

A. M. Fuentes-Caparrós, F. P. Gómez-Franco, B. Dietrich, C. Wilson, C. 

Brasnett, A. Seddon and D. J. Adams. 

 

 

F.P. Gómez-Franco and A. M. Fuentes-Caparrós collected rheological data. B. 

Dietrich and D. J. Adams synthesised the molecules. B. Dietrich and A. M. 

Fuentes-Caparrós carried out the temperature 1H NMR experiments. A. M. 

Fuentes-Caparrós completed the microscopy and UV-Vis studies and analysed 

the 1H NMR spectra. C. Brasnett carried out the SAXS experiments. A. Seddon 

and D. J. Adams fitted the SAXS data. C. Wilson performed the X-ray 

crystallography and analysed the crystal structure.   
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2.1. Introduction 

Low molecular weight gels (LMWGs) are widely used materials due to their 

applications in areas as diverse as biomaterials and optoelectronics.1-13 These 

gels arise from the self-assembly of small molecule sub-units into long fibrous 

networks. There is growing evidence that these LMWGs are often not at 

equilibrium, but rather the gels represent kinetically-trapped states. The 

approach by which the gels are prepared often govern the final properties of 

the gels and as a consequence it is possible to make different gels under the 

same final conditions by varying how the gel is formed. 14-16 This implies that it 

can be challenging to prepare reproducible gels if the conditions used are not 

sufficiently well controlled, however this also opens up opportunities. For 

example, instead of preparing many molecules to find one that gives gels with 

the required properties, we can alternatively simply vary the process of 

gelation for a single molecule.4, 16  

 

One of the leading challenges with using LMWGs is the difficulty of predicting 

which molecules will form gels and which will not.12 Furthermore, predicting 

what the properties of a gel formed from a particular LMWGs remains an 

empirical science nowadays. Hence, a more pragmatic approach is to find 

robust low molecular weight gelators (LMWG) and develop methods for 

controlling, modulating and modifying the properties of the gels that can be 

formed from robust LMWG. 

 

Numerous materials are prepared in such a way that a kinetically-trapped state 

is formed.3, 14, 15, 17-22 Kinetically-trapped states allow for the development of 

interesting and useful materials from a single set of components, as long as the 

energy well is not too deep.23, 24 From the same starting material, different 

properties can be achieved by varying how the different states are accessed. It 

can be possible to move between states, hence allowing adaptive, tuneable, 

and triggerable materials to be accessed on demand (Figure 2.1).  
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Considering that LMWGs are often kinetically-trapped, and the significant 

interest in these materials,25-28 there has been surprisingly little work carried 

out on annealing them.29-33 Mostly, gels are prepared and used directly, or 

sometimes melted as a characterization method. LMWGs are a result of non-

covalent interactions and so there is the potential to change between states if 

the energy barriers are suitably low. Adaptive and triggerable gels are being 

increasingly discussed,34 and annealing has great potential here. 

 

 

Figure 2.1 Schematic representation of the free energy landscape in the 

assembly process. The arrows demonstrate that transition between the kinetic 

traps and the thermodynamic equilibrium state is possible under external 

stimuli. In this case an annealing approach allows for the transition between 

these two states. 

Most examples of LMWGs are single components.6 These are extremely useful 

for many applications such as cell culturing and controlled release, but there is 

increasing interest in multicomponent systems.25, 26, 35, 36 There are a small 

number  of examples where two components are needed to form a gel, and 

either alone does not. Xu and co-workers,37 for example, have shown that 

combination of two Fmoc-protected amino acids, hydrogels could be formed. 

However, neither component formed a hydrogel independently due to their 

limited water solubility. Here, we focus on examples where both components 

can form a gel by themselves. On mixing therefore, multiple scenarios are 

possible for self-assembly and gel formation (see Chapter 1, section 1.2.2).25, 26 
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The gelators could mix intimately to give fibres that contain both of the 

molecules. Alternatively, the molecules could prefer to self-sort such that each 

individual self-assembled structure contains only one of the molecules. At 

longer length-scales, the fibres could also self-sort, preferring to entangle and 

interact with themselves only, or simply entangle with fibres of either 

structure. Mixing gelators conceptually opens up greater opportunities for 

controlling the gel properties and accessing new states. This can lead to 

materials with interesting new properties; as a single example, it has recently 

been shown that a mixed system can be used to prepare gels in which there are 

very different diffusion rates depending on how the gels are formed.38  

 

In this Chapter, we show how annealing multicomponent LMWGs systems can 

be used to prepare gels with different rheological properties depending on the 

history of the samples. We will show the potential of applying an annealing 

approach to preparing adaptive materials from multicomponent gels. The 

resulting gels are characterised across multiple length scales. NMR is used to 

investigate the aggregation of the gelator molecules; SAXS analyses the primary 

structures forming the gels; UV-vis evaluates the kinetics of gel formation as a 

means of turbidity measurements; confocal microscopy probes the 

microstructure and rheology interpretates the bulk properties of the gels. As 

such as we cover multiple length scales with these techniques. 

 

2.2. Results and Discussion 

2.2.1. Presentation of the Multicomponent System 

Many functionalized amino acids and dipeptides are known to be able to form 

gels. This can be by a pH trigger, or a salt-trigger, to name some (see Chapter 

1, section 1.4).6 Here, we focus on a solvent-triggered approach whereby  the 

dipeptide is initially dissolved in a water-miscible solvent such as DMSO, 

followed by the addition of water.4, 39-44 This usually drives a phase separation 

that results in spherulitic domains of fibres that entangle sufficiently to form a 

self-supporting gel.41, 45, 46 The properties of the gels can be varied by changing 
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the concentration of the dipeptide, and also the ratio of the solvent to water. 

The gels formed by this method are kinetically trapped.  

 

Here, we discuss a multicomponent system of two gelators, based around a 

dipeptide or an amino acid functionalized at the N-terminus (1 and 2, Figure 

1.4 and Figure 2.2). 

 

Figure 2.2 Chemical structures of 1 and 2. 

The Adams group have previously discussed the gelation of 1 in detail.41 They 

have shown that heating and cooling the gels formed by 1 results in the gel 

melting, and then re-forming.41 The heated and cooled gel had different 

properties compared to the initial gel; further heat-cool cycles result in no 

further changes in the final mechanical properties.41 The Adams group and 

others have found that using multicomponent systems where both components 

can independently form gels can be an effective strategy for preparing gels with 

properties that cannot be achieved with either individual component.38, 47, 48 

Applying this approach, here we used gelation conditions which were optimized 

for mixing experiments; the concentrations of the gelators were chosen such 

that both 1 and 2 formed gels at the same final ratio of DMSO:water (a ratio of 

3:7 was used throughout) and that the gel melting temperatures were in a 

suitable range for analysis (see below). We stress that we have optimized the 

system here to demonstrate the principle such that the concentrations and 

ratios of gelators as well as the solvent composition have been chosen to allow 

distinct melting points to be observed and compared.  
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2.2.2. Annealing of Single Component Gel System 1 

2.2.2.I. Rheological and morphological Analysis of Gel 1 

1 forms transparent gels at a ratio of DMSO:water of 3:7 and a concentration of 

4 mg mL-1 (Figure 2.3a). The rheological properties of the gel are reproducible 

(Figure 2.3) and are typical of a gel formed using this method. The gel is stable 

until a strain of approximately 4 % before G' starts to deviate from linearity 

(Figure 2.3b). Both the storage modulus (G') and loss modulus (G'') are relatively 

independent of frequency (Figure 2.3c).  

 

When this gel is heated, G' and G'' slowly decrease before reaching a plateau at 

around 65 C (Figure 2.3g). On re-cooling, G' and G'' only start to increase again 

at around 37 C, with a gel of similar transparency formed to the original (Figure 

2.3d). At 15C, the values of both moduli are slightly higher than for the original 

gel (Figure 2.3g). After annealing, the gels again have reproducible rheological 

data, with the frequency sweep again being essentially independent of 

frequency (Figure 2.3f). The gels break at a very similar strain as those before 

annealing, although the absolute values of the moduli are higher (Figure 2.3e). 

The increase in moduli after annealing can be explained by a change in the gel 

microstructure (Figure 2.3h), from spherulitic structures to a more uniform 

distribution of fibres. This thermal behaviour was backed up by the dropping 

ball method, which showed a broadly similar melting and re-gelation 

temperature (Figure 2.4), although we highlight that the absolute melting 

temperature is difficult to pinpoint exactly using the dropping ball method as 

it depends on the time at which the sample is allowed to sit at each 

temperature.  
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Figure 2.3 Rheological and morphological characterisation of gel 1. (a) 

Photograph of a gel of 1 before annealing. (b)-(c) Overlay of three repeat strain 

and frequency sweeps for a gel of 1 before annealing respectively. (d) 

Photograph of a gel of 1 after annealing. (e)-(f) Overlay of three repeat strain 

and frequency sweeps for a gel of 1 after annealing respectively. (g) Rheological 

data for a gel of 1 on heating and cooling at a rate of 1°C min-1. Black data 

represent the heating cycle, and the red data represent the cooling cycle. (h) 

Confocal images of gels of 1 before (left) and after (right) annealing. For 

rheological data, closed symbols represent G' and open symbols represent G''. 
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2.2.2.II. Dropping Ball Method of Gel 1 

The apparent hysteresis between the melting and re-gelling temperature can 

be explained by the need to form a network such that a gel is formed. On 

melting, the gel simply gets weaker as 1 dissolves. On cooling, 1 will start to 

re-assemble, but a gel will only be formed when a network is formed that spans 

the entire sample. We note that other low molecular weight gels do not show 

such a hysteresis.29, 30 To substantiate this, variable temperature 1H NMR 

spectroscopy experiments were performed to monitor the solubility of 1 upon 

heating and cooling to correlate with our rheological observations (Figure 2.5).  

 

Figure 2.4  (a) Visual determination of the melting temperature and gel re-

formation temperature for a gel of 1. The black data are for heating and the 

red data for cooling. A ball bearing has been included at the top of the gel, that 

slowly falls to the bottom. On re-gelling, this ball bearing is trapped in the 

network. (b) Photograph of a gel of 1 before (left) and after (right) annealing. 

Scale bar represents 1 cm in all cases. 

 

 



Chapter 2: Annealing Supramolecular Multicomponent Gels 

62 
 

2.2.2.III. Nuclear Magnetic Resonance (NMR) Analysis of Gel 1 

When using NMR spectroscopy for gelling systems, the reduction of the peak 

intensities and the chemical shift changes can provide information of the 

degree of gelation.49 As the free molecules assemble into the rigid components 

of the gel, these molecules become invisible to solution-state NMR 

experiments.50 The solubility of the molecule can be monitored from the 1H 

NMR spectra at a range of different temperatures. At high temperatures, i.e., 

in the sol state, the hydrogen protons are visible as the molecule is soluble and 

freely tumbling in solution. However, as the temperature decreases and self-

assembly takes place, the signal of hydrogen protons will decrease in intensity 

and eventually disappear. As such, a reference is needed to be able to integrate 

the peaks within the range of temperatures to analyse. Thus, a mixture of 10% 

DMSO-d6, 1% poly(dimethylsiloxane), PDMS, and 89% of 

tetrachloroethylene was used as the internal reference. The chemical 

shift of proton in PDMS methyl groups is around 0.05 ppm, distant from 

the signals coming from the gelator molecules and as such is our reference 

peak for analysis. We optimised the amount of PDMS by trial and error 

such as the size of the peak was similar to those of the compound. The 

mixture was added inside a glass capillary and sealed by melting the glass 

with heat. The capillary containing the mixture was placed inside the NMR 

tube, which we had previously filled with the sample to analyse. As such, 

the internal standard mixture does not come into contact with the gelling 

system, which might result in a change in the properties of the system. 

 

The analysis of the 1H NMR spectra was focused on the CH3 residual signal 

(Figure 2.5a). Initially, at room temperature, the gel state shows the presence 

of only a small signal in the region of the spectrum where this is expected to 

appear. Gradually, as the sample is heated the peak becomes sharper and the 

signal more intense until a maximum is reached at 85°C, when the gel is 

completely melted (Figure 2.5b). On cooling, the signal again gradually 

becomes broader and less intense, corresponding with the molecules self-

assembling to reform a gel (Figure 2.5b). The symmetrical changes in intensity 
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of peaks during heating and cooling indicate the also symmetrical solubility of 

1 (Figure 2.5c).  

 

Figure 2.5 (a) 1H NMR spectrum of 1 in DMSO-d6. The purple asterisk indicates 

the signal correspondent to the CH3 group. (b) Temperature ramp 1H NMR 

spectra on heating and cooling in a range of 25°C - 85°C - 25°C. A mixture of 

10% DMSO-d6, 1% PDMS and 89% tetrachloroethylene (PERC) was used as the 

internal standard. (c) Integrals for 1 against the standard as determined by 1H 

NMR spectroscopy for 1 in a mixture of DMSO-d6 and D2O (3/7) on heating and 

cooling. The sample temperature was changed by steps of 5°C, and an NMR 

spectrum recorded after 1 minute, before being heated or cooled to the 

required next temperature.  
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2.2.3. Annealing of Single Component Gel System 2 

2.2.3.I. Rheological and morphological Analysis of Gel 2 

Gels can also be formed at this ratio of DMSO:water using gelator 2 (Figure 2.1). 

Again, we emphasize that we optimized the conditions to allow us to prepare 

gels in this solvent mixture, and also such that the gels melted at a different 

temperature to that of 1. Hence, gels were formed from 2 at a concentration 

of 8 mg mL-1. In a single component system, 2 formed a turbid gel (Figure 2.6a). 

 

From a rheological perspective, the data for gels of 2 were again 

reproducible. G' and G'' were essentially frequency independent (Figure 

2.6c), with the gels having a similar breakdown to 1 under increasing 

strain (Figure 2.6b). On heating, the gels become weaker as they are 

heated although there is not such a defined melting profile (Figure 2.6g). 

At 75C, G' and G'' increase before decreasing again at 83C. It is not 

possible to increase the temperature further due to evaporation issues. 

We attribute this increase in moduli at the higher temperatures to a phase 

separation process such as a lower critical solution temperature (LCST) as 

opposed to a true melting. On cooling, there is a short plateau before G' 

and G'' increase once again, with higher moduli than for the original gel 

(Figure 2.6g). As for gels from 1, after annealing the gels of 2 are 

reproducible, with a similar breakdown under increasing strain (Figure 

2.6e), and the gels being frequency independent (Figure 2.6f). After the 

annealing, the gel is perhaps a little more transparent than the original 

(Figure 2.6d) and there is evidence of small crystals in the gel matrix 

(Figure 2.7a).  
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Figure 2.6 Rheological and morphological characterisation of gel 2. (a) 

Photograph of a gel of 2 before annealing. (b)-(c) Overlay of three repeat strain 

and frequency sweeps for a gel of 2 before annealing respectively. (d) 

Photograph of a gel of 2 after annealing. (e)-(f) Overlay of three repeat strain 

and frequency sweeps for a gel of 2 after annealing respectively. (g) Rheological 

data for a gel of 2 on heating and cooling at a rate of 1°C min-1. Black data 

represent the heating cycle and the red data represent the cooling cycle. (h) 

Confocal images of gels of 2 before (left) and after (right) annealing. For 

rheological data, closed symbols represent G' and open symbols represent G''. 
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2.2.3.II. X-ray Diffraction of Gel 2 

Using a very slow cooling rate, it is possible to grow crystals from the gel 

phase which are suitable for crystal X-ray diffraction study (Figure 2.7).  

Claire Wilson (University of Glasgow) performed the X-ray crystallography and 

analysed the crystal structure.  

 

The structure of the crystal molecule with formula C16H17NO5 is given in Figure 

2.7a. The unit cell corresponds to an orthorhombic system with axes a = 

4.9683 (3), b = 13.7813 (7), c = 21.8629 (13) Å. The total volume of the unit cell 

is 1496.94 (15) Å3 and the occupancy is of 4 molecules (Z=4). The space 

group of the unit cell is P212121. A total of 8891 reflections were 

measured, from which only 2719 were used for the calculations. The error 

of the refinement was 0.130, wR(F2). Furthermore, the hydrogen bonding 

chains were also analysed (Figure 2.7b). Molecules of 2 are held together 

through hydrogen bonding between O2—H2 and O11′. The bond length is 

2.604(3) Å and the angle is 175º. 

 

A number of researchers have attempted to link gelation to crystal structures.51, 

52 Despite the assumption that there is a relationship between the interactions 

that contributes to crystallisation or gelation, the Adams group31 and others31, 

53  have shown that molecules packing is different in the gel phase compared 

to crystals grown. The crystal structure of gel 2 has been included for 

completeness as there are very few crystals that can be grown directly from 

the gel phase. 
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Figure 2.7  (a) Structure of 2; crystals grown by a slow cool of a gel of 2. Atomic 

displacement ellipsoids drawn at 50% probability level. Crystal data. C16H17NO5, 

M = 303.30, orthorhombic, a = 4.9683 (3), b = 13.7813 (7), c = 21.8629 (13) Å, 

V = 1496.94 (15) Å3, T = 150 K, I = 1.54178 Å, space group P212121 (no.19), Z = 

4, 8891 reflections measured, 2719 unique (Rint = 0.082), which were used in 

all calculations. The final wR(F2 ) was 0.130 (all data). Flack x, -0.05 (17), 

determined using 841 quotients [(I+)-(I-)]/[(I+)+(I-)].54(b) View of structure of 2 

showing the hydrogen bonding chain viewed along the c-axis; O2—H2···O11′I 

where (i) -x+3, y-1/2, -z+3/2. O2…O11′I = 2.604(3) Å and angle O2— H2···O11′i 

=175º. 
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2.2.4. Annealing of Multi Component Gel System 1+2 

We then explored the multicomponent system. Gels were prepared from 1 and 

2, denoted (1+2). We used the same ratio of DMSO:water of 3:7 as above, with 

the amount of each gelator as in the single component. Hence, (1+2) contains 

4 mg mL-1 of 1 and 8 mg mL-1 of 2.  

 

2.2.4.I. Ultraviolet-visible spectroscopy (UV-Vis)  

Compared to the individual components, the rate of assembly is different for 

the multi-component system (1+2). This can be probed by turbidity 

measurements (Figure 2.8b). 

 

Figure 2.8 (a) Pictures of gels 1, 2 and 1+2. (b) Changes in absorbance at 600 

nm with time after adding water to a solution of either 1, 2 or 1+2 in DMSO. 

The scale bars represent 1 cm. 

1 alone forms a gel via a nucleation and growth process, where highly scattering 

structures are initially formed, before a transparent gel phase is developed. 

This behaviour has been shown previously,41, 43 and the turbidity data here is 

consistent with this. 2 alone forms a highly scattering gel almost immediately. 

In the mixture (1+2), there is an initial process which is reminiscent of the 

assembly of 1, followed by an increase in turbidity associated with the gelation 

of 2. Such changes in the rate of assembly have been shown in multicomponent 

systems as compared to the single components previously.40  
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2.2.4.II. Rheological Analysis  

A typical gel formed from (1+2) is shown in Figure 2.9a.The properties of the 

mixed gels as prepared are again typical of a low molecular weight gel. 

Rheologically, the gels are frequency independent, with the value of G' being 

higher than that of either 1 or 2 alone, which might be expected on the basis 

of the higher overall gelator concentration (Figure 2.9b, black data). However, 

the strain sweep shows a profile which is much more similar to that of the gels 

of 2 alone as opposed to that of 1 (Figure 2.9c, black data). We then annealed 

the multicomponent gel (Figure 2.9d, top). On heating, the gel gradually 

becomes weaker, following the profile of 1 alone. However, at 65 C, G' and G'' 

increase before decreasing again. This occurs at a lower temperature than the 

gel of 2 alone but is a similar profile.  
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Figure 2.9 Rheological characterisation of the multicomponent system (1+2). 

(a) Photograph of multicomponent gel as formed (left) and after annealing 

(right), with the scale bar representing 1 cm. (b) Frequency sweeps for gels of 

(1+2); black data are before annealing and red data are after annealing. (c) 

Strain sweeps for gels of (1+2); black data are before annealing and red data 

are after annealing. (d) Rheological data comparison of gels 1, 2 and (1+2) on 

heating and cooling at a rate of 1C min-1. For (b) – (d), the closed symbols 

represent G' and open symbols represent G''. The black data are for the heating 

cycle, and the red data for the cooling cycle. For (d), purple and orange lines 

refer to 1 and 2 respectively. The dashed lines refer to the melting temperature 

on heating, and the soft lines to the temperature at which the gels start 

reforming on cooling. 
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Sequential melting points in a self-sorted system have been previously 

described,55 but not linked to the rheological data. On cooling, there is a short 

plateau before G' and G'' increase, stabilising around 50C, before a second 

increase in G' and G''. The temperatures at which both increases in G' and G'' 

occur, closely match that for the gels formed from the individual components. 

 

This strongly implies self-sorting is occurring. After annealing, the gels are two 

orders of magnitude stiffer than prior to heating and cooling and are 

independent of frequency (Figure 2.9b, red data). There is a significantly 

different breakdown under strain as compared to before heating, and there 

appear to be two points in the strain sweep where the moduli decrease, possibly 

indicating two types of network (Figure 2.9c, red data). Hence, the annealing 

affects both the absolute stiffness and also the breakage strain.  

 

2.2.4.III. Small Angle X-ray Scattering (SAXS) and Morphological 

Analysis 

To explain these differences in the gels before and after annealing, we 

examined small angle X-ray scattering (SAXS) and confocal microscopy. The 

SAXS data were collected by Chris Brasnett (University of Bristol) and fitted by 

Annela Seddon (University of Bristol) and Dave Adams (University of Glasgow). 

SAXS probes the primary structures forming the gels, whilst confocal microscopy 

probes the microstructure and as such as we cover the important length scales 

with these two techniques. Critically, both techniques allow us to probe the gel 

without the need for drying. Drying is known to lead to artefacts in such 

systems,56 and on top of this the binary nature of the solvent mixture means 

that there are issues with non-homogeneous removal of the solvent.  

 

The scattering data for the gels formed from 1 alone are very similar before 

and after annealing, showing that the primary structures leading to gelation are 

essentially the same (Figure 2.11a; fitting parameters shown in Table 2.1 and 

further data are shown in Figure 2.10a and b). The data in both cases are typical 

of this class of LMWG41 and can be fitted to a flexible cylinder model. The 
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cylinders have a radius of 3.7  0.04 nm before annealing, and 3.9  0.06 nm 

afterwards, with similarly small changes in the Kuhn length. These radii and 

lengths are typical of such LMWG.41 The confocal microscopy (Figure 2.11b) 

shows  a significant difference in the microstructure. From these two sets of 

data, we can interpret that the primary structures leading to gelation are 

essentially the same, but their distribution in space is different. This is what 

leads to the different gel properties.  

 

Table 2.1 Fits to the SAXS data for the different gels; a fits to a flexible cylinder 

(0.00704<Q<0.217); b fits to power law (0.00704<Q<0.217); c fits to power law 

and cylinder (fit to a power law does not fit well at low Q, and this fit results 

in a chi squared value of >50). 

 1 (before 

annealing)a 

1 (after 

annealing)a 

2 (before 

annealing)b 

2 (after 

annealing) c 

(1+2) 

(before 

annealing)b 

(1+2) 

(after 

annealing)a 

Background 

(1/cm) 

0.0672  

0.021 

0.0681  

0.000 

0.075  

0.0005 

0.002  

0.0003 

0.0612  

0.0004 

0.0644  

0.0003 

Power Law   4.30  0.02 4.04  0.00 3.45  0.01  

Scale   1.55x10-8  

1.45x10-9 

2.00 x10-7  

3.21x10-9 

3.66x10-6  

1.23x10-7 

 

Length / nm >1000 >1000  >400  >1000 

Kuhn Length 

/ nm 

6.77  0.21 6.00  0.61    7.64  0.48 

Radius / nm 3.7  0.04 3.9  0.06  3.6  0.02  4.3  0.07 

Scale 0.0011  

0.0000 

0.0008  

0.0000 

 0.0003  

0.0000 

 0.0008  

0.0000 

χ2 1.214 1.2173 2.0139 5.7811 2.2483 1.3035 
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Figure 2.10 SAXS data and fits for gels of (a) 1 before annealing; (b) 1 after 

annealing; (c) 2 before annealing; (d) 2 after annealing; (e) (1+2) before 

annealing; (f) (1+2) after annealing. In all cases the data are in open circles 

and the fits (as described in Table 2.1) are shown as solid lines (purple for gel 

1, orange for gel 2 and cyan for gel (1+2)). (g) Schematic of the flexible cylinder 

model; Lp, persistence length, Lc, contour length, r, cylinder radius. 
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For gels formed from 2 alone, the SAXS data are different before and after 

heating (Figure 2.11c; fitting parameters shown in Table 2.1 and further data 

are shown in Figure 2.10c,d), which would agree with the observations above 

that the annealing leads to some crystallization. In these cases, the scattering 

is dominated by a power law, which would be consistent with the structures 

that are scattering being outside the accessible Q-range over which the data 

were collected as shown by the confocal microscopy (Figure 2.11d). In this case, 

the annealing has led to the structures becoming significantly larger, with a 

propensity to crystallize. 

 

For the multicomponent system (1+2), the SAXS data are significantly different 

before and after annealing (Figure 2.11e; fitting parameters shown in Table 2.1 

and further data are shown in Figure 2.10e,f). Before heating, the data are 

more reminiscent of that of 2 alone. However, after annealing, the data are 

very similar to that of 1 alone, and again the data fits well to a flexible cylinder 

model with a slightly increased radius of 4.3  0.07 nm and a similar Kuhn 

length. This implies that the annealing has led to a significant change in 

structure. Confocal microscopy images however show structures after annealing 

that are most similar to those of 2 (Figure 2.11f). This apparent contradiction 

can be explained by the fact that, on cooling, 2 forms structures first (Figure 

2.9d, top graph) so presumably entraps the dye added as stain (Nile blue). When 

1 assembles, there is little dye still available and hence the structures formed 

by 1 are not detected by confocal microscopy (Figure 2.11f, right image).  
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Figure 2.11 SAXS data for (a) gel 1, (c) gel 2 and (e) multicomponent system 

(1+2). The baseline for 2 drops after annealing as there is crystallisation and a 

small amount of precipitation, meaning that there is less sample in the beam 

after annealing. Confocal images for (b) gel 1, (d) gel 2 and (f) multicomponent 

gel (1+2). Black and red data represent gels before and after annealing 

respectively. Scale bars represent 20 µm. 
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2.2.4.IV. Nuclear Magnetic Resonance (NMR)  

Under polarised light, there are limited indications of crystallinity (Figure 

2.12d, bottom image), implying that the structures formed by 2 have been 

modified by being formed in the presence of 1. This is backed up by 1H NMR 

data; whilst the signal intensity for 1 in the mixture is essentially the same as 

for the single component (Figure 2.12b), the solubility of 2 is affected by the 

presence of 1 (Figure 2.12c).  

 

Figure 2.12 Images of gels 1, 2 and (1+2) before (a) and after (d) annealing 

(25°C - 90°C) under polarised light. Plot of (b) integrals for 1 against a standard 

as determined by 1H NMR for 1 alone (purple data) in a mixture of DMSO and 

D2O (3/7) on heating and cooling as compared to the integral of 1 in the mixed 

(blue cyan data) (1+2) gel; (c) integrals for 2 against a standard as determined 

by 1H NMR for 2 alone (orange data) in a mixture of DMSO and D2O (3/7) on 

heating and cooling as compared to the integral of 2 in the mixed (cyan data) 

(1+2) gel. The scale bars represent 200 µm. 

As mentioned previously, the solubility of a molecule can be monitored through 

the integration of 1H NMR spectra at a range of different temperatures. We 

proved that the solubility of 1 alone is symmetrical during heating and cooling 
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as the intensity of the hydrogen atoms from the CH3 residual peak signal (0.89 

ppm) was also symmetrical. For 2 alone we also monitored the intensity of the 

hydrogen atoms from the CH3 residual peak signal (1.36 ppm), which also 

confirmed the symmetrical solubility during heating and cooling (Figure 2.13).  

 

Figure 2.13 (a) 1H NMR spectrum of 2 in DMSO-d6. The orange asterisk indicates 

the signal correspondent to the CH3 group. (b) Temperature ramp 1H NMR 

spectra on heating and cooling in a range of 25°C - 85°C - 25°C. A mixture of 

10% DMSO-d6, 1% PDMS and 89% PCE was used as the internal standard. (c) 

Integrals for 2 against the standard as determined by 1H NMR for 2 in a mixture 

of DMSO-d6 and D2O (3/7) on heating and cooling. The sample temperature was 

changed by steps of 5°C, and an NMR spectrum recorded after 1 minute, before 

being heated or cooled to the required next temperature. 
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For the multicomponent system (1+2), the solubility of 1 and 2 in the mixture 

was evaluated. As the chemical shift of the hydrogen atoms from CH3 residual 

for 1 and 2 are different, 0.89 ppm and 1.36 ppm for 1 and 2 respectively, the 

solubility of each individual molecule in the mixture was easily assessed (Figure 

2.14).  On heating, the intensity of the peaks for 1 and 2 alone increase in line 

with the intensity of the peaks for 1 and 2 in the system (1+2) (Figure 2.14d). 

On cooling, although the intensity of the peaks for 1 in the system (1+2) evolves 

in parallel with those correspondents to 1 alone, the signal of the peaks for 2 

in the system (1+2) is influenced by the presence of 1 (Figure 2.14d).  

 

To gain further insight into the changes on the gel structures, one can also use 

the power law gradient of the SAXS data to rationalise the effect of the 

annealing approach.57, 58 1 has a gradient of −2, which would be expected from 

a mass fractal network such as the kind of gel described here. 2 has a gradient 

of −4, which, as with the fit of the data to a power law suggests objects too 

large to be resolved by the SAXS. Prior to annealing, (1+2) has a gradient of −3, 

which suggests a mass fractal with a tight, interconnected structure. However, 

after annealing, the gradient changes to −2, showing that the structure has 

returned to a network resembling gel 1. 
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Figure 2.14 (a) 1H NMR spectrum of 1 and 2 in DMSO-d6. The purple and orange 

asterisks indicate the signal of the hydrogen from CH3 residual from 1 and 2 

respectively. (b) Temperature ramp 1H NMR spectra on heating and cooling in 

a range of 25°C - 85°C - 25°C for the multicomponent system (1+2). A mixture 

of 10% DMSO-d6, 1% PDMS and 89% PCE was used as the internal standard. (c)-

(d) Integrals for 1 and 2 in the system (1+2) against the standard as determined 

by 1H NMR in a mixture of DMSO-d6 and D2O (3/7) on heating and cooling. The 

sample temperature was changed by steps of 5°C, and an NMR spectrum 

recorded after 1 minute, before being heated or cooled to the required next 

temperature. In (d) the purple and cyan data represent the integrals for 1 alone 

and 1 in the system (1+2) respectively (left); the orange and cyan data 

represent the integrals for 2 alone and 2 in the system (1+2) respectively 

(right). 
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Hence, we clearly have a self-sorted network after annealing, and the distinct 

melting temperatures imply that the networks are independent on initial 

formation. The process for the single components and the mixture is shown 

schematically in Figure 2.15.  

 

Figure 2.15  Cartoon showing the assembly networks before and after annealing 

for gels 1, 2 and the multicomponent system (1+2). 

 

2.2.4.V. Selective Annealing  

The SAXS data show that the primary structures of 1 are the same in the gel of 

1 alone and after annealing the gel of (1+2); the implication is that the changes 

we are observing are entirely due to changes in the networks. If this is the case, 

it should be possible to selectively melt and anneal only one of the networks. 

This is indeed possible. Heating the (1+2) gel to 65C leads to a decrease in the 

moduli in line with the melting of the gel of 1 only in the system (1+2). 

Subsequent cooling leads to the expected increase in moduli consistent with 

our data (Figure 2.16a). Moreover, the resulting network after annealing is also 

different (Figure 2.16b). The absence of crystals (Figure 2.16b, bottom image) 
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supports the fact that gel of 2 in the system (1+2) has not been affected due 

to the selective annealing. 

 

Figure 2.16 (a) Rheological data for (1+2) on heating and cooling at a rate of 

1C min-1 over a range of 15-90 °C and 15-65 °C. Closed symbols represent G' 

and open symbols represent G''. The black and red data correspond to the 

heating and cooling cycle respectively in the range of 15-90°C, and the green 

and purple data correspond to the heating and cooling cycle respectively in the 

range of 15-65°C. (b) Optical images for gel (1+2) before annealing (green 

border), after heating and cooling over a range of 25-90°C (red border) and 

after heating and cooling over a range of 25-65°C (purple border). 

2.2.4.VI. Ageing of Gels 

Finally, we stress that the effects observed are due to annealing and not due 

to time. When the gels are allowed to stand for 5 days at room temperature, 

there are almost no differences in the rheological properties. Annealing gels 

formed overnight or after being allowed to stand for 5 days results in very 

similar characteristics (Figure 2.17).   
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Figure 2.17 Rheological heating and cooling data for (a) 1; (b) 2; (c) (1+2) at 

a rate of 1C min-1 over a range of 15-90°C. Closed symbols represent G' and 

open symbols represent G''. The black and red data corresponds to the heating 

and cooling cycle respectively for Day 1, and the green and purple data 

corresponds to the heating and cooling cycle respectively for Day 5 after gel 

formation. Photographs of gels (d) 1; (e) 2; (f) (1+2) for Day 1 and Day 5 before 

and after annealing. The black and red backgrounds correspond to the gel 

before and after annealing respectively for Day 1, and the green and purple 

backgrounds refers to the gel before and after annealing respectively for Day 

5. Scale bars represent 1 cm in all cases. 
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2.3. Conclusions 

Generally, gels reported in the literature are described as static systems where 

a gel is formed and used as it is. With reference to tuneable materials, there 

are many examples of simple gel-to-sol transitions in single component systems, 

for example triggered by light or by heating. There has also been significant 

recent work on the formation of transient assemblies59,60, 61, 62 however their 

use is limited to the few applications that require the networks to only exist 

temporally. Instead, we believe that there is more utility in being able to 

prepare tuneable and responsive networks, where specific input from the user 

results in a significant and useful change in properties.  

 

Annealing can be applied to many different materials as a means of driving from 

kinetically trapped structures to those at the (or at least a local) 

thermodynamic minimum. While it is common to prepare gels using heat-cool 

cycles, it is not common to use an annealing approach in supramolecular gels. 

We have shown how annealing can be used to change the underlying 

microstructure in both single and multicomponent gels. Annealing in a two-

component gel leads to a self-sorted network, with significantly different 

mechanical properties to the as-prepared gels. The display and demonstration 

of self-sorting at the fibre level does not necessarily substantiate how the 

network is being affected. We suggest that annealing of this system leads to 

significant change in the network level of assembly, resulting in the increase in 

storage modulus.  

 

The apparent changes in mechanical properties are likely to not only affect the 

stiffness, but also diffusion and transport within the gel. This could be 

implemented in controlled release systems for example. There is also the 

possibility to selectively anneal only a single component in the mixture. 

Although only a specific example is reported here, we believe that this 

approach will be widely applicable and so opens up new opportunities to control 

gel networks on demand to provide tuneable, triggerable materials. We 

demonstrated that annealing a multicomponent system results in gels with 
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properties that are not simply an addition of the properties of what might be 

expected from the single components. 

 

2.4. Experimental 

2.4.1. Synthetic Procedures 

1 and 2 were prepared as described previously.63 1 was synthesised by Dave 

Adams and 2 by Bart Dietrich (both University of Glasgow). All other chemicals 

used were purchased from commercial suppliers and used as received. 

 

1 was prepared as described in detail below. 

 

Tert‐butyl 2‐[(2S)‐2‐({[(9H‐fluoren‐9‐yl)methoxy]carbonyl}amino)‐4-methyl-

pentanamido]acetate (DG-004) 

 

 

To a solution of N-Fmoc-L-leucine (6.47 g, 18.3 mmol) in chloroform (75 mL) 

was added isobutyl chloroformate (1 eq, 2.37 mL) and N-methylmorpholine (1 

eq, 2.01 mL) and the mixture was stirred for 30 minutes. Glycine tert-butyl 

ester hydrochloride (1 eq, 3.07 g) and another portion of N-methylmorpholine 

(1 eq, 2.01 mL) were added and the reaction mixture was stirred overnight. 

After this time, it was diluted with chloroform and washed in turn with 1M 

hydrochloric acid, water, and brine, dried (MgSO4), and evaporated under 

reduced pressure. Crude DG-004 was thus obtained as a cream solid (7.90 g, 

92%) and used as such for the next step. A small amount was purified via column 

chromatography (1:9 ethyl acetate/dichloromethane) to afford an analytical 

sample. Proton NMR indicates the presence of restricted rotation (approx. 9:1 

ratio of rotamers, referred to below as Rot-1 and Rot-2). The rotamer signals 

coalesce when the NMR is run at higher temperature. 
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H (400 MHz, DMSO-d6, 23 °C) 8.23 (1H, t, J 5.90, CH2NH), 7.89 (2H, d, J 7.52, 

HAr), 7.73 (1.8H, dd, J 7.36, 2.80, Rot-1 HAr), 7.62 (0.2H, dd, J 17.34, 8.02, Rot-

2 HAr), 7.52 (0.9H, d, J 8.48, Rot-1 CH*NH), 7.42 (2H, t, J 7.26, HAr), 7.32 (2H, 

ddt, 3.72, 0.72, 7.40, HAr), 7.08 (0.1H, d, J 6.52, Rot-2 CH*NH), 4.32-4.19 (3H, 

m, OCH2CH), 4.09-4.02 (1H, m, CH*), 3.75 (1H, dd, J 17.54, 6.30, NHCHaHb), 

3.64 (1H, dd, J 17.28, 5.72, NHCHaHb), 1.69-1.59 (1H, m, CH(CH3)2), 1.54-1.39 

(2H, m, CH*CH2), 1.39 (9H, s, CH(CH3)3), 0.90 (3H, d, J 6.56, CHCaH3), 0.85 (3H, 

d, J 6.52, CHCbH3). H (400 MHz, DMSO-d6, 80 °C) 7.86 (2H, d, J 7.60, HAr), 7.83 

(1H, br s, CH2NH), 7.69 (2H, dd, J 7.30, 3.35, HAr), 7.41 (2H, t, J 7.45, HAr), 

7.32 (2H, ddt, J 2.63, 1.08, 11.17, HAr), 7.06 (1H, br s, CH*NH), 4.34 (1H, dd, J 

10.48, 7.23, OCHaHb), 4.29 (1H, dd, J 10.45, 6.70, OCHaHb), 4.22 (1H, pseudo-

t, J 6.92, OCH2CH), 4.07 (1H, dd, J 15.50, 7.65, CH*), 3.76 (1H, dd, J 17.16, 

5.95, NHCHaHb), 3.68 (1H, dd, J 17.18, 5.73, NHCHaHb), 1.67 (1H, pseudo-

septet, J 6.70, CH(CH3)2), 1.52 (1H, d, J 7.30, CH*CHaHb), 1.51 (1H, d, J 7.00, 

CH*CHaHb), 1.41 (9H, s, C(CH3)3), 0.91 (3H, d, J 6.66, CHCaH3), 0.88 (3H, d, J 

6.58, CHCbH3). C (100 MHz, DMSO-d6, 25 °C) 172.74, 168.80, and 155.89 (C=O), 

143.90, 143.72, 140.68, 127.58, 127.00, 125.30, and 120.06 (CAr), 80.49 

(C(CH3)3), 65.54 (OCH2), 52.83 (CH*), 46.68 (OCH2CH), 41.38 (NHCH2), 40.76 

(CH*CH2), 27.66 (C(CH3)3), 24.12 (CH(CH3)2), 23.03 (CHCaH3), 21.22 (CHCbH3). 

HRMS (ESI) m/z: [M+Na]+ calcd for C27H34N2NaO5 489.2360; found 489.2356. 
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Figure 2.18 Proton NMR of DG-004. 

 

Figure 2.19 Carbon NMR of DG-004. 
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2‐[(2S)‐2‐({[(9H‐Fluoren‐9‐yl)methoxy]carbonyl}amino)‐4‐methylpentan-

amido]acetic acid (DH-001) 

 

 

To a solution of DG-004 (7.81 g, 16.7 mmol) in chloroform (20 mL) was added 

trifluoroacetic acid (10 mL, ca. 8 eq) and the mixture was stirred overnight. 

After this time, it was poured into diethyl ether (ca. 400 mL) and stirred for 1 

hour. The white precipitate was filtered off, washed with diethyl ether in the 

filter and dried under vacuum. Only about 1 g of the title compound was 

obtained this way. The mother liquor was evaporated under reduced pressure, 

leaving a viscous, trifluoroacetic acid-containing oil. To this was added diethyl 

ether and the mixture was stirred overnight. The thick precipitate was filtered 

off, washed with diethyl ether in the filter and dried under reduced pressure. 

Including the first crop, a total of 3.80 g of DH-001 was obtained as a white 

solid. A further crop of 1.74 g was obtained by another cycle of evaporation, 

addition of diethyl ether, and filtration. Total yield: 5.54 g (81 %). NMR of the 

compound suggests a ca. 9:1 mixture of rotamers. NMR purity (excluding any 

moisture) is ca. 99.3% (balance 0.7% DG-004 as judged by the tert-butyl peak 

at 1.39 ppm). 

 

H (400 MHz, DMSO-d6) 12.52 (1H, br s, COOH), 8.17 (1H, t, J 5.84, NHCH2), 7.89 

(2H, d, J 7.56, HAr), 7.75-7.72 (1.8H, m, HAr), 7.68-7.64 (0.1H, m, HAr), 7.63-

7.59 (0.1H, m, HAr), 7.52 (0.9H, d, J 8.56, NHCH*), 7.43-7.40 (2H, m, HAr), 7.35-

7.30 (2H, m, HAr), 7.10 (0.1H, d, J 7.48, NHCH*), 4.33-4.19 (3H, m, CHCH2-O), 

4.10-4.04 (1H, m, NHCH*), 3.74 (2H, qd, J 17.74, 5.83, NHCH2), 1.67-1.59 (1H, 

m, CH(CH3)2), 1.54-1.39 (2H, m, NHCH*CH2), 0.89 (3H, d, J 6.60, CH(CH3)2), 0.85 

(3H, d, J 6.52, CH(CH3)2). C (100 MHz, DMSO-d6) 172.78, 171.18, and 155.97 

(C=O), 143.98, 143.76, 140.74, 127.65, 127.08, 125.37, and 120.12 (CAr), 65.59 

(CH2O), 52.91 (CH*), 46.74 (CHCH2O), 40.78 and 40.65 (NHCH2 and NHCH*CH2), 
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24.17 (CH(CH3)2), 23.13 and 21.39 (CH(CH3)2). HRMS (ESI) m/z: [M+Na]+ calcd 

for C23H26N2NaO5 433.1734; found 433.1731. 

 

Figure 2.20 Proton NMR of DH-001. 

 

Figure 2.21 Carbon of DH-001. 
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2 was prepared as described in detail below. 

 

Tert‐butyl 2‐[(6‐methoxynaphthalen‐2‐yl)oxy]acetate (DL-002) 

 

To a solution of 6-methoxy-2-naphthol (9.47 g, 54.4 mmol) in acetone (250 mL) 

was added potassium carbonate (1 eq, 7.51 g) and the mixture was stirred at 

ambient temperature for two hours. Another portion of potassium carbonate (1 

eq, 7.51 g), potassium iodide (1 mol%, 90 mg) and tert-butyl chloroacetate (1 

eq, 7.79 mL) were added and the reaction mixture was heated at reflux (70 °C 

oil bath temperature) for two days. After this time, TLC (5:95 ethyl acetate/n-

hexane) indicated the absence of starting naphthol. The reaction mixture was 

evaporated to dryness and the residue partitioned between dichloromethane 

and water and stirred until all solids had dissolved. The layers were separated 

and the aqueous phase was back-extracted with dichloromethane. The 

combined organics were washed with water, brine, dried (MgSO4), and filtered 

through a pad of Celite. Evaporation of the solvent afforded the title compound 

as a brown oil, which solidified on standing (15.9 g, 100 % crude). This was used 

as is for the next step. A small amount was purified via flash chromatography 

(eluting with dichloromethane) to afford a sample for characterisation. 

 

 H (400 MHz, DMSO-d6) 7.74 (1H, d, J 8.88, HAr), 7.69 (1H, d, J 8.96, HAr), 7.27 

(1H, d, J 2.52, HAr), 7.19 (1H, d, J 2.52, HAr), 7.16 (1H, dd, J 8.82, 2.62, HAr), 

7.12 (1H, dd, J 8.96, 2.60, HAr), 4.72 (2H, s, OCH2), 3.84 (3H, s, OCH3), 1.43 

(9H, s, C(CH3)3). C (100 MHz, DMSO-d6) 167.81 (C=O), 155.84, 153.93, 129.66, 

129.12, 128.13, 128.11, 118.81, 118.50, 107.49, and 106.07 (CAr), 81.30 

(C(CH3)3), 65.15 (OCH2), 55.04 (OCH3), 27.65 (C(CH3)3). HRMS (ESI) m/z: [M+Na]+ 

calcd for C17H20NaO4 311.1254; found 311.1242. 
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Figure 2.22 Proton NMR of DL-002 in d6-DMSO. 

 

Figure 2.23 Carbon NMR of DL-002 in d6-DMSO. 
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2‐[(6‐Methoxynaphthalen‐2‐yl)oxy]acetic acid (DL-003) 

 

To a solution of DL-002 (15.6 g, 54.2 mmol) in chloroform (60 mL) was added 

trifluoroacetic acid (30 mL, ca. 7 eq.) and the mixture was stirred overnight. A 

precipitate was found in the flask after this time. The entire reaction mixture 

was poured into diethyl ether (500 mL), stirred for three hours, then filtered 

and the solid in the filter washed with diethyl ether. After drying under reduced 

pressure, the title compound was obtained as a white solid (9.69 g, 77 %).  One 

carbon NMR signal is not resolved. 

 

H (400 MHz, DMSO-d6) 13.02 (1H, br s, COOH), 7.74 (1H, d, J 9.00, HAr), 7.70 

(1H, d, J 9.00, HAr), 7.27 (1H, d, J 2.48, HAr), 7.21 (1H, d, J 2.56, HAr), 7.16 (1H, 

dd, J 8.90, 2.62, HAr), 7.12 (1H, dd, J 8.90, 2.58, HAr), 4.75 (2H, s, CH2), 3.84 

(3H, s, OCH3). C (100 MHz, DMSO-d6) 170.27 (C=O), 155.86, 154.10, 129.70, 

129.22, 128.22, 118.87, 118.68, 107.33, and 106.11 (CAr), 64.61 (CH2), 55.11 

(OCH3). HRMS (ESI) m/z: [M+Na]+ calcd for C13H12NaO4 255.0628; found 

255.0623. 
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Figure 2.24 Proton NMR of DL-003 in d6-DMSO. 

 

Figure 2.25 Carbon NMR of DL-003 in d6-DMSO. 
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Methyl (2S)‐2‐{2‐[(6‐methoxynaphthalen‐2‐yl)oxy]acetamido}propanoate (DL-

004) 

 

To a suspension of DL-003 (4.34 g, 18.7 mmol) in chloroform (100 mL) was 

added N-methylmorpholine (1 eq., 2.06 mL) followed by isobutyl chloroformate 

(1 eq., 2.42 mL) and the mixture was stirred for two hours. Another portion of 

N-methylmorpholine (1 eq., 2.06 mL) and DA-004 (L-alanine methyl ester 

hydrochloride, prepared from L-alanine, methanol and acetyl chloride) was 

added and the mixture stirred overnight. After this time, it was diluted with 

chloroform, washed with 1M hydrochloric acid, water, brine, dried (MgSO4), and 

evaporated under reduced pressure. The title compound was thus obtained as 

a grey solid (5.53 g, 93% crude) and used as is for the next step. A small amount 

was purified via flash chromatography (1:9 ethyl acetate/dichloromethane)  to 

yield a sample for characterisation. 

 

H (400 MHz, DMSO-d6) 8.56 (1H, d, J 7.40, NH), 7.76 (1H, d, J 8.88, HAr), 7.70 

(1H, d, J 9.00, HAr), 7.28 (1H, d, J 2.52, HAr), 7.25-7.21 (2H, m, HAr), 7.14 (1H, 

dd, J 8.92, 2.60, HAr), 4.62 (1H, d, J 14.73, CHaHb), 4.58 (1H, d, J 14.73, CHaHb), 

4.41 (1H, pseudo-quintet, J 7.29, CH*), 3.84 (3H, s, CArOCH3), 3.62 (3H, s, 

CO2CH3), 1.34 (3H, d, J 7.28, CH*CH3). C (100 MHz, DMSO-d6) 172.74 and 167.66 

(C=O), 155.87, 154.03, 129.74, 129.14, 128.15, 128.08, 118.82, 118.79, 107.76, 

and 106.12 (CAr), 66.84 (OCH2), 55.08 (CArOCH3), 51.92 (CO2CH3), 47.30 (CH*), 

16.85 (CH*CH3). HRMS (ESI) m/z: [M+Na]+ calcd for C17H19NNaO5 340.1155; found 

340.1149. 
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Figure 2.26 Proton NMR of DL-004 in d6-DMSO. 

 

Figure 2.27 Carbon NMR of DL-004 in d6-DMSO. 
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(2S)‐2‐{2‐[(6‐Methoxynaphthalen‐2‐yl)oxy]acetamido}propanoic acid (DL-005, 

Molecule 2) 

 

To a solution of DL-004 (5.29 g, 16.7 mmol) in tetrahydrofuran (80 mL) was 

added a solution of lithium hydroxide (4 eq., 1.60 g) in water (80 mL) and the 

mixture was stirred overnight. After this time, it was poured into 1M 

hydrochloric acid (ca. 500 mL), stirred for one hour, and filtered. The solid in 

the filter was washed with water, then recrystallized from boiling methanol, 

affording the title compound as a white wool-like solid (2.29 g). A second crop 

of title compound (536 mg) was obtained by filtration of the mother liquor, 

which had developed a precipitate upon standing. Total yield 2.83 g (56 %). 

Evaporation of the mother liquor and repeated recrystallization did not yield 

any more DL-005 of acceptable purity. One carbon NMR signal is not resolved. 

No impurity peaks of note are observed in the proton NMR and the NMR purity 

of DL-005 (excluding any moisture) is taken to approach 100%. 

 

H (400 MHz, DMSO-d6) 12.68 (1H, br s, COOH), 8.40 (1H, d, J 7.56, NH), 7.76 

(1H, d, J 8.96, HAr), 7.69 (1H, d, J 9.00, HAr), 7.27 (2H, dd, J 4.56, 2.64, HAr), 

7.22 (1H, dd, J 8.86, 2.58, HAr), 7.13 (1H, dd, J 8.90, 2.54, HAr), 4.62 (1H, d, J 

14.65, OCHaHb), 4.57 (1H, d, J 14.65, OCHaHb), 4.33 (1H, dq, J 7.32, 7.38, CH*), 

3.84 (3H, s, OCH3), 1.34 (3H, d, J 7.32, CH*CH3). C (100 MHz, DMSO-d6) 173.88 

and 167.52 (C=O), 155.91, 154.08, 129.76, 129.20, 128.21, 128.12, 118.83, 

107.81, and 106.14 (CAr), 66.92 (OCH2), 55.11 (OCH3), 47.29 (CH*), 17.14 

(CH*CH3). HRMS (ESI) m/z: [M+Na]+ calcd for C16H17NNaO5 326.0999; found 

326.0988. 
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Figure 2.28 Proton NMR of DL-005 (Molecule 2) in d6-DMSO. 

 

Figure 2.29 Carbon NMR of DL-005 (Molecule 2) in d6-DMSO. 
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2.4.2. Instrument and Procedures 

Gel Formation. For the single component gels, a pre-weighed amount of either 

1 or 2 was dissolved in dimethyl sulfoxide (DMSO). Deionised water was added 

in one aliquot to either solution such that the final ratio of DMSO:water was 3:7 

(final volume of 2 mL). The final concentration for 1 and 2 was 4 mg mL-1 and 

8 mg mL-1 respectively. Typically, these gels are at pH 3.9 - 4.3 and are stable. 

For the multicomponent system (1+2), the amount of each gelator used was 

the same as in the single component (4 mg mL-1 of 1 and 8 mg mL-1 of 2). Both 

1 and 2 was dissolved again in DMSO to a final ratio of DMSO:water of 3:7, and 

water was added to this in one aliquot. All samples were prepared in 2 mL 

volume either in 7 mL Sterilin vials or in metal rheology cups and left overnight 

to gel prior analysis. Annealing was carried out by heating and cooling the gels 

typically at 1 ºC.min-1 in the rheometer. For photographs of gels after annealing, 

gels were prepared as described and annealed using an oil bath.  

 

Rheological measurements. Dynamic rheological measurements were carried 

out using Anton Paar Physica MCR 101 and MCR 301 rheometers. A cup and vane 

system was used to perform the strain, frequency and temperature sweeps. 2 

mL gels were prepared in 7 mL Sterilin vials for strain and frequency 

measurements and in metal rheology cups for the temperature sweeps. All 

samples were left overnight (~ 18 hours) at room temperature to gel before 

measurements. Strain and frequency sweeps were performed at 25°C for 

samples before annealing and at 15 °C for those after annealing. The strain 

sweeps were carried out over a range of 0.1 % to 1000 % strain at a frequency 

of 10 rad s-1. The viscoelastic region was determined as the region where G′ and 

G″ remain constant up to a strain amplitude at which the gel breaks (ɣc) and G′ 

deviates from linearity. Frequency sweeps were carried out from an angular 

frequency of 1-100 rad s-1 at a constant strain of 0.5 %, value below the critical 

strain ɣc. Temperature sweep measurements were performed at a strain of 0.5 

% and frequency of 10 rad s-1 over a heating-cooling cycle between 15 °C and 

90°C at a rate of 1 °C min-1. 
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pH Measurement. A calibrated FC2020 pH probe from Hanna instruments was 

used for pH measurements. The stated accuracy of the pH measurements is 

quoted as ±0.1. 

 

Confocal Microscopy. A Zeiss LSM 710 confocal microscope was used to collect 

confocal images. The objective used was a LD EC Epiplan NEUFLUAR 50x (0,55 

DIC). The samples were stained with 2 μL mL-1 of a 0.1 w% Nile Blue solution 

and excited at 634 nm using a He-Ne laser. All the samples were prepared in-

situ using the same methodology as described above where 1 or 2 or (1+2) was 

dissolved in DMSO and then water was added such the final ratio of DMSO:water 

was 3:7 (final volume 2 mL) and then left overnight to gel. For all of them, 2 

μL mL-1 of a 0.1 w% Nile Blue solution was added within the water. Thin sections 

of gel were cut from the central bulk region of each gel using a scalpel to avoid 

any surface effect. Each cut section was placed in a concave glass slide from 

Pearl with a cover slip from Menzel-Gläser on the top, and then sealed with nail 

polish to avoid evaporation. To acquire data after annealing, the samples were 

first heated in an oven to 90 °C and then gently left to cool down by switching 

off the oven to ensure a slow cooling rate. Multiple parts of the gel were imaged 

to ensure a representative structure. 

 

Nuclear Magnetic Resonance (NMR) Spectroscopy. 1H NMR spectroscopy was 

used to investigate the gel-sol transition when heating and cooling the samples. 

The 1H NMR spectra were recorded on a Bruker Avance III 400 MHz 

spectrometer. Gels were prepared as above in an NMR tube, replacing DMSO 

and H2O with DMSO-d6 and D2O (500 µL of sample). A mixture of 10 % DMSO-d6, 

1 % poly(dimethylsiloxane) and 89% of tetrachloroethylene was added in a 

capillary as the internal reference.  

 

SAXS. All X-ray scattering was performed on a SAXSLAB Ganesha 300XL 

instrument in a Q range of 0.007-0.25 Å-1, with an exposure time of 7200 

seconds per sample. Six samples were performed in total, three before 

annealing and the other three after annealing. The samples before and after 

annealing were prepared as explained before. A thin section was cut using a 
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scalpel and then transferred directly to a flat mica cell for measurements. 

Background corrections were made using both an empty cell and one filled with 

water. Sample thickness corrections were made using a cell half filled with 

water and comparing the beam intensities. The data were fitted in the SasView 

software package.64 

 

UV-Vis Spectroscopy. Absorbance spectra were collected on an Agilent Cary 60 

spectrophotometer. Samples were prepared in 1 mm pathlength quartz 

cuvettes purchased from Starna. Firstly, water was added into the cuvette and 

then DMSO solution containing the gelator was added, such as the final ratio of 

DMSO:water was 3:7. After the addition of DMSO, the mixture was mixed quickly 

with the help of a needle. The final volume of gel measured was 300 µL and 

absorbance was measured at 25 °C over a period of 120 min at a wavelength of 

600 nm. 

 

Single Crystal X-Ray Diffraction. Single Crystal X-Ray diffraction data were 

collected at 150K using a Bruker D8 VENTURE diffractometer equipped with a 

Photon II CMOS detector, with an Oxford Cryosystems N-Helix device mounted 

on an IμS 3.0 (dual Cu and Mo) microfocus sealed tube generator at the 

University of Glasgow.  
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This Chapter is adapted in part from the following publication: 

 

“Using cavitation rheology to understand dipeptide-based low molecular weight 

gels” 

Soft Matter, 2019,15, 6340-6347.  

A. M. Fuentes-Caparrós, B. Dietrich, Lisa Thomson, Charles Chauveau and 

Dave J. Adams. 

 

B. Dietrich built the cavitation rheometer. L. Thomson and C. Chauveau collected 

preliminary cavitation rheology data. B. Dietrich and D. J. Adams synthesised the 

molecules. A. M. Fuentes-Caparrós carried out the rheology experiments 

(cavitation and oscillatory) and the confocal microscopy. D. J. Adams and A.M. 

Fuentes-Caparrós wrote the initial draft of the paper, to which all authors 

contributed for the final manuscript. 
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3.1. Introduction 

Supramolecular gels result from the self-assembly of discrete molecules into 

fibres by non-covalent interactions.1-4 Such non-covalent interactions are 

individually weak, although when they work in conjunction, robust self-

assembly can occur. As a consequence, these class of materials are reversible. 

Hence, application of an external stimulus can result in the reverse gel-to-sol 

transition. Consequently, LMWGs are an attractive class of materials that are 

receiving significant attention and have been examined for a wide range of 

different potential applications including regenerative medicine,5 electronic 

devices,5 cell culture,6 and pollutant removal from environment.7  

 

Due to their diverse applications, LMWGs should meet different specific 

properties. The final gel properties will be governed by both the self-assembly 

of the molecules into the primary structures and the subsequent entanglement, 

cross-linking and interaction of fibres to form the 3D network.8-12 As such, it is 

necessary to characterise the mechanical properties across multiple length 

scales in order to fully characterise and understand this type of soft materials. 

Different properties can be assessed for example by controlling the volume 

fraction of the solvent and the temperature cycle used,13 or even by modifying 

the gels post-gelation through a thermal annealing as shown in Chapter 2.  

 

In terms of mechanical properties, the linear elastic modulus is normally 

measured using traditional shear rheometry. This technique requires millilitre 

sample volumes,14 which can be difficult when only small amounts of gel are 

available,15 and can present difficulties when loading the sample into the 

machine. Microrheology can overcome some of the limitations of the bulk 

rheology, however the use of probe particles can interfere in the local 

microstructure being measured.16 

 

Here, we describe the use of cavitation rheology, an easy and efficient 

technique developed by Zimberlin et al.17, to characterise the linear elastic 

modulus of a range of hydrogels. Unlike traditional shear rheometry, this 
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technique can be used to look at a local point within the gel system in their 

native environment, and small sample volumes are required. The basic principle 

of cavitation rheology consists of growing an air bubble within the material and 

monitoring the maximum pressure, the critical pressure, Pc, that the material 

can support before the bubble burst.17-35 The Pc value can then be used to 

establish the elastic modulus of the material, Figure 3.1 (see Chapter 1 Section 

1.6.2. for more detailed information).17  

  

Figure 3.1 (a) Diagram showing the cavitation phenomenon where γ is the 

surface tension of the solvent and r represents the radius of the needle used to 

grow the air bubble within the gel. (b) Cartoon showing an example of 

cavitation rheology output. The blue circle represents the pressure at which 

the air bubble fails, Pc. (c) The Neo-Hookean equation that relates the critical 

pressure, Pc, from cavitation rheology, with the elastic modulus, Ec. Pc is the 

critical pressure in Pa, Ec is the elastic cavitation modulus in Pa, γ is the surface 

tension in N m-1 and r represents the radius of the needle in m. 

This method allows to characterise gels of any shape in their native 

environment in a micrometre scale, whilst shear rheology requires precise 

isolated samples prepared in specific shapes and containers to be placed 

onto or into the rheometer.36  
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Pavlovsky and co-workers used a correction factor to compare both shear 

and cavitation moduli, although they examined solutions and not gels.37 

Other researchers have looked at the correlation between modulus 

obtained from shear and cavitation rheology in a number of organogels.24, 

25 Their results show cavitation moduli were always an order of magnitude 

greater than shear moduli. Bentz et al. reported recently a quantitative 

relationship, ksc, between the gel modulus determined using shear and 

cavitation rheology for a series of model polymer gels.38 This quantitative 

constant can be used to interconvert between shear storage (G') and 

cavitation (Ec) modulus  (Figure 3.2). 

 

Figure 3.2 Schematic representation of a cavitation rheometer (top left) and a 

shear oscillatory rheometer (top right). The relationship between both 

techniques is given by a proportionality constant, ksc, determined by the ratio 

of the moduli obtained from the two techniques (top middle). Closer diagram 

showing how both techniques work at different length scales (bottom). 
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In this Chapter, we examine the quantitative relationship between the shear 

storage modulus (G') and cavitation modulus (Ec) for gels formed from two 

different dipeptide low molecular weight gelators. We know that gels formed 

from the same gelator using different triggers results in different underlying 

microstructure.39 We hypothesised that these differences in the microstructure 

could culminate in differences on the measured ksc constant. As such, we are 

able to characterise the mechanical properties of gels at two different length 

scales. 

 

3.2. Results and Discussion 

3.2.1. Cavitation Rheometer Setup  

The cavitation rheology instrument used was built and assembled by Bart 

Dietrich (University of Glasgow) following the description of Zimberlin et al.17 

(Figure 3.3). It includes a 10 mL HamiltonTM 1000 series Gastight syringe for air 

pumping mounted in a syringe pump (World Precision Instruments AL-1000). A 

high precision manometer (the Cavitation Rheology Analyser Box, or CRAB) with 

data logging capability was custom-built to control and record the pressure. A 

digital manometer was connected into the system via Y-junction and used to 

calibrate and double confirm pressure readings from the CRAB (Figure 3.3a). 

The setup of the cavitation rheometer is fully described in the Supporting 

Information (Section II) of our recent publication.40  

 

 

 

 

 

 



 Chapter 3: Using Cavitation Rheology to Study Dipeptide-Based LMWGs 

110 
 

 

Figure 3.3 (a) Experimental setup of our cavitation rheometer including all 

components: syringe pump (top right), a digital manometer (bottom right) and 

the sample (left); the left inset shows the needle inserted into the sample. (b) 

Diagram of experimental setup. (c) Experimental data for a cavitation example, 

where the maximum pressure recorded over time gives the critical pressure, 

Pc. 

3.2.2. Cavitation Rheology Procedure 

In a typical experiment, a needle is inserted into the sample, the syringe pump 

is turned on and a bubble starts to grow within the material. The increase of 

pressure is then recorded by the CRAB, which digitises the signal from the 

system and translates it into pressure values. The maximum pressure recorded 

during the experiment is known as critical pressure, Pc (see experimental 

example in Figure 3.3c). The experiment is finished after a drop in the pressure 

is recorded.  

Prior to the start of the experiment, we must consider the position of the 

needle. The depth at which the needle is inserted in the sample is critical for 
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modulus measurement. There is an increase of the critical pressure as a function 

of the depth at which the needle is inserted within the material (Figure 3.4a). 

In experiments with water and glycerol mixtures, we found that the increase in 

depth of the needle immersion leads to a proportional increase in maximum 

bubble pressure as expected from increasing hydrostatic pressure with 

increasing depth (Figure 3.4b). The proportionality constant relating the 

measured pressure using the cavitation rheometer to the calculated hydrostatic 

pressure for the liquid mixture under examination at a given depth was found 

to be ρg (ρ being the density, g the gravitational acceleration), in excellent 

agreement with the hydrostatic pressure equation (p = ρgh). The data in Figure 

3.4b was collected by Bart Dietrich (University of Glasgow). 

 

Figure 3.4 (a) Critical pressure, Pc, as a function of depth within the material 

for gel 1 using a solvent switch to trigger gelation. Error bars represent three 

measurements at each depth to ensure reproducibility. (b) Experimental 

pressure obtained from cavitation rheometer (red data) and calculated 

hydrostatic pressure (black data) as a function of needle depth immersion. The 

sample studied is a liquid mixture water/glycerol. 

Since control of the needle position is of paramount importance in order to 

obtain reliable experimental data, a conductivity probe was designed in order 

to detect the contact of the needle tip with the sample surface and control axis 

movement of an Ormerod model 1 3D printer, which allows the precise 

positioning of the needle below the sample surface, (see Figure 3.3).40 One of 

the probe electrodes wires is wrapped around the needle, while the other is 
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connected to a piece of wire inserted in the sample vial prior to filling the vial 

with gel. When the needle touches the gel surface, a small current flows and 

sends a signal to the 3D printer, which stops the movement and set the z 

coordinate to zero. This height reference allows for a precise positioning of the 

needle below the gel surface. A depth immersion of 1 mm is used throughout. 

The CRAB has a limited pressure operation and, as the pressure increases with 

depth immersion, using a small depth allows us to examine the greatest range 

of concentrations for each material. Three different samples are measured in 

all cases to ensure reproducibility and the needle is positioned in the middle of 

each sample to ensure any artefact is blocking or restricting the bubble growth. 

 

 

3.2.3. Validation of Cavitation Rheometer 

3.2.3.I. Gelatine Gels 

First, gelatine gels were analysed in order to endorse our cavitation technique.  

Gelatine is a polypeptide obtained from the denaturation of collagen, which is 

mainly formed of three amino acids (glycine (33 %), proline and hydroxyproline 

(22 %)) in a triplex helix composed by three alpha chains. Each alpha chain is 

composed for 1014 amino acids. Here, we chose gelatine gels due to the 

similarity with the LMWG systems that we want to study using the cavitation 

rheometer. 

 

Critical pressure, Pc, using the cavitation rheometer (Figure 3.5), and shear 

storage modulus, G', using shear rheology (Figure 3.6), were collected at 

different concentrations for gelatine gels.  
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Figure 3.5 Cavitation data for gelatine at (a) 10 mg mL-1; (b) 20 mg mL-1; (c) 

30 mg mL-1; (d) 40 mg mL-1; (e) 50 mg mL-1; (f) 60 mg mL-1; (g) 70 mg mL-1; (h) 

80 mg mL-1; (i) 90 mg mL-1; (j) 100 mg mL-1; (k) 110 mg mL-1 and (l) 120 mg 

mL-1. The purple, orange and cyan lines represent three repeated 

measurements. 
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Figure 3.6 Frequency sweeps for gelatine at (a) 10 mg mL-1; (b) 20 mg mL-1; (c) 

30 mg mL-1; (d) 40 mg mL-1; (e) 50 mg mL-1; (f) 60 mg mL-1; (g) 70 mg mL-1; (h) 

80 mg mL-1; (i) 90 mg mL-1; (j) 100 mg mL-1; (k) 110 mg mL-1 and (l) 120 mg mL-

1. The purple, orange and cyan lines represent three repeated measurements. 

Gelatine gels showed a frequency-independent behaviour and the storage 

moduli increased with concentration (Figure 3.6). Similarly, the critical pressure 

increased with concentration (Figure 3.5). Both shear and cavitation modulus 
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showed a similar trend when compared at different concentrations (Figure 

3.7a), where values of both moduli increased with concentration. The 

cavitation moduli are an order of magnitude greater than shear moduli (Figure 

3.7a). There is an excellent correlation between both moduli (Figure 3.7b), 

with a R2 of 0.99. The value of the proportionality constant, ksc, is 18.93 ± 0.53. 

 

Figure 3.7 (a) Storage shear modui (black data) and cavitation moduli (purple 

data) as a function of concentration for gelatine gels. (b) Storage shear moduli 

against cavitation moduli for gelatine gels. The slope provides the value for ksc 

(R2=0.99). 

3.2.3.II. PVA Gels 

Following this, PVA gels were selected in order to both further validate our 

technique and also to compare to the original work of Zimberlin et al.17 These 

gels are formed by the cross-linking of the PVA with borax.41 The gels evolve 

with time,17 so in this experiment a series of samples were prepared and 

analysed at different times. Both critical pressure and shear rheology modulus 

were measured as a function of time, t=0 represents the time at which the 

solution of PVA was first synthesised. PVA gels were frequency independent 

(Figure 3.8) and reproducible. The critical pressures also showed good 

reproducibility (Figure 3.9).  
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Figure 3.8 Frequency sweeps for PVA gels at (a) day 1; (b) day 2; (c) day 3; (d) 

day 4; (e) day 5; (f) day 6; (g) day 7; (h) day 8; (i) day 9; (j) day 10; (k) day 12 

and (l) day 15 after being synthesised. The purple, orange and cyan lines 

represent three repeated measurements. 
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Figure 3.9 Cavitation data for PVA gels at (a) day 1; (b) day 2; (c) day 3; (d) 

day 4; (e) day 5; (f) day 6; (g) day 7; (h) day 8; (i) day 9; (j) day 10; (k) day 12; 

(l) day 15; (m) day 18 and (n) day 20 after being synthesised. The purple, orange 

and cyan lines represent three repeated measurements. 
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PVA gels are not formed immediately; gelation takes some time. This can be 

seen from both the cavitation and shear rheology, where it takes around six 

days before a significant increase in either Pc or G' is recorded (Figure 3.10). 

This is in agreement with the work of Zimberlin et al.17 From tan δ (G''/G', 

Figure 3.10), a gel has not formed until t = 6 days, from which point tan δ 

remains essentially constant. The pressure values collected before t = 6 days 

are linked to those of a viscous solution. Over time, physical cross-links occur 

in the polymer network, and a gradual increase in shear storage moduli is 

observed using shear rheology (Figure 3.10a). However, that is not the case for 

data collected with the cavitation rheometer. The critical pressure increases 

up to t = 15 days broadly in line with the shear rheology data. However, after 

this time, the local pressure drops (Figure 3.10a). We highlight here that the 

two techniques probe different length scales; shear rheology measures the 

elastic moduli of a bulk sample, while cavitation rheology quantifies the 

elasticity at a local point within the material. As such, we hypothesise that the 

underlying microstructure of the PVA gels starts to change after a certain time, 

which will just affect a local point in the material but will not affect the bulk 

elasticity. The agreement at earlier times shows the validity of the technique, 

especially when compared with the gelatine data above, whilst these latter 

data show the power of using both techniques to understand the gels at 

different length scales. 

 

Figure 3.10 (a) Storage shear moduli (black data) and critical pressure (purple 

data) as a function of time for PVA gels. (b) tan δ (black data) and critical 

pressure, in logarithmic scale (purple data), as a function of time for PVA gels. 
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3.2.4. Characterisation of LMWGs 

3.2.4.I. Selection of LMWG 

Since the reliability of our cavitation rheology approach has been validated, we 

then moved to our area of interest, low molecular weight gels (LMWGs). We 

selected two different dipeptide-based gelators 1 and 3 (Figure 1.4 and Figure 

3.11). We have previously reported in detail on gels formed from both of 

these13, 39, 42 and so they represent good test cases.  

 

Figure 3.11 Chemical structures of 1 (FmocLG) and 3 (2NapFF).  

In both examples, the dipeptide is conjugated to an aromatic component at the 

N-terminus. These dipeptides are both very effective gelators and can be used 

to form gels in different ways. 13, 39, 43  In all cases here, a self-supporting gel 

was formed (Figure 3.12a). Specifically, here two different methods were used 

to trigger the gelation of the dipeptide-based LMWG. The first method, the 

solvent trigger, consists of the dissolution of the gelator in a water-miscible 

solvent such as DMSO, followed by the addition of water.44 The final pH of these 

hydrogels was typically around 3.36 and 3.73 for gels formed from 1 and 3 

respectively. Gels form quickly by this method, and we have previously shown 

that this method leads to an underlying microstructure of spherulitic domains 

of fibres.13 Examples of spherulitic domains formed in gels of 1 and 3 

respectively are shown in Figure 3.12b and Figure 3.12d. 
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Figure 3.12 (a) Photograph of (left to right) a gel of 1 using DMSO and GdL, and 

a gel of 3 using DMSO and GdL. All gels at a concentration of 4 mg mL-1. (b) – 

(e) Confocal images of gels of 1 using a solvent trigger (b) and a pH trigger (c). 

Confocal images of gels 3 using a solvent trigger (d) and a pH trigger (e).  

1 and 3 were selected to use in our cavitation technique because of our 

understanding of the differences in the underlying microstructure. We would 

expect that differences in the microstructures would lead to different 

correlation ksc constant values. Images for gels of 1 and 3 at different 

concentrations show that no changes are observed in the microstructure for the 

same trigger (Figure 3.13 and Figure 3.14). 

 

Figure 3.13 Further confocal images for gel 1 prepared at (a) 4 mg mL-1, (b) 8 

mg mL-1 and (c) 12 mg mL-1 using a solvent trigger; (d) 4 mg mL-1, (e) 8 mg mL-

1 and (f) 10 mg mL-1 using the pH trigger. The scale bar represents 20 µm. 
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Figure 3.14 Further confocal images for gel 3 prepared at (a) 4 mg mL-1, (b) 8 

mg mL-1 and (c) 12 mg mL-1 using a solvent trigger; (d) 4 mg mL-1, (e) 8 mg 

mL-1 and (f) 10 mg mL-1 using the pH trigger. The scale bar represents 20 µm. 

3.2.4.II. Rheological Characterisation of Gels of 1 

Gels of 1 were examined at different concentrations. Shear rheology data 

showed a frequency-independent behaviour when using solvent and pH triggers 

(Figure 3.15 and Figure 3.16 respectively), with shear modulus increasing with 

concentration.  

Figure 3.15 Frequency sweeps for gel 1 prepared at a DMSO:water ratio of 1:9. 

Data are shown for gel 1 at (a) 4 mg mL-1; (b) 6 mg mL-1; (c) 8 mg mL-1; (d) 10 

mg mL-1; (e) 12 mg mL-1; (f) 14 mg mL-1. The purple, orange and cyan data 

represent three repeated measurements. 
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Figure 3.16  Frequency sweeps for gel 1 prepared using GdL. Data are shown 

for gel 1 at (a) 2 mg mL-1; (b) 4 mg mL-1; (c) 6 mg mL-1; (d) 8 mg mL-1; (e) 10 

mg mL-1. The purple, orange and cyan data represent three repeated 

measurements. 

Similarly, cavitation analysis shows excellent reproducible data at all 

concentrations for gel 1 using both triggers (Figure 3.17 and Figure 3.18). 

 

Figure 3.17 Cavitation data for gel 1 prepared at a DMSO:water ratio of 1:9. 

Data are shown for gel 1 at (a) 4 mg mL-1; (b) 6 mg mL-1; (c) 8 mg mL-1; (d) 10 

mg mL-1; (e) 12 mg mL-1; (f) 14 mg mL-1. The purple, orange and cyan lines 

represent three repeated measurements. 
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Figure 3.18 Cavitation data for gel 1 prepared using GdL. Data are shown for 

gel 1 at (a) 2 mg mL-1; (b) 4 mg mL-1; (c) 6 mg mL-1; (d) 8 mg mL-1; (e) 10 mg 

mL-1. The purple, orange and cyan lines represent three repeated 

measurements. 

3.2.4.III. Rheological Characterisation of Gels of 3 

Gels of 3 were analysed in the same way. Storage modulus (Figure 3.19 and 

Figure 3.20) and critical pressure (Figure 3.21 and Figure 3.22) were examined 

at different concentrations using the two different triggers.  
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Figure 3.19 Frequency sweeps for gel 3 prepared at a DMSO:water ratio of 2:8. 

Data are shown for gel 3 at (a) 2 mg mL-1; (b) 4 mg mL-1; (c) 6 mg mL-1; (d) 8 

mg mL-1; (e) 10 mg mL-1; (f) 12 mg mL-1. The purple, orange and cyan data 

represent three repeated measurements. 

 

Figure 3.20 Frequency sweeps for gel 3 prepared using GdL. Data are shown 

for gel 2 at (a) 2 mg mL-1; (b) 4 mg mL-1; (c) 6 mg mL-1; (d) 8 mg mL-1; (e) 10 

mg mL-1. The purple, orange and cyan data represent three repeated 

measurements. 
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Figure 3.21 Cavitation data for gel 3 prepared at a DMSO:water ratio of 2:8. 

Data are shown for gel 3 at (a) 2 mg mL-1; (b) 4 mg mL-1; (c) 6 mg mL-1; (d) 8 

mg mL-1; (e) 10 mg mL-1; (f) 12 mg mL-1. The purple, orange and cyan data 

represent three repeated measurements. 

 

Figure 3.22 Cavitation data for gel 3 prepared using GdL. Data are shown for 

gel 2 at (a) 2 mg mL-1; (b) 4 mg mL-1; (c) 6 mg mL-1; (d) 8 mg mL-1; (e) 10 mg 

mL-1. The purple, orange and cyan data represent three repeated 

measurements. 
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Both G' and Pc increased with concentration. Storage modulus again showed a 

frequency-independent response in all cases and the critical pressure values 

were again reproducible. 

 

3.2.5. Shear Rheology versus Cavitation Rheology 

Shear and cavitation moduli were evaluated as a function of concentration for 

gels of 1 and 3 using both triggers (Figure 3.23). For gels formed using 1, the 

shear and cavitation moduli show a similar trend with concentration in both 

cases (Figure 3.23a and Figure 3.23b). Similarly, for gels formed from 3 with 

both triggers, both moduli show a good correlation (Figure 3.23c and Figure 

3.23d). 

 

Figure 3.23 Shear moduli (black data) and cavitation moduli (purple data) as a 

function of concentration for gel 1 using (a) solvent-trigger and (b) pH-trigger 

and for gel 3 using (c) solvent-trigger and (d) pH-trigger.  
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3.2.5.I. Relationship Between Shear and Cavitation Rheology, ksc 

The relationship between both techniques is accessed by plotting the cavitation 

moduli against the shear moduli at different concentrations (Figure 3.24). The 

slope of the linear regression corresponds to the value of the constant ksc, which 

can be used to interconvert between both moduli. The data show an excellent 

correlation fitting between both techniques in all cases with R2 ranging from 

0.92 to 0.98. 

 

Figure 3.24 (a) Schematic representation of the linear regression between 

cavitation and shear moduli and the differences in microstructure when using a 

solvent or pH trigger. Cavitation moduli plotted against shear moduli for gel of 

1 using (b) a solvent trigger, (c) a pH trigger; and gel of 3 using (d) a solvent 

trigger and (e) a pH trigger. Slope of linear regression display the constant ksc 

values. (R2= 0.94, 0.98, 0.92 and 0.94, respectively). 
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For gel 1, the value of ksc was determined to be 0.06 ± 7.47 E-3 when using the 

solvent-trigger (Figure 3.24b, Table 3.1). A higher ksc of 0.08 ± 7.41 E-3 was 

obtained when using the pH-trigger (Figure 3.24c, Table 3.1). Similar constant 

values were obtained for gel 3, with a ksc of 0.06 ± 8.88 E-3 and 0.09 ± 13.75 E-

3 for the solvent-trigger (Figure 3.24d, Table 3.1) and pH-trigger (Figure 3.24e, 

Table 3.1) respectively. Whilst similar in value, these are statistically different 

values. We note that the linear regression to the data does not go through the 

origin. We believe that this a result of there being a minimum gelation 

concentration below which no gels are formed and therefore it is not 

meaningful to effectively extrapolate to the value at zero concentration. 

 

If rather than comparing ksc, we compared the inverse function 1/ksc, it will be 

easier to pinpoint the effect of the microstructure on the evaluation of ksc since 

the values are represented in higher scale (Table 3.1). From the resulting 

values, we believe that the differences in ksc values for gels formed by the two 

triggers are due to the different underlying microstructures. What is notable 

here is the similarity in ksc /(1/ksc) values for gel 1 and 3 when using the same 

trigger; the constant values collected are remarkably similar in both LWMGs 

(Table 3.1). 

 

Table 3.1 ksc and 1/ ksc values for gel 1 and gel 3 using a solvent and pH trigger. 

 

3.2.5.II. Effect of the Needle Diameter on Cavitation Rheology 

Moreover, varying the needle diameter could be used as a mean of measuring 

the mechanical properties at different scales. Some researchers have also 

investigated the transition from cavitation to fracture in soft materials by 
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varying the needle size.20-22, 25, 32 Differences in the needle size will affect the 

critical pressure, hence altering the cavitation modulus and consequently ksc 

values. Here, we examined the effect of changing the needle size to examine 

gel 3 made using a solvent and a pH trigger. Until now, a 210 µm radius needle 

was used in our cavitation rheometer. If we use a smaller needle (60 µm in 

radius), differences in the gradient for cavitation modulus versus shear modulus 

are observed. This affects ksc values for both triggers (Figure 3.25a and b). We 

highlight that for gel made of 3 using the pH trigger, the data collected using a 

needle radius of 60 µm do not fit to a power law.  

 

Figure 3.25 Comparison of the relationship between cavitation and shear 

moduli for different needle radii for a gel of 3 using (a) a solvent trigger and 

(b) a pH trigger. (c) Images of gel 3 using a solvent trigger at 4 mg mL-1 (left) 

and 8 mg mL-1 (right). (d) Size of the highlighted spherulitic domains in (c). 

ImageJ software was used to measure the diameters of each structure. The 

deviation values are the result of three different measurements for each 

structure. 

Interestingly, the size of one of the needle radii is comparable to the size of 

the spherulitic domains in solvent triggered gels (Figure 3.25c). This indicates 

microstructure is likely influencing Pc since lower radii are expected to give 
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higher values of Pc.20,32,33  However, we show this is not the case for our system, 

where the smaller needle size gives smaller Pc values. These data further 

support the sensitivity of cavitation rheology to local elastic response. 

 

3.2.5.III. Comparing ksc Values within the Literature 

Thus far, we have shown the reliability of our cavitation technique, which has 

been tested on gelatine, PVA gels and in different dipeptides using different 

triggers. In addition, we observed that the microstructure plays an important 

role when the elastic response of these materials is quantified using the 

cavitation technique. Therefore, we believe it is important to compare our ksc 

values with those been reported in the literature (Figure 3.26).  

 

Figure 3.26 (a) Comparison our LMWGs ksc values with values already reported 

in the literature for different gels.38 The break in the y-axis ranges from 0.1 to 

1. (b) Elasticity values for shear (black data) and cavitation (purple data) moduli 

at 4 mg mL-1 for gel 1 and gel 3 using the solvent-trigger (solid data) and pH-

trigger (patterned data). 

 

Surprisingly, our LMWG show the lowest values of ksc, not exceeding 0.1, while 

the constant values for other gels range from 3 to 40 (Figure 3.26a). We 

associate these considerable differences in ksc values to the differences in 

stiffness of the gels. For our LMWG systems, the shear modulus is greater than 
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the cavitation moduli (Figure 3.26b), in contrast to what is been reported for 

other gels in the literature.24, 25  

 

3.2.6. New Insights into the Cavitation Rheology Technique 

As ksc is defined as the gradient between cavitation modulus (y-axis) versus 

shear modulus (x-axis), the greater the shear modulus, the lower the gradient 

and so the ksc. We highlight one example to expand on this. Fei et al. reported 

a 12-HSA gel with a stiffness of around 600 Pa and a critical pressure of around 

5200 Pa.26 For one of our gels, gel 1 using a solvent switch, the stiffness is 

around 20,000 Pa, whilst the critical pressure is roughly 5700 Pa. If we compare 

both gels, the critical pressures are very similar; however, the stiffness is much 

greater for our gel. We believe that there is an influence of the strain at which 

the gels break. The 12-HSA gel breaks at >10% strain (Figure 3.27b), whilst our 

gel breaks at 3 % strain (Figure 3.27a).  

 

Figure 3.27 Strain sweeps for (a) gel 1 using a solvent trigger and (b) 12-HSA 

gel. Data and graph (b) is from reference 24. For gel 1 error bars represent three 

repeated measurements to ensure reproducibility. 

Similarly, for gel 1 using a pH trigger and gel 3 using both triggers, the critical 

strain is no larger than 5% and the stiffness is in the order of 100 000 Pa, while 

gelatine and PVA-borax break at higher strains (around 800%) and the stiffness 

does not exceed 1000 Pa (Figure 3.28). Hence, whilst the absolute G' is higher 

for our LMWG, this is offset by the low breakage strain. It therefore seems likely 
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that the value of Pc (and hence ksc) depends on both the absolute modulus as 

well as the breakage strain. 

 

The cavitation rheology data give a greater insight into the networks that have 

been formed as compared to bulk rheology where the slight differences in 

absolute moduli are difficult to interpret. Understanding these differences is 

important; we have shown that the underlying microstructure links to the 

ability to 3D print such gels for example.45  

 

Figure 3.28 Strain sweeps for (a) gel 1 using a solvent trigger, (b) gel 1 using a 

pH trigger, (c) gel 3 using a solvent trigger, (d) gel 3 using a pH trigger, (e) 

gelatine and (f) PVA-borax gel. The intersection between the linear-viscoelastic 

region and the section from where G' and G'' start to deviate from linearity 

represent the critical strain, γc. Gels (a-d) at 6 mg mL-1, gelatine at 60 mg mL-1 

and PVA-borax gel 5 days after synthesis. 
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3.3. Conclusions 

In summary, we have shown that cavitation rheology can be used to investigate 

our low molecular weight gel systems at the micrometre scale. We investigated 

the relationship between the shear moduli and the cavitation moduli for a range 

of different gels. We demonstrate that the microstructure plays a fundamental 

role for the examined ksc constant. Depending on the trigger used, different ksc 

values were assessed, those being the same even when different low molecular 

weight gelators were studied. The values are statistically different, and 

correlate with the structures that lead to the gel. We highlight that the values 

are very different to other gels examined here and elsewhere. This correlates 

with the significantly lower strains at which our gels break compared to other 

examples. 

 

Traditional shear rheology measures the bulk properties within the material 

while cavitation technique is clearly influenced by the mechanical properties 

at the micrometre length. Cavitation rheology is a powerful technique that can 

investigate in detail the microstructure of our LMWGs at a different scale that 

the traditional shear rheology cannot access. It should also be possible to use 

this technique to measure smaller volumes of gel than traditional rheology, as 

well as measuring patterned or otherwise inhomogeneous gels.  

 

3.4. Experimental 

3.4.1. Materials 

All chemicals were purchased from Merck unless otherwise stated.  

 

PVA (poly(vinyl alcohol)) hydrogels.  PVA hydrogels were prepared as 

described before.46 A 13,000-23,000 Mw and 98 % hydrolysed polymer was 

heated at 90 °C in a solution containing DMSO:water in a 40:60 ratio and 2% 

boric acid was added as a cross-linking agent. This solution was heated 
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overnight and left the solution to cool down at room temperature to form a gel. 

All samples were made of 10% PVA. 

 

Gelatine. Gelatine hydrogels were made from a beef gelatine powder supplied 

by Dr. Oetker. Water was added to the gelatine powder and heated at 50 °C 

for 1 hour. Then solution was left to cool down and form the gel. 

 

LMWG: Dipeptides 1 (FmocLG) and 3 (2NapFF) were synthesised by Dave Adams 

and Bart Dietrich (University of Glasgow).43-47  

 

3.4.2. Samples preparation 

Solvent-Triggered Gels. Stock solutions of gelator were prepared at different 

concentrations by dissolving the weighed gelator in DMSO. Upon complete 

dissolution of the gelator, distilled water was added to make the sample up to 

a final volume of 2 mL gel. The volume of DMSO and water used varied 

depending on the final ɸDMSO desired. The sample was then left to gel overnight 

before analysis (~ 18 hours). 

 

pH-Triggered Gels. A stock solution of each gelator was prepared at different 

concentrations by weighing the required amount of gelator and adding dilute 

sodium hydroxide solution (1 molar equivalent of a 0.1 M solution) and water 

and stirring until fully dissolved. The gelator stock solution was added to a pre-

weighed amount of glucono-δ-lactone, GdL (3 molar equivalents of GdL for each 

equivalent of gelator) and gently shaken to dissolve all GdL. The sample was 

left to stand to allow gelation to occur overnight (~ 18 hours).  

 

3.4.3. Instrument and Procedures 

Oscillatory Shear Rheology.  

All rheological measurements were performed using Anton Paar Physica MCR 

101 and MCR 301 rheometers. A cup and vane system was used to perform 

frequency sweeps. 2 mL gels were prepared in 7 mL Sterilin vials and left 
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overnight (~ 18 hours) at room temperature to gel before measurements. 

Frequency sweeps were performed at 25 °C in a range of frequencies from 1 to 

100 rad s-1 at a constant strain of 0.5 % to ensure being within the linear 

viscoelastic (LVER) region. The storage modulus (G') at 10 rad s-1 was used to 

compare with the maximum pressure, Pc, obtained with the cavitation 

rheology. All measurements were repeated three times to ensure 

reproducibility. 

 

Cavitation Rheology.  

Cavitation experiments were carried out using a lab-built instrument. It 

includes a syringe pump (World Precision Instruments AL-1000) assembled into 

a 10 mL HamiltonTM 1000 series Gastight syringe for air pumping. A high 

precision manometer “CRAB (Cavitation Rheology Analyser Box)” with data 

logging capability was custom-built to control and record the pressure. A digital 

manometer was connected into the system via Y-junction and used to calibrate 

and double check pressure readings from the CRAB. The air rate pumped was 

0.4 mL min-1 and a needle gauge 22 (inner diameter, 420 µm) and gauge 26s 

(inner diameter, 120 µm) were used. A conductivity probe controls the needle 

immersion depth by sending a signal to an 3D printer, which allows to precise 

positioning the needle below the surface of the sample. 

 

Confocal microscopy.  

Confocal images were taken using a Zeiss LSM 710 confocal microscope with a 

LD EC Epiplan NEUFLUAR 50X (0,55 DIC) objective. All samples were prepared 

in a Greiner Bio-One CELLviewTM 35 mm plastic cell culture dish with a 

borosilicate glass bottom. Fluorescence from Nile Blue was excited using a 634 

nm He-Ne laser and emission was detected between 650 and 710 nm. Samples 

were prepared in-situ, using the methodology described above. All gels 

triggered using a solvent switch were stained with a 0.1 wt % Nile Blue solution. 

The Nile Blue was added to the DMSO-gelator solution to a final Nile Blue 

concentration of 2 µL mL-1. To stain the pH switched samples, a 0.1 wt% Nile 

Blue solution was prepared and added to the gelator solution to a final Nile Blue 

concentration of 2 µL mL-1. 
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4.1. Introduction 

Low molecular weight hydrogels (LMWGs) are formed by the self-assembly of 

small molecules into long anisotropic structures, mainly fibres, through non-

covalent interactions.1-4 These fibres entangle and/or crosslink, immobilising 

the solvent and forming a self-supporting 3D network.3 Such hydrogels are 

mainly composed of water but still possess properties more reminiscent of a 

solid and can therefore exhibit both elastic and viscous responses.5 In fact, the 

viscoelastic nature of this class of material makes them potentially suitable for 

multiple biological applications such as tissue engineering, where materials 

capable of mimicking living tissues are needed.6 Furthermore, such hydrogels 

can encapsulate different types of molecules including proteins, growth factors 

and signalling molecules that will facilitate cell proliferation and 

differentiation.7 Another key property is the ease of disrupting the interactions 

that hold together the molecules, making this class of materials responsive to 

a wide variety of external stimuli (for example, light, enzymes or heat).8-10 As 

such, there is a significant interest in this class of materials, with much of the 

emphasis being on their applications in biomedical fields, such as controlled 

drug delivery, self-healing and scaffolding for tissue engineering. 11-13  

 

Hydrogels can be used as cell-containing scaffolds for tissue engineering by 

delivering cells into damaged tissues and reconstructing organs in similar 

shapes. Strategies in the field of tissue engineering and regenerative medicine 

are committed to 3D scaffolds that mimic the natural extracellular matrix, 

which supports cell adhesion, migration, differentiation and proliferation.11  

One strategy requires seeding cells onto a 3D scaffold that supports in vitro 

tissue formation, which is then implanted into a patient for tissue repair. 

Intrinsically, the purpose of tissue engineering is to develop responsive living 

tissues with properties similar to those of living tissues that are intended to be 

replaced.  

 

Typically, LMWGs are prepared as uniform systems with homogeneous 

properties.14 However, it is possible to make hierarchical hydrogels containing 
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different layers with specific mechanical properties in order to mimic living-

like tissues.15 Organs, for example, are spatially heterogeneous in terms of 

composition and, therefore, different cell types coexist within them. 

Consequently, multi-layered hydrogels with different mechanical properties are 

of interest as an excellent option for 3D scaffold construction for tissue 

engineering.16 In recent years, a great deal of interest has been put into the 

fabrication of multi-layered scaffold-based hydrogels for tissue engineering and 

regenerative medicine.17-19  

 

Most recently, multiple technologies have been developed for the fabrication 

of hydrogels consisting of multiple layers including photolithography, 

microfluidics and three-dimensional (3D) (bio)printing.16 3D printing or additive 

manufacturing is a technology based on the computer-controlled layer-by-layer 

deposition of material (ink) that can create complex and well-defined three-

dimensional objects with almost any shape or geometry.20 3D printing 

technology has revolutionised the biomedical field by providing a tool capable 

of manufacturing materials with unique control, flexibility, speed and 

precision.  

 

Extrusion-based 3D printing is useful for scaffold construction and has been used 

extensively for hydrogel printing over the last decade.21,22 3D printers are 

widely used to print polymer gels for the fabrication of (bio)materials.23-25 

However, due to the poor mechanical properties that LMWGs possess and the 

relatively small number of gelators with appropriate thixotropic 

characteristics, make their use underestimate for extrusion-based 3D printing. 

Nevertheless, interest in the use of 3D printing LMWGs is growing.26-28 The main 

considerations for a suitable ink are its printability, structural adhesion and 

stability after printing. In terms of printability, shear-thinning and thixotropic 

hydrogels are ideal candidates as they can be easily extruded and they recover 

their original shape after the stress is released.29, 30 Nolan et al. have previously 

reported the printability of some LMWGs using an extrusion-based printer and 

optimised the printing conditions.26 Gels formed from spherulitic domains of 

fibres exhibited better printability compared to gels formed from dense fibrous 
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networks. The differences in printability relies in the fact that spherulitic 

domains do not present as much random orientations of fibres compared to a 

dense fibrous network with flow through a nozzle. Hydrogels made using a 

solvent trigger, which results in the formation of spherulitic-like domains of 

fibres, are more suitable for 3D printing than pH-triggered gels, where a more 

uniform distribution of long fibres is formed that is more affected by the shear 

stress during extrusion.26 In general, for supramolecular gels formed via non-

covalent interactions, the printability of the gel using an extrusion approach 

depends not only on the yield point of the gel, but also on how well it recovers 

after being extruded, i.e. on its thixotropic nature.31, 32 

 

From a rheological point of view, control of the mechanical properties of 

printed hydrogels is crucial for the formation of an appropriate environment for 

cells growth, ensuring appropriate cellular functions. Many studies have 

focused on the dynamic modification of the stiffness and elasticity of the 

hydrogels using different approaches as a means of tuning their 

physicochemical properties.33 It is common to find in the literature the 

suitability of hydrogels for 3D printing by assessing their mechanical properties 

before printing, with little if any rheological characterisation of the gels after 

they have been printed. As such, it is presumably assumed that the resulting 

mechanical properties of the printed materials are not affected by the printing 

process, which seems unlikely considering the process involved. This lack of 

measuring post-printing is undoubtedly due to the difficulty in carrying out such 

measurements. In addition to demonstrating the ability of forming 3D printed 

materials into complex shapes and structures, it is also necessary to evaluate 

the effect of the printing process on the mechanical properties of the resulting 

3D printed system. Numerous researchers have reported the ability to use 3D 

printing to fabricate polymer-based gel constructs.23-25 Where the mechanical 

properties are assessed for gels after printing, very few studies choose rheology 

as the main characterization technique. Mondal et al. used sodium-gelatine 

hydrogels for 3D printing scaffolds. The stiffness of the resulting printed 

constructs were evaluated using rheology.34 More often compression tests are 

used to characterize the mechanical properties of the printed constructs.35-37 
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From the best of our knowledge, the changes in shear moduli of different 

patterned multi-layered gels using rheology have not been reported in the 

literature. There have been examples where compression tests have been used 

to calculate the moduli. Hu and co-workers, for example have tested the 

mechanical properties of a multi-layered chitosan gel in which each layer 

possessed different properties using a tensometer. The mechanical properties 

were evaluated for each layer.38 Nguyen et al. also examined the compressive 

modulus of multi-layered constructs of polyethylene glycol (PEG)-based 

hydrogel which exhibited spatially-varying mechanical properties.39 They 

characterised each individual layer by separating each layer within the gel 

construct. The properties of each layer were measured independently. 

 

In this Chapter, we show that the use of different rheological methods allows 

the characterisation of not only the mechanical properties of individual layers 

within a 3D printed gel, but also the contribution of each layer to the resulting 

multi-layered system. We show not only the importance of evaluating the 

mechanical properties of the gels after printing, but also how using different 

protocols for rheological characterisation could interfere on the determined 

rheological properties. 

 

4.2. Results and Discussion 

4.2.1. Multi-layered Gels Preparation 

FmocFF (4, Figure 1.4 and Figure 4.1a) is one of the most widely used LMWG as 

it forms gels at physiological pH and is commercially available.40-42 As a first 

step towards a comprehensive rheological characterisation of 3D printed 

LMWGs, multi-layered hydrogels of 4 were prepared in situ for mechanical 

property benchmark comparison. (Figure 4.1b). This was achieved by preparing 

multiple independent self-supporting layers using a solvent trigger one on top 

of each other after the lower layer had gelled. For each layer, a known amount 

of 4 was dissolved in dimethyl sulfoxide (DMSO) and water added such that the 

final ratio of DMSO:H2O was 3:7. This drives a phase separation that results in 
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spherulitic-like domains of fibres being formed that entangle to form a self-

supporting gel (Figure 4.1c).43, 44  

 

Figure 4.1 (a) Chemical structure of FmocFF, 4; (b) Schematic and a 

photograph of a three-layered hydrogel construction respectively. The scale bar 

represents 1 cm; (c) schematic of the process by which a three-layered hydrogel 

is formed in situ. To form the first layer (I) 4 dissolved in DMSO is pipetted into 

the container and (II) water is added to trigger gelation. The same methodology 

was used to form the second (III)-(IV) and third (V)-(VI) layers. 

The different hydrogel layers were prepared with different mechanical 

properties by varying the concentration of 4. Specifically, we used two 

different concentrations of 4, 5 mg mL-1 and 15 mg mL-1 for the softer and 

stiffer gels respectively (Figure 4.2a). Gels made in both concentrations form 

similar microstructures with spherulitic-like domains of fibres (Figure 4.2b). We 

also examined the assembly kinetics for both concentrations of the gelator by 

measuring the changes in turbidity over time at 600 nm (Figure 4.2c). At this 

wavelength, 4 does not absorb light and therefore changes in absorbance can 

be ascribed to changes in turbidity. For 4 at a concentration of 5 mg mL-1, there 

is an initial increase in absorbance as soon as the water is added, corresponding 

to the nucleation phase, followed by a gradual decrease in turbidity which 

correspond to the formation of fibres.43-45 For 4 at a concentration of 15 mg mL-

1, a similar trend can be observed for absorbance with the difference that the 

absorbance is much higher. In both cases, after 10 minutes there are no further 

changes in absorbance and therefore, we assume the gel network is totally 
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formed. To ensure gelation was complete, we allowed 30 minutes to pass 

before preparing the next layer. 

 

Figure 4.2 (a) Photographs of hydrogels prepared at a concentration of (left) 5 

mg mL-1 and (right) 15 mg mL-1 of 4 using a ratio of DMSO:H2O of 3:7. The scale 

bar represents 1 cm and the gel volumes are 2 mL. (b) Confocal images of gels 

formed at concentrations of 4 of (left) 5 mg mL-1 and (right) 15 mg mL-1 at a 

ratio DMSO:H2O of 3:7. The scale bars represent 50 µm. (c) Changes in 

absorbance at 600 nm with time after adding water to a solution of either 4 at 

5 mg mL-1 (cyan) or 15 mg mL-1 (pink) in DMSO. 

DMSO is broadly accepted below 10% (v/v) for biological purposes.46 

However, since we just intend to prove the applicability of rheological 

methods to characterise multi-layered hydrogels, we considered DMSO at 

30% (v/v) in view of well-defined hydrogels being formed from 4. 

In the following discussion, we initially focus on gels that are 8 mm thick in 

total. This thickness allows us to effectively demonstrate that we can probe 

and understand layered gels. We then move to gels of 2 mm total thickness, 

before finally comparing our data for layered gels to 3D printed systems. 

 

Since we intend to compare the rheological properties of multi-layered systems 

prepared in situ with those delivered using an extrusion-based 3D printing 

technique, we designed a specific container in which prepare the gels that 

would be suitable for both techniques. We used a 3D printed a container (Figure 

4.3a) which would allow to directly extrude our gels using 3D printing and also 

prepare the same multi-layered gels in situ. To probe these gels by rheology, 

we used two different measuring geometries, vane (Figure 4.3b) and parallel 
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plate (PP) (Figure 4.3c). The PP geometry is widely used for hydrogel 

rheological characterisation with sample thickness between 0.5-2mm, while the 

vane is less common, but effective for rheometry on soft materials that can be 

prepared in cups which could be susceptible to pre-shear caused by sample 

loading on to a plate.47 Both geometries measure bulk flow of material, however 

their configuration is different in that a parallel plate measures from the top 

of the bulk sample, whereas the vane penetrates into sample without 

completely destroying the overall structure. We considered that the two 

different modes of operation could affect the resulting measured mechanical 

properties and trends associated with their layering.  

 

Figure 4.3 (a) Diagram of the 3D printed container. Diagrams and photograph 

of the different geometries used for rheological measurements and their 

dimensions; (b) cup and vane geometry, (c) parallel plate PP12.5 geometry. 

The scale bars represent 10 mm.  

4.2.2. Vane Geometry 

The vane geometry is advantageous for measuring heterogeneous samples that 

may slip using the parallel plate.48 However, some considerations need to be 

taken in order to get reliable measurements. During measurements, the vane 

delineates a path along which the stress applied is inversely proportional to the 

square of the radius (Figure 4.4a-c).49 Inside the limits defined by the vane 
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blades radius (Rv), the material moves guided by the blades. However, the 

stress decays gradually outside these limits (Figure 4.4b). Differences in the 

radius between Rv and the wall container (Rc) will therefore have an effect on 

the calculated rheological parameters (Figure 4.4c). Similarly, the position of 

the vane during measurements can affect the rheological properties being 

measured (Figure 4.4d). Differences in the vane position will determine the 

height/thickness of gel touching the vane blades and, therefore, the rheological 

parameters measured. On top of that, the vane geometry is a relative 

measuring system that do not have a constant shear rate throughout (like cones 

and cylinders) and therefore the CSS (controlled shear stress) factor can be 

manually set by the user to calculate the speed at certain point in the 

measuring system.  The CSS and CSR (controlled shear rate) factors for the vane 

geometry used are 2700 Pa m-1 Nm-1 and 1 min s-1 respectively. The CSS factor 

on the geometry assumes that the vane rotor is fully submerged in the sample. 

Therefore, to calculate correct G' and G'' values for rheological measurements 

we divided both moduli by the percentage of the measuring system (i.e., vane 

rotor) that was actually submerged in the multi-layered gel systems.   
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Figure 4.4 (a) Cartoon of a four bladed vane geometry inserted into a hydrogel 

(red) for measurement. (b) Inset of the shearing profile the material 

experiences during measurements. Inside the limits defined by the vane blade 

radius (Rv), the material moves guided by the blades. However, the stress 

decays gradually outside these limits; i.e., for the material trapped between 

the vane blades and the wall container. The distance between the centre of 

the vane and the wall of the container is defined as Rc. (c) (Left) equation that 

defines the shear stress, where F is the normal force (N), A is the surface (m2), 

M is the torque (N m), R (or Rv) is the radius (m) and h is the thickness (m) of 

the material being examined and (right) profile showing the gradual decay of 

the shear stress as the radius increases. (d) Cartoon showing the position of the 

vane within a sample and the gap left between the vane and the bottom part 

of the container in which the gels are made. 

Since the distance between the vane blades and the wall container in which the 

gel is made will affect the measured rheological properties (Figure 4.4), we 

optimised a setup that would allow to minimise such distance. We used a hollow 

metal cylinder of 16.5 mm in diameter (Figure 4.5c), compared to the vane 

diameter of 7.5 mm, to “cut” the gel for measurements. As such, the amount 

of gel trapped between the vane blades and the hollow metal cylinder wall is 

minimum (4.5 mm), thus avoiding artifacts that could affect the stress applied 

to the bulk gel during measurements. We used the hollow metal cylinder setup 

for all measurements conducted using vane and PP geometries (Figure 4.5d). 

Additionally, to ensure the concentric position of the hollow metal cylinder in 
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the 3D printed container, we used a cover lid (Figure 4.5b) for the container 

with a hollow in the middle in which the hollow metal cylinder fits perfectly.  

 

Summarising, the procedure used to prepare the multi-layered gels for 

rheological measurements is as follows; firstly, we prepare the multi-layered 

gels inside the 3D printed container as explained previously (Figure 4.5e). Then 

we settle the hollow cover lid on top of the container (Figure 4.5f) followed by 

the hollow metal cylinder (Figure 4.5g) to chop the gel and some Blu Tack® to 

make sure it will not move during measurements. Finally, we place it into the 

corresponding rheometer system and set the corresponding measuring 

geometry (Figure 4.5d and Figure 4.5h). 

 

Figure 4.5 Layout of (a) the 3D printed container, (b) the hollow cover lid and 

(c) the hollow metal cylinder. (d) Photographs of (left) the setup for vane 

measurements and (right) PP12.5. (e)-(h) Schematic showing the procedure 

followed to load the samples for rheological measurements; (e) gel is prepared 

inside the container; (f) then a hollow cover lid is positioned on top of the 

container and (g) the hollow metal cylinder is inserted in the hollow and fixed 

in place with some Blu Tack®; (h) then we place it on the corresponding system 

depending on which geometry we will use and again some Blu Tack® is used to 

ensure the container will not move during measurements. 
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4.2.3. Parallel Plate Geometry 

Rheological measurements using the parallel plate geometry present some 

advantages. When a PP geometry is used, the measuring gap can be controlled, 

which can be advantageous, as gels with different thicknesses can be measured. 

However, this has implications that need to be considered for measurements.  

 

In a typical experiment, the sample is placed on the rheometer base plate and 

the PP geometry is lowered to the desired gap. Here, we used a controlled 

setup which lowers the PP12.5 geometry to a position where the detected 

normal force is 0.05 N (Figure 4.6a). That is, the PP12.5 will be in the measuring 

position when it just touches the surface of the gel and compresses it with 0.05 

N of force.  

 

Figure 4.6 (a) Cartoon showing the setup of a typical experiment using a PP 

geometry, where the sample is placed between the geometry and the base 

plate. In this case, the PP12.5 geometry is lowered to a gap (h) where the 

detected normal force is 0.05 N. (b) Equation showing the dependence of shear 

stress (𝜎, in Pa) on the radius (R, in m) of the PP and the measuring gap width 

(h, in m); where F is the shear force (N), A the shear area (m2), M the torque 

(N.m) and V is the volume of sample between the two plates (m3). Schematic 

representing (b.I) the laminar flow of a material using PP and (b.II) the shear 

stress dependency on the size of the geometry used.  
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During measurements, the shear rate is not constant along the geometry, being 

higher in the outer part of the PP (Figure 4.6a).48 The shear stress applied also 

depends upon the size of PP used (Figure 4.6bII) and the thickness of the 

sample, i.e. the measuring gap (Figure 4.6bI).50 To ensure homogeneous laminar 

flow of the material, the sample needs to range between 0.5 mm and 2 mm in 

thickness.51 Laminar flow is not guaranteed if the sample height is outside of 

these limits. Likewise, the shear stress is also influenced by the size of the PP 

used, being higher for smaller sizes of PP geometries.51 As for the vane 

geometry, the CSS (2617.89 Pa m-1 Nm-1) and CSR (0.65364 min s-1) factors were 

also manually set for the PP measuring system.  

 

4.2.4. Rheological Characterisation of 8 mm Multi-layered Gel 

Systems Prepared in situ 

Eight different experiments consisting of three-layered gel systems of 8 mm in 

thickness were carried out (experiments 1-8, Figure 4.7a). Together they 

represent a gradient in the mechanical properties, which was modulated by 

changing the concentration of 4 and position of each layer within the gel 

system. Both, vane and PP geometries were used to characterise experiments 

1-8. PP geometry is not suitable for any samples with 8 mm thickness, but we 

use it to highlight the sensitivity of the vane. For measurements using the vane 

geometry, different positions of the vane were used. These are positions A, B, 

and C, which correspond to the vane embedded at 0.5 mm from the bottom of 

layer 1, layer 2, and layer 3, respectively (Figure 4.7b). For measurements using 

the PP12.5 measuring system, the PP is placed on the top surface of the gel 

system (Figure 4.7b). 
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Figure 4.7 (a) Cartoon representing experiments 1-8, where each hydrogel is 

made of three-layers. All cartoons represent 8 mm gels (2.67 mm each layer) 

in which the cyan and pink layers represent gels formed from 4 at a 

concentration of 5 mg mL-1 and 15 mg mL-1 respectively. (b) Schematic 

representation of the different rheological protocols being used for the vane 

and PP12.5 geometries. Layers 1 (bottom), 2 (middle) and 3 (top) are 

represented in pink, green and blue respectively. The vane geometry in 

positions A, B and C correspond to the vane embedded at 0.5 mm from the 

bottom of layers 1, 2 and 3 respectively. The PP12.5 geometry is positioned on 

the surface of the top layer (blue) at an induced compressional normal force of 

0.05N. 

For the measurements carried out using the PP, normally the geometry is 

manually lowered to the desired measuring gap. However, the measured 

stiffness can be affected by the induced compressional normal force during 

measurements.52 For gels formed using 4, there is a dependence of the 

compressional force being applied to the gel before measurements on the 

resulting storage modulus (Figure 4.8a-b). As such, we used a setup where the 

PP geometry was lowered to a position where the detected normal force was 

0.05 N. This force is low enough to detect the gel and stop the measuring system 

without compressing the gel significantly.  
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The rheological properties of the hydrogels prepared using 4 were investigated 

by means of strain sweeps, using strains ranging from 0.01% to 1000% at an 

angular frequency of 10 rad s-1. The values for storage modulus, G', were 

determined from the average of G' in the linear viscoelastic region (LVER) for 

each experiment (Figure 4.8c). The LVER was determined as the region where 

G' and G'' remain constant up to a strain amplitude at which the gel starts 

breaking (~0.6-0.7%) and both moduli deviate from linearity (highlighted region 

in Figure 4.8c). To define the critical strain (𝛾𝑐), we draw a line tangent to LVER 

and another line tangent to the non-linear region. The intersection of both lines 

will assert the value of 𝛾𝑐 (Figure 4.8c). 

 

Figure 4.8 (a) Cartoon of the PP12.5 setup. (b) Storage modulus G' versus the 

normal force applied to the gel before starting measurements using a PP12.5 

measuring system on a 2.67 mm height gel of 4 at a concentration of 5 mg mL-

1. (c) Example of strain sweep showing the LVER region (highlighted in blue) 

and the 𝛾𝑐 (marked in red). 

Firstly, experiments 1-8 of 8 mm thickness were investigated using the vane 

geometry at positions A, B, and C (Figure 4.9). The sensitivity of the vane goes 

beyond the simple fact of being able to measure differences in the mechanical 

properties at different positions within a gel system. To understand this in 

detail, we carried out a deep analysis of the results shown in Figure 4.9. 
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Figure 4.9 Rheological data for 8 mm three-layered gels using the vane 

geometry. (a) Schematic representing three different positions used for the 

vane measurements in an 8 mm three-layered gel; position A, B and C 

correspond to the vane located at 0.5 mm above the bottom surface of layers 

1, 2 and 3 respectively. (b) Cartoons showing gel layers in experiments 1-8. 

Each gel stack is made up of 3 layers, where the cyan and deep pink layers 

represent 5 mg mL-1 and 15 mg mL-1 of 4 respectively. (c)-(j) Strain sweeps for 

experiments 1-8. The three sets of strain sweeps correspond to the vane 

measuring at position A (pink data), B (green data), and C (grey data). The error 

bars represent the standard deviation for three measurements. Closed and 

opened symbols represent G' and G'', respectively. 
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For the rheological measurements using the vane in position A, where the vane 

is inserted in the bottom layer and touching all of layers 1, 2 and 3, the stiffness 

increases linearly for experiments 1 to 8 (Figure 4.10c). Such a linear increase 

in G' is a result of the specific distribution of the different layers within the gel 

system. Experiment 1 (three layers of 5 mg mL-1) and experiment 8 (three layers 

of 15 mg mL-1) are the controls, and in between them the layered gels are made 

of different combinations of the two concentrations of 4. If we consider 

experiments 2-4, the difference between them is the distribution of the layers 

(Figure 4.10a). Each of these is formed from two layers of a concentration of 5 

mg mL-1 and one layer at a concentration of 15 mg mL-1 with the difference 

being the absolute position of the gel layer at a concentration of 15 mg mL-1. 

Considering the total concentration is kept constant (two layers of 5 mg mL-1 

and one of 15 mg mL-1), we can interpret the increase in stiffness in 

experiments 2-4 as being due to the absolute position of the stiffer layer; there 

is an increase as the 15 mg mL-1 gel layer is closer to the bottom of the container 

where the vane is embedded. For experiments 5-7 again there is an increase in 

stiffness from 5 to 7. These gels are now formed from two layers of 15 mg mL-

1 and one layer of 5 mg mL-1. Again, the stiffness depends on the relative 

positions of these layers, with the stiffest overall gel being that where both the 

15 mg mL-1 layers are closer to the bottom (experiment 7). Notably, the 

stiffness for experiments 5 and 6 is constant. The difference between these is 

the distribution of the bottom and middle layers (one layer of 5 mg mL-1 and 

one of 15 mg mL-1). This is interesting since it reveals that both the bottom and 

middle layers contribute significantly to the total stiffness of the gel. But then 

a question arises; why do the stiffness for experiments 3 and 4 increase rather 

than staying constant as for experiments 5 and 6? We hypothesise that this has 

to do with the properties of the top layer, which is made of a concentration of 

5 mg mL-1 for experiments 3 and 4, and 15 mg mL-1 for experiments 5 and 6. 

The stiffer layer (15 mg mL-1) is likely to dominate the vane measurements. As 

such, for experiments 3 and 4, the increase in stiffness is due to one 15 mg mL-

1 layer being close to the bottom of the layered system, while for experiments 

5 and 6 there are two layers of concentration 15 mg mL-1 that will dominate the 

stiffness measurements, minimising the contribution of the 5 mg mL-1 layer. All 
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of this shows that the rheological parameters being measured using the vane at 

position A are likely to be influenced by the properties of the neighbouring 

layers in which the vane is inserted as well as the properties of each individual 

layer.  

 

Figure 4.10 (a) Cartoons showing gel layers in experiments 1-8. Each gel stack 

is made up of 3 layers, where the cyan and deep pink layers represent 5 mg mL-

1 and 15 mg mL-1 of 4 respectively. (b) Schematic representing three different 

positions used for the vane measurements in an 8 mm three-layered gel; 

position A, B and C correspond to the vane located at 0.5 mm above the bottom 

surface of layers 1, 2 and 3 respectively. (c) G' for experiments 1-8 using the 

vane in position A. (d) G' values for experiments 1-8 in log scale using the vane 

in position A (pink circles), B (green circles) and C (grey circles).  

In the same way, we measured the rheological properties of layered gels 1-8 

using the vane in position B (Figure 4.10d, green circles). Here, the vane is 

inserted into the middle layer (layer 2) so that it is only in contact with layers 

2 and 3 (middle and top). In this case, the changes in G' do not follow a linear 

trend as for the measurements of the vane in position A. There is an initial 
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linear increase in stiffness between experiments 1, 2 and 3, but then the 

stiffness drops for experiment 4. For experiments 1 and 2, with the vane in 

position B, the increase in G' is firstly due to the vane being in contact with two 

layers of 5 mg mL-1 and then one of the layers is swapped with a 15 mg mL-1. 

The increase in G' between experiments 2 and 3 is due to the stiffer layer being 

closer to the layer in which the vane is embedded. Then, the G' value drops for 

experiment 4, in which only two layers of 5 mg mL-1 are being measured. The 

values of G' for experiments 1 and 4 are very similar, coinciding with the fact 

that in both experiments the two top layers are 5 mg mL-1. These results show 

the effectiveness of using the different positions of the vane to characterise 

different layers within a multi-layered system. As another demonstration of the 

capability of this method, a decrease in stiffness when comparing experiment 

5 and 6 is noticeable. The middle and top layers of experiment 5 are both made 

of gels at a concentration of 15 mg mL-1, whereas for experiment 6 these are 

at a concentration of 5 mg mL-1 and 15 mg mL-1, respectively. The decrease in 

G' is due to the vane being embedded within the 5 mg mL-1 layer in experiment 

6, making the stiffness of the system lower compared with experiment 5. 

 

The rheological properties of experiments 1-8 were also assessed using the vane 

in position C (Figure 4.10d, blue circles), in which it is only embedded in the 

top layer of the multi-layered hydrogel. In this case, we can see a different 

trend for G', where the stiffest values are found for experiments 2, 5, 6 and 8, 

which are the experiments in which the top layer is at a concentration of 15 mg 

mL-1. If we compare experiments 5 and 6, there is a noticeable decrease in G', 

which corresponds with the middle layer being swapped from 15 mg mL-1 to 5 

mg mL-1. As such, when the vane is used in position C, not only the top layer is 

contributing to the resulting rheological parameters, but also the properties of 

the layer below.  

 

It is important to highlight that one would expect the modulus of a multi-

layered gel prepared at a constant concentration of the gelator (for example 

experiments 1 and 8) to be the same at different vane positions. Experiments 

1 and 8 show very similar G' values for the vane at positions B and C. However, 
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the G' for experiments 1 and 8 when the vane is in position A are higher. These 

differences could be explained as an edge effect of having the vane close to 

the bottom of the container in which the samples are prepared. Therefore, the 

position of the vane at which you measure the gel properties can affect the 

resulting G' values, but when comparing the data at different positions this 

method is sensitive enough to detect differences in the mechanical properties 

of each individual layer within the multi-layered gel system.  

 

From the discussion above, it is clear that this method is capable to characterise 

not only individual layers within a multi-layered hydrogel, but also the 

contribution of the neighbouring layers. This is important for tissue engineering 

and regenerative medicine applications, as it is recognised that cells “sense” 

the neighbouring elastic environment, which influences intracellular 

processes.53, 54 It could also be used to detect whether neighbouring gels layers, 

or even surfaces could have an effect on bulk properties of gels.  

 

4.2.4.I. Vane versus Parallel Plate for 8 mm Gel Systems 

We also used the PP12.5 geometry to characterise layered gels 1-8 (Figure 

4.11). It is common to find in the literature rheological properties of hydrogels 

being measured using a PP measuring system.45, 52, 55, 56 Both parallel plates and 

vanes are considered “relative” measuring systems as they do not have a 

constant shear rate throughout the measuring gap so a point needs to be 

selected to measure the shear rate. The operational software calculates the 

shear rate by multiplying the rotational speed by CSR factor owing to a specific 

point on the geometry. These same factors are applied when pre-setting strain. 

We show the differences in the measured rheological properties for 

experiments 1-8 using the vane in position A and the PP12.5 (Figure 4.12). It is 

important to understand here that as we are using two relative systems, we 

should not necessarily get the same G' values for vane and plate when measuring 

the same material, however we can compare the trends of the measuring 

systems.  
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Figure 4.11 Rheological data for 8 mm three-layered gels comparing the 

measurements with vane and PP12.5 geometries. (a) Schematic showing the 

setup for the vane and PP12.5 measurements. (b) Cartoons representing 

experiments 1-8. Each experiment uses a stack of 3 gel layers, where the cyan 

and deep pink layers represent 5 mg mL-1 and 15 mg mL-1 of 4 respectively. (c)-

(j) Strain sweeps for experiments 1-8. The pink data correspond to the 

measurements using the vane in position A and the grey data show the strain 

sweep measured using the PP12.5. The error bars represent the standard 

deviation for three measurements. Closed and opened symbols represent G' and 

G'', respectively. 
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Figure 4.12 (a) Schematic of (left) vane at position A and (right) PP12.5 on top 

surface of the multi-layered gel. (b) Comparison of G' for experiments 1-8 using 

both the vane in position A (pink circles) and the PP12.5 (grey circles). The 

error bars represent the standard deviation of three different measurements. 

The trend of the measured G' values for experiments 1-8 differs between the 

data collected with vane and those collected with the PP12.5 measuring system 

(Figure 4.12b). As an example, for experiment 2 the stiffness values are very 

different using both geometries. The measured G' using PP12.5 and the vane 

are ̃ 2 x 105 Pa and ̃ 8 x 104 Pa respectively. For this specific experiment, the top 

layer is formed at a concentration of 15 mg mL-1, while the bottom and middle 

layers are formed from gels at a concentration of 5 mg mL-1. For the PP12.5 

geometry, the top layer has a greater contribution to the measured properties 

than the middle and bottom layers. For experiment 7, where the top layer is at 

a concentration of 5 mg mL-1 and the middle and bottom layers are at 15 mg 

mL-1, we encounter the opposite situation; the highest G' corresponds to the 

vane geometry measurement. This again shows that the PP12.5 measurements 

are more likely to be dominated by the top layer, which in this case is the softer 

layer, and make the G' value be lower compared to the G' measured with the 

vane, which takes into account the three layers. Furthermore, the 

measurements carried out using the PP geometry seem to present larger error 

bars after the critical strain (Figure 4.11 and Figure 4.12b). This could be due 

to the fact that the PP is much more likely to slip quicker compared to the vane 

geometry. 
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4.2.5. Factors Affecting the Mechanical Properties of Gels 

From these rheological results, we are able to not only characterise single 

layers in a multi-layered hydrogel, but also quantify the input that the rest of 

the layers are making to the system as a whole. To further characterise such 

systems, we implemented various tests. From Figure 4.10d, we showed the 

effect of using the vane at different positions within a set of experiments where 

the distribution of layers is arranged in such a way that the mechanical 

properties of each gel system can be tuned. For experiments 1 and 8, where 

the gel is made up of three layers of 5 mg mL-1 and 15 mg mL-1 respectively, the 

stiffness of the gel is independent of the vane position (Figure 4.13a,b). 

However, as mentioned above, the G' values at position A are affected by the 

vane being close to the bottom of the container in which the gel is prepared 

and therefore needs to be taken into account. We also considered 8 mm gels 

made of one layer at a concentration of both 5 mg mL-1 and 15 mg mL-1 of 4 

(experiment 1* and experiment 8* respectively, Figure 4.13a). We evaluated 

the rheological properties by using the vane at positions A, B and C (Figure 

4.13c) and compared with the counterparts three-layered systems (experiments 

1 and 8). If the layers were not well integrated and secured together, the 

interface between the layers could lead to delamination or slip of the gel 

system and interfere with the rheological properties. We show very similar 

trends for G' measured with the vane at positions B and C for one-layered and 

three-layered gels (Figure 4.13c). This implies that there is no delamination or 

slip between the layers. However, G' values are slightly affected at position A 

for the multi-layered gel compared to the bulk gel. We attribute these changes 

in stiffness to the fact that for a bulk gel there is only one gel-air interface, 

whereas for a three layers gel there are three air-gel interfaces and some 

mixing between the different layers could lead to effects on the resulting 

mechanical properties being measured.  

 

Similarly, we also examined the effect of changing the height of the gel being 

measured, keeping the vane at position A (Figure 4.13d,e). For both 

concentrations of 4, we found that G' being measured is independent of the 
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total thickness of the gel as long as the concentration used to make the gel is 

constant.  

 

In an attempt to find other factors that would affect the mechanical properties 

being measured, we considered two-layer gel systems made of a concentration 

of 5 mg mL-1 and 15 mg mL-1 layers (experiment 1:8 and 8:1, Figure 4.13f). We 

compared the G' values of exp. 1:8 with experiment 3 (where a third layer is 

added) and experiment 8:1 with experiment 4 (where a third layer is also 

added), see Figure 4.13f. We observed slightly differences in G' values when 

comparing the two layers gels to the same gel in which a third layer was added 

(Figure 4.13g). Furthermore, we demonstrated that the mechanical properties 

of the third layer also affect the mechanical properties being measured (Figure 

4.13g). This can be seen when we compare experiment 3 with 5, and 

experiment 4 with 6, where the difference is the concentration used to make 

the top layer.  
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Figure 4.13 (a) Cartoons for experiments 1 and 8 (three-layered gels) and 

experiments 1* and 8* (mono-layered gels). (b) G' versus the vane at positions 

A, B and C for experiments 1 (cyan circles) and 8 (pink circles). The linear fits 

are represented with dotted lines and the trend is very similar for both 

experiments. (c) G' versus the vane at positions A, B and C for experiments 1 

(filled cyan circles), 8 (filled pink circles), 1* (hollow cyan circles) and 8* 

(hollow pink circles). (d) Schematic representation of gels made of different 

heights. The cyan and pink layers represent gels formed from 4 at a 

concentration of 5 mg mL-1 and 15 mg mL-1, respectively. (e) Evolution of G' 

with gel height measured with the vane at position A. The linear fits are 

represented with dotted lines and are very similar for both concentrations. (f) 

Schematic representing different experiments made of different heights and 

distribution of layers. The cyan and pink layers represent gels formed from 4 at 

a concentration of 5 mg mL-1 and 15 mg mL-1, respectively. (g) G' values for the 

experiments represented in (f) using the vane in position A.  
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4.2.6. Rheological Characterisation of 2 mm Multi-layered Gel 

Systems Prepared in situ 

Up to now, we have shown a broad investigation of the rheological properties 

of 8 mm thick three-layered gels using the vane and PP geometries. For PP 

measurements, according to various standard testing methods a gap of between 

0.5 mm to 2 mm is recommended for obtaining reproducible data.57 At gaps 

larger than this it is difficult to know whether you are conducting a bulk 

measurement or just the contribution from the top of the material.57 As such, 

we decreased the height of layered gels 1-8 from 8 mm to 2 mm (Figure 4.14a). 

For three-layered 2 mm gels, each layer therefore now represents 0.67 mm of 

gel. For the vane measurements, we positioned the vane at 0.3 mm from the 

bottom of the container to ensure the vane was touching at least the 50 % of 

the bottom layer (Figure 4.14b).  

 

4.2.6.I. 8 mm Gels versus 2 mm Gels 

Firstly, we examined the trend of G' for experiments 1-8 in both 8 mm and 2 

mm gel systems (Figure 4.14c). Individual strain sweeps of experiments 1-8 

made of 2 mm in height and measured using the vane and PP geometries can 

be found in Figure 4.15 Interestingly, for vane measurements there is 

sometimes a pronounced peak in G'' at the end of the linear viscoelastic region. 

Such a peak is often due to some microstructural rearrangement before the 

structure begins to yield and sometimes it can indicate a slow crossover into a 

slip regime. This behaviour is not observed, or at least much weaker, in the 8 

mm gel systems (Figure 4.11). Therefore, we propose this is due to 

heterogeneities at the layer boundaries. In the 2 mm gel systems, the range of 

layer borders are relatively larger compared to the overall sample thickness. 

The effect is also more pronounced with layers made of the higher 

concentration of gelator 4. As an example, if we compare experiments 1 and 8, 

there is a more pronounced peak of G'' for experiment 8 (Figure 4.15). It seems 

that with two layers of the higher concentration in connection to each other 

the G''-peak effect is the highest. On top of that, we highlight the slip effect 
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observed in the PP measurements for 8 mm and 2 mm systems (Figure 4.11 and 

Figure 4.15 respectively). The moduli decrease much faster towards increasing 

strain when using the PP12.5 system compared to the vane measurements.  

 

As for 8 mm gels, the G' values show an increasing trend for 2 mm gels, except 

for experiments 4 and 6, which deviate from the increasing trend. This could 

be due to the vane not being entirely embedded in the bottom layer and 

therefore the greater contribution to the vane measurements relies on the 

middle and top layers. We examined the data for experiments 1-8 made on 2 

mm gels. Initially, an increasing trend for experiments 1, 2 and 3 is observed 

followed by a drop of the G' value for experiment 4. From these results, one 

might contemplate the possibility of the vane not being in contact with enough 

of the bottom layer during measurements. However, if we observe the 

distributions of each layer for experiments 1 and 4, the only difference is the 

bottom layer being made of 4 at a concentration of 15 mg mL-1 for experiment 

4, compared to a layer of 5 mg mL-1 of 4 for experiment 1. The values of G' for 

both experiments 1 and 4 are different, experiment 4 being stiffer. With this 

we confirm that the bottom layer is contributing to the rheological parameters 

being measured. Again, there is an increase in the value of G' for experiment 

5, this being higher than G' for experiment 3 (this makes sense since the total 

gel concentration for experiment 5 is higher than for experiment 3), followed 

by a drop of stiffness for experiment 6, after which there is again an increase 

in G' for experiments 7 and 8. We show that the bottom layer contributes to 

the measured G' by observing the stiffness values for experiments 1 and 4. 

However, the deviation from the increasing trend of G' observed for individual 

experiments, hints that although the bottom layer contributes to the 

measurements, the contribution is limited. Therefore, we examined the 

amount of gel from the bottom layer which is contributing to the measurements 

using the vane for 8 mm and 2 mm gels. Considering that for 8 mm gels (each 

layer consists of 2.67 mm of gel) the vane is used at a position of 0.5 mm, only 

2.17 mm (~81 %) of layer 1 is contributing to the measurements. Conversely, 

for 2 mm gels (in which each layer represents 0.67 mm of gel) the vane is 
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positioned at 0.3 mm from the bottom, this resulting in only 0.37 mm (~55%) of 

layer 1 committing to the rheological measurements.  

 

Figure 4.14 (a) Schematic showing experiments 1-8 where the height of the gel 

is 2 mm. (b) Cartoons showing the setup used for (left) 8 mm gels using the 

vane at 0.5 mm from the bottom layer and (right) 2 mm gels using the vane at 

0.3 mm from the bottom layer. (c) Evolution of G' for experiments 1-8 of 8 mm 

(pink circles) and 2 mm (pink triangles) gels thickness. 

4.2.6.II. Vane versus Parallel Plate for 2 mm Gel Systems 

Furthermore, we investigated again the effect of using different measuring 

systems (Figure 4.15). For PP measurements, the same setup was used as for 

characterising 8 mm gels, where the geometry PP12.5 compresses the gel 0.05 

N before starting the experiment. The vane measurements were taken at 0.3 

mm from the bottom layer. We can also observe differences in the rheological 

trends with the vane and PP12.5 (Figure 4.15c-j). When the multi-layered gels 

display a gradient in concentration and are measured with a PP the values of G' 

are heavily dominated by the top layer owing to the configuration of the 

geometry during the measurement.  
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Figure 4.15 Rheological data for 2 mm three-layered gels comparing the 

measurements with vane and PP12.5 geometries. (a) Schematic showing the 

setup for the vane and PP12.5 measurements. (b) Cartoons representing 

experiments 1-8. Each experiment uses a stack of 3 gel layers, where the cyan 

and deep pink layers represent 5 mg mL-1 and 15 mg mL-1 of 4 respectively. (c)-

(j) Strain sweeps for experiments 1-8. The pink data correspond to the 

measurements using the vane in position A and the grey data show the strain 

sweep measured using the PP12.5. The error bars represent the standard 

deviation for three measurements. Closed and opened symbols represent G' and 

G'', respectively. 
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An important comparison in Figure 4.16a is between Exp 2 and Exp 7 for PP12.5. 

Exp 2 has one 15 mg mL-1 layer at the top and two layers of 5 mg mL-1 below 

whereas Exp 7 has one layer of 5 mg mL-1 on the top and two 15 mg mL-1 below. 

The G' value is higher in Exp 2 than Exp 7 even though the overall concentration 

in all three layers is actually higher in Exp 7. The vane does in fact record a 

higher G' in Exp 7 than it does in Exp 2 because it is feeling the contribution of 

all 3 layers in the measurement. This really highlights the sensitivity of the vane 

compared to the parallel plate for multi-layered systems, as we are not limited 

by measuring gap or contribution from the top layer. The thickness of samples 

that could be measured using a vane are only limited by the size of the vane 

itself and could be tailored for multi-layers ranging from less than 2 mm up to 

over 50 mm for example. Finally, comparing the rheological data for 8 mm and 

2 mm gels using the PP12.5 (Figure 4.16b), we conclude that the trend of G' for 

experiments 1-8 is the same no matter the total height of the multi-layered 

gels, however, there are noticeable differences in the values of stiffness being 

measured for different gel thicknesses.  
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Figure 4.16  (a) (top) Cartoons showing the setup used for 2 mm gels using the 

vane at 0.3 mm from the bottom layer and the PP12.5 geometry and (bottom) 

evolution of G' for experiments 1-8 using the vane (pink triangles) and PP12.5 

(grey triangles). (b) (top) Cartoons showing the setup used for 8 mm and 2 mm 

gels using the PP12.5 geometry and (bottom) evolution of G' for experiments 1-

8 using the PP12.5 for 8 mm (grey circles) and 2 mm (grey triangles) gels. The 

error bars represent the standard deviation of three different measurements. 

4.2.7. Rheological Characterisation of 3D Printed Gel Systems 

Having proved the usability and effectiveness of the different rheological 

methods to characterise the mechanical properties of multi-layered hydrogels, 

we move on to characterise 3D printed systems using the vane and cup method 

we used above. 

 

4.2.7.I. Optimisation of 3D Printing Parameters 

We have previously shown the suitability of some LMWGs for 3D printing26 and, 

therefore, gels with an underlying microstructure formed of spherulitic domains 

of fibres such as 4 can be printed effectively. Thus, lines of 50 mm length of 4 

at a concentration of 5 mg mL-1 and 15 mg mL-1 were printed and the printing 

parameters were optimised using an extrusion-based 3D printer (Figure 4.17).  
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Firstly, gels of 4 at a concentration of 5 mg mL-1 were extruded using a range 

of different shear rates (Figure 4.17b-c) while varying the extrusion volume 

from 4 µL mm-1 (Figure 4.17b) to 6 µL mm-1 (Figure 4.17c).  

 

Figure 4.17 Photographs of optimised 3D printed lines of gels of 4 at a 

concentration of (b), (c) and (e) 5 mg mL-1 and (d) 15 mg mL-1. In each 

photograph, the length of the printed lines is 50 mm. For (b), (c) and (d) the 

shear rate applied during extrusion is (from left to right) 500, 750, 1.103, 

1.5.103, 3.103, 5.103, 7.103 and 1.104 s-1 and the distance between the nozzle 

and the printing bed is 3 mm. For (d) the shear rate applied is 1500 s-1 and each 

printed line was printed using a distance from the nozzle to the printing bed of 

(left to right) 1, 2, 3, 4, 5, and 6 mm. The total volume of printed gel is 200 µL 

for (a), (c) and (d), and 300 µL for (b). All gels were prepared in a 3 mL syringe 

in 3 mL volume before extrusion. The scale bars represent 1 cm in all cases. 

Under visual inspection, lines printed at a shear rate of 1500 s-1 and a total 

volume of 200 µL (extrusion volume of 4 µL mm-1) exhibited smoother and more 

continuous printed lines (Figure 4.17b). The distance between the nozzle and 

the printing bed, Z, was also evaluated, 3 mm being the optimal height (Figure 

4.17e). In the same way, gels of 4 at a concentration of 15 mg mL-1 were also 

evaluated under a range of shear rates for gels using a total volume of 200 µL 

per line. The same printing parameters used for the gels at a concentration of 

5 mg mL-1 resulted in homogeneous printed gels at a concentration of 15 mg 

mL-1 (Figure 4.17d).  
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We have previously shown the effectiveness of printing lines of gels of 4 in 

multiple layers.26 Here we also demonstrate that it is possible to print more 

complex structures made up of multiple layers of gel (Figure 4.18a).  

 

Figure 4.18 (a) Photographs of 3D printed gels of 4 at a concentration of 5 mg 

mL-1; (a.I.) A 50 mm printed line. (a.II.) Deposition of a gel filament onto the 

printing bed; (a.III.) Scaffold of three printed layers; (a.IV.) Printed text. (a.V.) 

(left to right) 1-layer, 2-layer and 3-layer systems using a serpentine pattern 

and dyed with Rose Bengal (layer 1), no dye (layer 2) and Nile Blue A (layer 3). 

All scale bars represent 1 cm. (b) Photograph of a 3 mL syringe with concentric 

slip tip. Inside it, 3 mL of gel at a concentration of 5 mg mL-1 was made. (c) 

Schematic showing the pattern used to 3D print the gels at different layers for 

rheological characterisation. (d) Photograph of a single layer of 4 at a 

concentration of 5 mg mL-1 gel printed using the serpentine pattern. The scale 

bar represents 1 cm. (e) Confocal images of gels of 4 at a concentration of 5 

mg mL-1 and (top) 1 mm in height and (bottom) 2.67 mm in height. Gels were 

prepared in a container with the same dimensions as the 3D printed container 

used throughout. The scale bars represent 50 µm in both cases. 
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4.2.7.II. Rheological Characterisation of Multi-layered Gel 

Systems Before and After 3D Printing 

For such systems, many studies rely on the rheological characterisation of the 

gels before printing due to the difficulty of doing so for gels post-extrusion. 

Here we show the effect that extrusion-based 3D printing has on the properties 

of a hydrogel of 4. As a preliminary test, a single layer of gel of 4 at a 

concentration of 5 mg mL-1 was extruded from a 3 mL syringe (Figure 4.18b) 

into a container (Figure 4.18d) in a serpentine pattern (Figure 4.18c) through 

the nozzle (inner diameter of 2.2 mm). The height of the printed gel was 

evaluated using the rheometer (more information is given in Section 4.4.3.I), 

and was found to be 1.86 ± 0.06 mm.  

 

Even if we showed above that differences in the height of the gel do not affect 

the rheological parameters being measured (Figure 4.13e), and either does the 

microstructure of the gel being formed (see Figure 4.18e), we prepared a gel 

of 2 mm height for comparison with the printed gel using a nozzle of 2.2 mm of 

inner diameter. The rheological data show that the stiffness of the gel is 

affected by the printing process (Figure 4.19a). The storage modulus, G', for 

the gel before printing is 8.25 x 104 ± 7.84 x 103, whilst the G' for the printed 

gel is 5.08 x 104 ± 5.01 x 103. The differences in stiffness for the gel before and 

after printing are meaningful, showing that only 62% of the initial G' value is 

recovered and thus it cannot be assumed that gels are not affected by the 

printing process.  

 

The microstructure is also affected by the printing process (Figure 4.19b). 

Before printing, the gel shows the presence of spherulitic domains of fibres. 

After extrusion, there is still presence of fibres although the microstructure 

domain has been disturbed, resulting in a microstructure with increased domain 

size. During extrusion, the spherulitic domains are sheared as they go through 

the nozzle of the syringe. As a result, the fibres are displaced, thus changing 

the size of spherulitic domains. It is important to highlight that gels which 

present a spherulitic microstructure are easy to extrude since we avoid the 
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effect of random orientations during flow, as it is the case of dense fibrous 

netwroks.31 Further, the spherulitic domains underlying the gel microstructure 

are complex in nature, which could lead to some differences in the printed 

microstructures when trying to replicate the same printed gel system. However, 

we show here the reproducibility in terms of storage modulus for the hydrogels 

containing spherulitic domains of fibres after extrusion, which emphasizes that 

even heterogeneities in the microstructure leads to reproducible bulk 

properties of the printed hydrogel. 

 

Figure 4.19  (a) Strain sweep for a gel of 4 at a concentration of 5 mg mL-1 and 

2 mm height before printing (black data) and 1 layer after printing (red data). 

The rheological measurements were carried out using the vane at a measuring 

position of 0.5 mm. The error bars represent the standard deviation for three 

measurements. The insets show photographs of a gel of 4 at concentration of 5 

mg mL-1 (left) before and (right) after printing. (b) Confocal images for a gel of 

4 at a concentration of 5 mg mL-1 (left) before and (right) after printing. The 

scale bars represent 50 µm. 

We also examined the recovery of the mechanical properties of gels made of 4 

at the two concentrations by applying a high shear rate to disrupt the gels 

(Figure 4.20a). Recovery tests were performed applying a variable stress at a 

frequency of 10 rad s-1 (within the viscoelastic region). Initially, 0.5% of strain 

was applied while monitoring G' and G'' over 180 seconds. A strain of 300% was 

then applied for 60 seconds then stopped and immediately a strain of 0.5% was 

again applied for an additional 180 seconds to monitor recovery. We repeated 

this cycle three more times for gels made of 4 at concentrations of 5 mg mL-1 
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and 15 mg mL-1 (Figure 4.20a). The gels recover up to 47.5% and 29.5% of their 

original value of G' after the first high shear deformation for concentrations of 

5 mg mL-1 and 15 mg mL-1 respectively. However, the gels start to breakdown 

significantly in the successive cycles for both concentrations of 4. Therefore, 

the gel of 4 at a concentration of 5 mg mL-1 was allowed a longer recovery time 

(Figure 4.20b). After 12 hours of recovery, the gel recovers up to 76% of the 

original G' value. 

 

Figure 4.20 (a) Recovery test of gels of 4 at concentrations of 5 mg mL-1 (cyan 

data) and 15 mg mL-1 (pink data). Initially, 0.5% of strain was applied while 

monitoring G' and G'' over 180 seconds. A strain of 300% was then applied for 60 

seconds then stopped (~300 s) and immediately a strain of 0.5% was again 

applied for an additional 180 seconds to monitor recovery. This cycle of low-

high strain was repeated three times. (b) Long recovery test for gel of 4 at 5 

mg mL-1 also using 0.5% strain for 180 seconds, then a high strain of 300% during 

60 seconds and then left to recover for 10 hours. Closed and opened symbols 

represent G' and G'', respectively. 

We then moved on to inspect more complex systems: two layers and three 

layers gels of 4 at a concentration of 5 mg mL-1 were investigated (Figure 

4.21a). Again, the differences in stiffness for gels before and after printing are 

notable, the printed gels being less stiff compared with the gels before 

extrusion. Gels of 1, 2, and 3 layers recover up to 62%, 65% and 84% of their 

initial G' values respectively (Figure 4.21a). Additionally, we were able to 

evaluate the mechanical properties of the gels in experiments 1-8 after printing 
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(Figure 4.21b). Gels 1-8 before printing were prepared in situ in the 3D printed 

container as mentioned earlier in this Chapter. Each gel is made of three layers, 

each layer 2.67 mm high. The three-layered systems are thus made up of 8 mm 

of gel. To measure gels 1-8 after printing, each layer was extruded in a 

serpentine pattern into the 3D printed containers with the appropriate 

concentration of 4 (Figure 4.18c and d). The vane in position A was used to 

evaluate the rheological properties of the gels before and after printing.  

 

Once again, we show the effect of the printing process on the mechanical 

properties of the printed three-layered gels. As for gels prepared in situ, there 

is also an increasing trend of G' for experiments 1-8 after they are extruded. 

There is an initial sharp linear increase in stiffness for experiments 1-4, then 

the G' starts to level off for experiments 4-7 with a gradual increase in stiffness 

and then again a sharp increase for experiment 8 (Figure 4.21). This shows that 

we are capable of characterising the same experiments 1-8 before and after 3D 

printing with a high degree of control and that we are able to identify the 

differences in terms of mechanical properties. 

 

Figure 4.21 (a) G' against the number of layers of gels made of 4 at a 

concentration of 5 mg mL-1 before (black data) and after (red data) printing. 

(b) Evolution of G' for experiments 1-8 (black data) before and (red data) after 

printing. For all printed systems a shear rate of 1500 s-1 and extrusion volume 

of 4 µL mm-1 were used. 
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4.3. Conclusions 

We have developed a rheological method to characterise the mechanical 

properties of multi-layered hydrogels prepared in situ and post printing with a 

high degree of control. We prepared three-layered hydrogels with tuneable 

mechanical properties in each layer by varying the concentration of the gelator 

4 layer by layer. From rheological results, we show that not only a high degree 

of control of the mechanical properties of the individual layers within the multi-

layered constructs can be achieved, but also that the contribution of each layer 

to the resulting combined properties being measured can be assessed. We also 

emphasise the differences of using different measuring systems for rheological 

measurements, as it highly impacts on the resulting properties being measured, 

again highlighting the need to measure gel properties as close to the intended 

use as possible for accurate representation of the investigated systems.  

 

The mechanical properties of the gels before and after 3D printing have also 

been examined. We show that the properties of printed gels made of 4 are 

highly influenced by the extrusion process. This is important for biological 

applications, where an appropriate environment for cells growth is crucial to 

ensure appropriate cellular functions. We present this study as a guide for 

assessing the mechanical properties of 3D printed gels and we hope it will aid 

in the characterisation of new biomaterials made with cutting-edge 

technologies such as 3D printing. 

 

4.4. Experimental 

4.4.1. Materials 

4 was prepared as described previously by Dave Adams (University of 

Glasgow).58 Deionised water was used throughout. All other chemicals were 

purchased from Merck Life Sciences and used as received.   
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4.4.2. Experimental details 

4.4.2.I. Construction of multi-layered hydrogels 

Preparation of a single layer hydrogel. 

To prepare a gel using the solvent trigger approach, 4 is firstly dissolved in a 

suitable water-miscible organic solvent and then deionised water is added in 

one aliquot, which will lower the solubility of the molecule, thus forcing the 

self-assembly into 1D structures. Here, we used DMSO as the solvent, such as 

the final ratio of DMSO:H2O was 3:7. Typically, in order to prepare 1 mL gel of 

4  at a concentration of 5 mg mL-1, 5 mg of 4 are dissolved in 300 µL of DMSO 

and  pipetted into the container in which the gel is going to be formed, followed 

by the addition of 700 µL of H2O in one aliquot using a pipette. In the same way, 

to form 1 mL gel at a concentration of 15 mg mL-1 of 4, 15 mg of the gelator 

are dissolved in 300 µL of DMSO followed by the addition of 700 µL of H2O in 

one aliquot using a pipette. The sample is then left overnight at room 

temperature without being disturbed, to allow gelation to occur. The sample is 

sealed with parafilm to avoid evaporation. 

 

Preparation of multi-layered hydrogels. 

Multi-layered hydrogels were prepared in situ. Multiple independent self-

supporting layers of gels were formed one on top of each other using a solvent 

trigger. Specifically, we prepared three-layers hydrogels in situ. Three-layers 

hydrogels of multiple thicknesses were prepared as follows. Firstly, a known 

amount of 4 dissolved in DMSO is pipetted into the container (Figure 4.22b), 

followed by the addition of deionised water in one aliquot. Once the water is 

added, there is a phase separation where nucleation centres are formed, 

followed by the growth of fibres, that expand and form a spherulitic multi-

domain fibre network (Figure 4.22c). Absorbance measurements at 600 nm were 

conducted for both concentrations of 5 mg mL-1 and 15 mg mL-1 of 4 to shed 

light on the assembly kinetics (Figure 4.22a). For 4 at a concentration of 5 mg 

mL-1, there is an initial increase in absorbance as soon as the water is added, 

corresponding to the nucleation phase, followed by a gradual decrease in 
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turbidity (Figure 4.22a, cyan data). This change in turbidity is related to the 

formation of fibres underpinning the gel phase and a plateau is reached after 7 

minutes. For 4 at a concentration of 15 mg mL-1, the same trend is observed 

where the system is initially highly scattering and then the turbidity decreases 

gradually, corresponding to the formation of fibres, until a plateau is reached 

after 10 minutes (Figure 4.22a, pink data). The difference between the two 

concentrations is the final turbidity (higher turbidity for the more concentrated 

system) as well as the time needed for the assembly process to be completed, 

being 7 minutes and 10 minutes for concentrations of 5 mg mL-1 and 15 mg mL-

1 of 4 respectively. Out of an abundance of caution, we waited 30 minutes 

before preparing the next layer. After this time, the same procedure was 

repeated, i.e., a known amount of 4 dissolved in DMSO was pipetted carefully 

on top of the first layer (Figure 4.22d). This step is quite arduous since we need 

to make sure that the DMSO solution containing the gelator is well distributed 

along the surface of the previous layer but also avoid interfering with that layer. 

To do this, we distribute drops of the solution containing 4 in DMSO on to 

different points of the previous layer being careful to not put a lot of pressure 

when pipetting, to avoid breaking the base layer.  Once there is solution 

covering all the surface of the previous gel layer, we pipette the water in one 

aliquot but again applying mild pressure (Figure 4.22e). Prior to the addition of 

water, if the solution containing 4 in DMSO is not well distributed along the 

surface, it is probable that the gel will not fill the dimensions of the container 

in which it is being made. Since the gel takes a few minutes to form, 

immediately after the water is added we can help the gel cover the whole are 

by using a tiny pipette tip to drag the “sol-to-gel” system to the walls of the 

container and wait 30 minutes before starting to prepare the next layer. After 

this time, we prepared the third layer following the same methodology. 4 in 

solution was added to the top of the second layer carefully (Figure 4.22f), 

followed by the addition of water (Figure 4.22g). As a result, three self-

supporting independent layers of gels are formed (Figure 4.22h). In all cases, 

we always made sure the DMSO solution containing 4 was uniformly distributed 

along all gel surface, thus ensuring homogeneous gelation when water was 

added. Parafilm was used to prevent evaporation or drying. 
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Figure 4.22 (a) Changes in absorbance at 600 nm with time after adding water 

to a solution of either 4 at 5 mg mL-1 (cyan) or 15 mg mL-1 (pink) in DMSO. (b-

g) Schematic representation of the process by which a three-layers hydrogel is 

formed in situ using a layer-by-layer self-assembly method. To form the first 

layer (b) 4 dissolved in DMSO is pipetted into the container and (c) water is 

added to trigger gelation. Before starting to prepare the next layer, we wait 30 

minutes to ensure the gel is completely formed. The same methodology was 

used to form the second (d)-(e) and third (f)-(g) layers. (h) From left to right, 

cartoon showing the resulting three-layered gel, a photograph of a three-

layered hydrogel made of 4 at 5 mg mL-1 using 30% DMSO, where each layer is 

2.67 mm thick (the scale bar represents 1 cm) and cartoons describing the 

differences between a molecule of 4, fibre and a spherulitic 3D network. 

4.4.3. Instruments and Procedures 

4.4.3.I. Oscillatory Shear Rheology 

Rheological measurements were performed using a MCR 301 rheometer (Anton 

Paar) and Rheoplus/32 v3.40 software. Different geometries were used, 

including a four-bladed vane in cup geometry (Figure 4.23a) and a parallel 

plate, PP 12.5 (Figure 4.23b). As we intend to compare the rheological 

properties of multi-layered systems prepared in situ with those delivered using 
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an extrusion-based 3D printing technique, we designed and 3D printed a 

container suitable for both techniques (Figure 4.23c).  

 

Figure 4.23 Diagrams of the different geometries used for rheological 

measurements and their dimensions; (a) cup and vane geometry, (b) parallel 

plate PP12.5 geometry and (c) 3D printed container. 

▪ Preliminary tests 

Before collecting the data for the different multi-layered systems, we 

carried out some trial tests using different setups for rheological 

measurements. In our group, we normally prepare 2 mL gels in 7 mL 

Sterilin vials (Figure 4.24a) for rheological measurements. Since we 

intend to compare the mechanical properties of gels before and after 3D 

printing, Sterilin vials were not suitable to extrude the gels inside. As 

such, we optimised a 3D printed container in which we could directly 

extrude gels using 3D printing and also prepare the same gel systems in 

situ. To compare the effect of using different containers to make gels for 

rheological measurements, we prepared a gel of 4 at a concentration of 

5 mg mL-1 and 30% DMSO of 8 mm in height in two different containers. 

This is, one in the Sterilin vial and a second one in the 3D printed 

container. Furthermore, we also quantified the effect of using different 

gel gaps between the vane blades and the wall container in which the gel 

is made on the rheological properties. For this purpose, we prepared a 
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third gel in the 3D printed container and we used the metal hollow 

cylinder (Figure 4.24b) with the same inner diameter as the Sterilin vial 

to “chop” the gel prepared inside the 3D printed container. This means 

that the gap between the vane blades and the wall container will be the 

same using a Sterilin vial or the 3D printed container with the hollow 

cylinder (Figure 4.24c). 

Figure 4.24 Diagrams of (a) Sterilin vial, (b) hollow metal cylinder and (c) setup 

using the vane inside a Sterilin vial or hollow metal cyinder. 

A series of experiment were then carried out (experiments I-V, Figure 4.25). 2 

mL gels inside a Sterilin vial corresponds to a height of 8 mm. As such, 8 mm 

gels were prepared in the printed containers for comparison. We studied the 

effect of measuring the mechanical properties using different setups (Figure 

4.25): 

 

I. A Sterilin vial containing a gel of 8 mm in height (or 2 mL). 

II. The 3D printed container with 8 mm gel and using the vane for 

measurements. 

III. The 3D printed container with 8 mm gel chopped with the hollow 

cylinder and using the vane for measurements. 

IV. The 3D printed container with 8 mm gel and using the PP12.5 for 

measurements. 
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V. The 3D printed container with 8 mm gel chopped with the hollow 

cylinder and using the PP12.5 for measurements. 

 

Figure 4.25 (a) Cartoons showing the different setups: (I) Sterilin vial and vane 

geometry; (II) 3D printed container and vane geometry; (III) 3D printed 

container with the hollow cylinder and vane geometry; (IV) 3D printed container 

and PP12.5 geometry and (V) 3D printed container with the hollow cylinder and 

PP12.5 geometry. (b) Graph showing the rheological data for experiments I-V. 

Green circles, black squares and red triangles represent G', the critical strain 

and the crossover respectively.  

From Figure 4.25b we observe different G' values depending on the setup used. 

The stiffness highly depends on the geometry used for measurements. 

Specifically, the G' values measured using the geometry PP12.5 are much higher 

than those using the vane geometry. Besides, for the same geometry, different 

stiffnesses arise depending on the container in which the gel has been made. 
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Comparing experiments II and III, for example, we can observe noticeable 

differences on the measured G' values. The difference between these two 

experiments is the distance between the vane blades and the wall container. 

Similarly, for experiments IV and V, we also observe differences in the 

measured stiffness depending on the distance between the PP12.5 geometry 

edge and the wall container. On top of that, for experiments I and III, where 

the distance between the vane blades and the wall container is the same, the 

values of G' are very similar. These results suggest that it is important to control 

the distance between the measuring system edge and the wall of the container 

during rheological measurements. Critical strain and crossover are likely not to 

be affected by the container dimensions in which the gels are made. 

 

▪ Strain sweeps. 
 

The strain sweeps were carried out from 0.01 % to 1000 % strain at a frequency 

of 10 rad s -1. The linear viscoelastic region (LVER) was determined as the region 

where G' and G'' remain constant up to a strain amplitude at which the gel starts 

to deviate from linearity. The values of G' used throughout were taken as the 

average of the G' values in the LVER. To define the critical strain (𝛾𝑐), we draw 

a line tangent to LVER and another line tangent to the non-linear region. The 

intersection of both lines will assert the value of 𝛾𝑐 (see Figure 4.26). 

 

Figure 4.26 Example of strain sweep showing the LVER (highlighted in 

blue) and the 𝛾𝑐 (marked in red). 
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▪ Vane geometry. 
 

The vane geometry used for rheological measurements is the ST10-4V-8.8/97.5-

SN18190 model (Anton Paar). The vane geometry has four blades and a flat 

surface that sticks out into the sample and that pushes the material as the 

blades move while the torque is measured as a function of the rotation angle 

and rate (Figure 4.23a).49 The vane geometry is advantageous for measuring 

heterogeneous samples that may slip using the parallel plate.48  

 

For the present paper, multi-layered gels were prepared in 3D printed 

containers in situ and using an extrusion-based 3D printing technique. Three-

layer gels of various thicknesses were prepared, building up 8 mm and 2 mm 

total height gels. Furthermore, the three-layered gel was made of varying 

mechanical properties that could be modulated by simply changing the 

concentration of 4.  

 

8 mm multi-layered hydrogels 

 

For 8 mm three-layered gels, each layer is 2.67 mm thick (Figure 4.27a). For 

these gel systems we developed different setups for the vane measurements; 

we varied the position of the vane in such a way that the distance between the 

bottom surface of each layer and the bottom part of the vane was kept 

constant. As a result, three different positions were used for measurements 

using the vane geometry; position A corresponds to the vane located at 0.5 mm 

above the bottom surface of layer 1, position B corresponds to the vane at 0.5 

mm above the bottom surface of layer 2 and position C corresponds to the vane 

positioned at 0.5 mm above the bottom surface of layer 3 (Figure 4.27b).  
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Figure 4.27 Schematic representation of 8 mm three-layered gels made in 

situ. (a) Illustration of a three-layered system in which each layer is made 

of 2.67 mm of gel, building up an 8 mm gel stack. (b) Schematic showing 

three different positions for the vane measurements; positions A, B and 

C correspond to the vane located at 0.5 mm above the bottom surface of 

layers 1, 2, and 3, respectively.  

2 mm multi-layered hydrogels 

 

For 2 mm three-layered gels, each layer is 0.67 mm thick (Figure 4.28). In this 

case, the vane geometry was only used at one position; this is at 0.3 mm from 

the bottom surface of layer 1. Due to the thinness of each layer (0.67 mm), a 

gap of 0.3 mm was used in order to guarantee that the vane was embedded and 

in contact with at least 50% of layer 1, which would not be possible if a gap of 

0.5 mm were used.  
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Figure 4.28 Schematic representation of 2 mm three-layered gels made in situ 

in which each layer is made of 0.67 mm of gel, building up a 2 mm gel stack. 

Also shown is the position of the vane 0.3 mm above the bottom surface of layer 

1 for measurements. 

▪ Optimisation of vane measurements. 

 

In order to get reliable data, it is important to control the position of the vane 

for each measurement, since every sample was prepared in a different 3D 

printed container. As such, we first evaluated what the 0 mm position would 

be for the vane in each container. In order to do so, we loaded each individual 

3D printed container in the rheometer plate (Figure 4.29-I, II, III) equipped with 

the vane and lowered the vane until a normal force of 0.5 – 0.6 N was detected 

by the vane (Figure 4.29-IV). That position was identified as the 0 mm position, 

which corresponds to the vane touching the bottom surface of the container. 

We did this for every single container, since despite having been printed with 

the same design, the PLA plastic used to print them is firstly melted and then 

cooled down to room temperature during printing which causes slight 

differences in the dimensions between different 3D printed containers. Acetone 

vapour was also used to seal pores and smooth the container surface before 

first use. Once we optimised the setup for each individual 3D printed container, 

they were used independently for different samples and vane positions. 
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Figure 4.29  Schematic representing the process for calibrating every container 

that will be used to hold the multi-layered gels. (I), (II) and (III) loading of the 

3D printed container into the rheometer plate and (IV) lowering of the vane 

until a normal force of 0.5-0.6 N is detected. This is set as the 0 mm position. 

▪ PP12.5 geometry. 
 

The PP12.5 geometry used for rheological measurements is the PP12.5-SN50710 

model (Anton Paar), Figure 4.23b. When a PP geometry is used, the measuring 

gap can be controlled, which can be advantageous, as gels with different 

thicknesses can be measured.  

 

Multi-layered gels were prepared in the 3D printed containers in situ and using 

the extrusion-based 3D printing technique. The same experiments measured 

using the vane geometry were also analysed with PP12.5. Three-layer gels of 

various thicknesses were prepared, building up 8 mm and 2 mm gel stacks.  

 

For both 8 mm and 2 mm three-layered gels, the PP12.5 geometry is positioned 

on the top surface of the gel using the controlled setup where the PP stops 

when it detects a normal force of 0.05 N (Figure 4.30a-b). 
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Figure 4.30 Schematic representation of (a) a three-layered system in which 

each layer is made of 2.67 mm of gel, building up an 8 mm stack and (b) a 

three-layered system in which each layer is made of 0.67 mm of gel, building 

up a 2 mm stack. In both cases a PP12.5 geometry is used for measurements. 

The PP12.5 is lowered using a controlled system that stops when the geometry 

detects a normal force of 0.05 N on the surface of the gel. 

Before starting the measurements in a parallel system, setting the zero gap is 

necessary for the PP geometry. The zero gap is used as a reference for all gap 

settings. Likewise, setting the zero gap properly is fundamental since the 

rheometer will calculate the rheological parameter according to the zero-gap 

position. As an example, the shear strain γ is defined as γ= ϕ/h, where ϕ 

corresponds to the deflection (in m) and h correlates the height/thickness/gap 

(in m) of the gel being measured. By definition, the strain depends upon the 

height of the gel being measured and hence it is important to appropriately set 

the zero gap. Normally, the zero gap is set on the base plate and then the 

sample is placed on top of it. However, in the present project the gels were 

made inside the 3D printed containers. This would not allow to set the zero gap 

on the empty container before measurements since the gels were already 

prepared inside. Instead, we set zero gap on the base plate and we stuck the 

3D printed container with the gel on top of it for measurements. Subsequently, 

the resulting strain values are based on the “measured gap” rather than the 

“real gap” (Figure 4.31a). As a consequence, we needed to apply a correction 
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factor to rectify the values of strain. As an example, for a measured gap of 8 

mm, a 100% strain would equal to a deflection within the material of 8 mm. If 

instead of 8 mm, the real gap/height of the gel is 1 mm, the measured 

deflection of 8 mm would correspond to a strain of 800%. In order to amend 

this, we applied a correction factor to the strain values measured. We firstly 

converted the deflection values from degrees to length units taking into 

account the perimeter of the circular PP12.5 geometry. Next, with the 

deflection values converted to distance, we worked out the real strain by 

dividing it by the height of gel (Figure 4.31b). The graph in Figure 4.31c, shows 

the differences in the strain profile before (black circles) and after (red circles) 

correcting the values of strain. 

 

Figure 4.31 (a) Schematic representation of the setup used for rheological 

measurements using PP12.5 geometry on a gel made inside a 3D printed holder. 

The PP12.5 is on the top surface of the gel; the difference between this eight 

and the bottom of the container is the real gap. (b) Correction factor applied 

to the measured strain values for a PP12.5 geometry. This factor takes into 

account the change in units of deflection from degrees to meters (highlighted 

in red) and also the height of the gel (highlighted in blue). (c) Graph 

representing one example of strain sweep comparing the rheological profile 

being measured by the rheometer (black data) and the modified profile taking 

into account the correction factor for strain values (red data). 
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▪ Real gap/height of the gel made inside 3D printed container. 
 

The height of the gels was determined by subtraction of the measured gap with 

the gel made inside the container and the gap for the empty container 

(measuring the thickness of the container bottom). Both measurements were 

made using the controlled setup (0.05 N) for the PP12.5 geometry.  

 

▪ Methodology for preparing gels for rheological measurements using vane 
and PP12.5 measuring systems. 
 

The procedure used to prepare the multi-layered gels for rheological 

measurements is as follows. Firstly, we prepare the gel inside the 3D printed 

container (Figure 4.32a,e). Then place the cover lid with a hollow on top of the 

container (Figure 4.32b,f) followed by the metal hollow cylinder (Figure 

4.32c,g) to chop the gel into a repeatable shape and size and some Blu Tack® 

to make sure it will not move during measurements. Finally place the assembly 

into the rheometer and set the appropriate measuring geometry (Figure 

4.32d,h). 
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Figure 4.32 Dimensions of (a) the 3D printed container, (b) the cover lid and 

(c) the metal hollow cylinder. (d) Photographs of (left) the setup for vane 

measurements and (right) PP12.5. (e)-(h) Schematic showing the procedure 

followed to load the samples for rheological measurements; (e) Gel is prepared 

inside the container; (f) then a cover lid with a hole is positioned on top of the 

container and (g) the metal hollow cylinder is inserted in the hole and fixed in 

place with some Blu Tack®; (h) the entire assembly is then placed on the 

corresponding system depending on which geometry will be used and some Blu 

Tack® is used to ensure the container will not move during measurements. 

4.4.3.II. Confocal microscopy.  

Confocal images were taken using a Zeiss LSM 710 confocal microscope with a 

LD EC Epiplan NEUFLUAR 50X (0,55 DIC) objective. Samples before printing were 

prepared inside the 3 mL syringe with the tip cut. Once the gel was made, the 

plunger was used to expel the gel and a layer was cut off using a scalpel. For 

the gels after printing, they were pre-made as described for the samples before 

printing, and then they were extruded using the optimised parameters onto a 

glass slide. Fluorescence from Nile Blue was excited using a 634 nm He-Ne laser 
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and emission was detected between 650 and 710 nm. All gels triggered using a 

solvent switch were stained with a 0.1 wt % Nile Blue A solution in water. The 

Nile Blue was added to the DMSO-gelator solution to a final Nile Blue 

concentration of 2 µL mL-1 of gel.  

 

4.4.3.III. UV-Vis absorption spectroscopy.  

Absorbance spectra for gels made of 4 were collected over time (30 min) at 600 

nm on an Agilent Cary 60 UV–Vis spectrophotometer (Agilent Technology, 

California, United States) using Cary WinUV, kinetic Application v5.0.0.999 

software. All samples were prepared in a 1 mm path length quartz cuvette. 

Firstly, water was added into the cuvette and then a DMSO solution containing 

the gelator was added, such that the final ratio of DMSO:water was 3:7. After 

DMSO was added, the mixture was mixed quickly with the help a needle. The 

total volume of gel examined was 300 µL for both concentrations of 5 mg mL-1 

and 15 mg mL-1 of 4 at 25 ◦C. 

 

4.4.3.IV. 3D Printing.  

The extrusion-based 3D printer used is a RepRap Ormerod 2 version 528.4 with 

some modifications. We have discussed it in detail in our previous publication.26 

 

For the experiments, gels were prepared in a 3 mL volume in a 3 mL syringe by 

firstly adding 4 dissolved in DMSO and then the water to trigger gelation. Before 

printing, some parameters need to be optimised in order to achieve high-quality 

3D printed lines, among which we highlight the volume of the gel extruded, the 

speed of extrusion, the printer movement speed, and the printing height. For 

the different printing scenarios, each parameter was optimised to a rate of 

extrusion of 4 µL mm-1 and a shear rate of 1500 s-1. The shear rate refers to the 

rate at which the gel is extruded through the nozzle of the syringe and was 

calculated for a Newtonian fluid following the equation: ϒ̇ =
4 𝑉

𝜋 𝑡 𝑟3, in which 𝑉 

is the volume of gel extruded, 𝑟 is the inner radius of the nozzle and 𝑡 is the 

time of extrusion. As an example, to print a 50 mm gel line at a shear rate of 
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1500 s-1 and rate of extrusion of 4 µL mm-1, 200 µL of gel were extruded in 0.13 

seconds.  The diameter of the nozzle used for extrusion was 2.2 mm. We 

highlight that we considered the Newtonian fluid shear rate equation to express 

different printing shear rates conditions, even though we know it is not fully 

representative. However, for the different experiments carried out in this 

Chapter we just wanted to optimise a “shear rate” value at which the printed 

gel was uniform (even if it is does not represent the true value). Before printing, 

the gels were prepared in a 3 mL volume in a 3 mL syringe following the same 

procedure as described in Section 1: Preparation of a single layer hydrogel. 

Then we used the 3D printer to extrude our gels using the optimised parameters 

and they were left to settle for 5 minutes before being transferred into the 

rheometer for measurements. 
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5.1. Conclusions 

Low molecular weight gels are a fascinating and effective class of material. Due 

to their intrinsic reversibility, dynamism and broad range of mechanical 

properties, LMWGs are suitable for various potential applications that span from 

material sciences to biomedical sciences. As such, understanding the 

mechanical properties is key in determining whether these materials are 

potentially applicable for unique on-demand applications. Within this thesis, 

we demonstrated the tuneability of the properties of a multicomponent gel 

system as well as established a new method to link the microstructure and bulk 

properties of a series of dipeptide hydrogels. Furthermore, we developed new 

rheological methods to characterise the mechanical properties of multi-layered 

3D printed hydrogels. 

 

Firstly, predicting the properties of a gel formed from a particular low 

molecular weight gelator remains an empirical science. Hence, a more 

pragmatic approach is to find robust LMWG and develop methods for 

controlling, modulating and modifying the properties of the gels that can be 

formed. In Chapter 2, we have demonstrated that using an annealing approach 

on a multicomponent gel system allow us to control and tune the mechanical 

properties of the resulting gel. Not only we were able to tune the mechanical 

properties of the multicomponent system, we were also able to selectively 

anneal just one component within the mixed system. This gives the gel 

completely different mechanical properties than if both components were 

annealed together. This is the first example where an annealing approach has 

been examined on a multicomponent gel system, which is significantly more 

complex compared to the already reported single component systems. 

Multicomponent systems provide added opportunities to prepare gels with 

different mechanical properties that cannot be achieved using only one 

component gel system. In the future, this approach could be used in different 

gel systems and so open up new opportunities to control gel properties on 

demand to provide tuneable and triggerable materials. 
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Since the understanding and tuneability of LMWGs mechanical properties are of 

growing interest, it is therefore important to understand and determine the gel 

properties over different length scales. This could allow great insight for 

example in mixed gels, where the number of scenarios become increasingly 

complex. However, characterising a gel system across multiple length scales 

can sometimes be an issue. In Chapter 3, we have established a new method to 

link the microstructure and bulk properties of a series of dipeptide hydrogels. 

We used a solvent and pH triggers to form gels from a series of dipeptides, 

which resulted in differences on the gel microstructure depending on the 

trigger used. Traditional oscillatory rheology (or bulk rheology) and cavitation 

rheology were used to measure the elastic modulus of the bulk gels and in a 

local point (at the micrometre scale) respectively. We studied the relationship 

between the two rheology techniques through a constant Ksc. Interestingly, we 

found a correlation between the constant Ksc and the underlying microstructure 

of the gels. In conclusion, we proved that cavitation rheology can be used to 

characterise in detail the gels microstructure at a different scale compared to 

bulk rheology and suggests potential to characterise patterned or 

inhomogeneous gels at the micrometre scale. 

 

3D (bio)printing holds incredible potential in the biomedical field for example, 

where hydrogels are used as cell containing scaffolds. One of the main issues is 

the difficulty to characterise the gels after printing. In Chapter 4, we developed 

a series of rheological methods to characterise 3D printed multi-layered 

hydrogels. Oscillatory rheology was used as the main characterisation 

technique. Firstly, we combined multiple rheological protocols to characterise 

a series of multi-layered hydrogels by using a vane geometry embedded at 

different positions within the gel. We used this method to characterise a series 

of multi-layered gels prepared in situ for benchmark comparison, and then we 

expanded this method to characterise the same multi-layered gels prepared 

using 3D printing. We demonstrated that it is possible to characterise the 

properties of each individual layer within a 3D printed gel system but also, we 

were capable to quantify the contribution of each layer to the resulting bulk 

gel mechanical properties. We also studied the effect of using different 
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measuring systems for rheological analysis, as it highly impacts on the resulting 

properties being measured. Lastly, we studied the effect of the 3D printing 

process on the resulting gel mechanical properties. Interestingly, we were 

capable to quantify the differences on the mechanical properties of the printed 

gels with those prepared before printing. The stiffness of the printed gels is 

influenced by the shear stress at which they are exposed during extrusion. In 

conclusion, we developed a method to characterise multi-layered hydrogels 

which provides fundamental principles to characterise 3D printed biomaterials. 

We hope this study will open up new opportunities to characterise new 

biomaterials on demand. 

 

In conclusion, we have used rheology to tune and characterise the mechanical 

properties of low molecular weight gels at different length scales. These 

materials have been used in a wide range of biomedical applications including 

drug delivery, tissue engineering, cell culture and cancer research. Some of the 

described methods are novel and the results show that we have a high degree 

of control on the characterisation of (3D printed) hydrogel systems. For 

example, we were able to characterise the properties of gel systems after 3D 

printing with the potential to be used in the biomedical sciences. Due to the 

difficulty to characterise gel properties after printing, others rely on the 

assumption that there is no change in properties from a pre-printed gel. Here 

we have demonstrated an effective method to characterise such class of 

materials after printing with potential to be used as cells containing scaffolds.  
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