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Abstract

Abstract

Low Molecular Weight Gelatord MWGSs) are a versatile class of materiahich,
when an appropriate stimulus is appliedn formorganogels onydrogels by setassembly.
In generalto form LMWG hydrogelstheLMWG is first suspended iwater at high pH to
form a preursor solutionThis precursor solution can then be used to form hydrogels by
various trigger methods including, but not limited to, a pH change, addition of metal ions or
by temperature chang8tructures are formelly the gelatomolecules in both the solution
and gel mases. In this Thesis, we report on the ability to control thesetwes in order to

developmaterials witha range ofnteresting properties.

We describe a preparation method for the creation df¥i&G precursor solutions.
To do this, we examine ¢heffects of stirring, pH and addition of salt during the solution
preparation stage. We show that all three factors investigated have some effect on the
solutions whi ch -tke mitebar structirési The pmegabatiow methwod is
suitable forvarious concentrations of solution and gives reproducibly similar looking

solutions as well as reproducible rheology and images undermotzsssed light.

We then use this preparation method to examin&M&G solution structuresf a
single gelatoin more detail. To do this, we utilise rheology, polarised optical microscopy
and smaHangle Xray scattering. We show that different structures are present in the
solutions when the concentration of gelator and the counterions present in the solations ar
altered.This in turn alters the overall properties of the solutions. When applying different
stimuli to these solutions (temperature and magnetic field) the different structures responc
in different ways. We show examples of how we can utilise thederelit solution

properties with specific applications in mind.

Finally, we control theLMWG structures in the gel phase to produce gradient
stiffness hydrogels. We do this by incorporating a photoacid generator to the gelator
precursorsolution and irraghte with ultraviolet light. To examine the overall bulk properties
of these gels we use traditional oscillatory rheology and to prove the existence of different
stiffnesses within a single sample, we use cavitation rheotmyitation rheology is able to
detect the subtle differences stiffness withinthe gels which traditional bulk rheology

cannot. The gradientdn stiffnessare temporary due to the reversibilature of these
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materials.The gradient gels have potential for use in tissue engineering e different

gel stiffnesses mimic the different stiffnesses of tissue in the body.

Overall, we show LMWGystems exhibit diverse structures in both the solution and
gel phases. This transfers to the overall properties of both phases. This wadeprav
greater understanding of the relationship between gelator structures and bulk properties o

the materials; and challenges the conception that new gelator molewiddse discovered

in order to achiee new or specific properties.
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Chapter 1: Introduction

This Chapter is adapted from the following publication:

AResponsive Matassambl yrom tbw Bel €écul ar

L. Thomsonand D.J. Adams, i@hemoresponsive Materials: Smart Materials for Chemical
and Biological Stimulation, Second EditiddSC 2022,pp.96-128.

LT was responsible for researching, creating figures and writing the publication. DJA
supervised the project. Lirote the initial draft of the manuscript, to which both authors

contributed to for the final publication.



Chapter 1: Introduction

1.1. Hydrogel s

Hydrogels are a class of soft matter which have increased in popularity in recent years.
They are used in many applications including in sensiggctronics and the food and
pharmaceutical industrigs® Hydrogels exhibit solidike rheological behavioyrdespite
being predominantly composed of watétydrogel networks can be formed from both
natural and synthiet materials$® Networks can be credinked either chemically or
physically. In general,gdymeric hydrogels are formed via chemibahds between polymer
monomers to form polymeric chains, and chemical bangdysical crosdinks which are
formed between chains (Figure 4)2 Chemically crosdinked hydrogels generate a robust
and irreversibly formed gel by the formation of covalent bonds throughout the system.
Physically crossinked hydrogels are held together via weak, -gomalent interactions
betweenthe monomers whih make up chains and between these chains; this produces
reversible hydrogel¥ Hydrogen bondingthe hydrophobiceffecta nd” "st ac ki n
examples of such necovalent interaction&: 2 One group of physically crodmked
hydrogels are formed using low molecular weight gelators (LMWGSs). These LMWGs will
be discussed in this Thesis. LMW@se noleculeswith a molar mass of 3000 or less
(typically much less than this},and form via selassembly and surface tension; an
entangled network traps wateesulting inhydrogels (Figure 1.h).1416 The two formation
mechanisms are not exclusive to tgetems described above. For example, our group has
recently shown that LMWGs can gel by forming se$6embled chains whiaan then be
covalently crosdinked. Therefore, Figurd.l shows a scheme for the general gelation

mechanisms for both polymeric abMWG gelation.
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N YD
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Figure 1.1. Schemaellustrating the typical formation mechanisms of hydrogels using (a)

polymers and (b) LMWGs. The network formed immobilises water, giving a hydrogel.

1.2. Low Mol ecul ar Wei ght Gel ator

Hydrogels formed from LMWGs tend to have less mechastedlility compared to
polymeric hydrogel$’ Other solvents can also be immobilised to form ;giels example,
the immobilisation of an organic solveptoducesorganogels® To form a hydrogel from
LMWGs, initially the LMWG molecules are suspended in water (Figura)lldext, a
stimulus or trigger is applied to the solutioontaining the LMWG. This trigger must be
such that the solubility of the LMWGlecreasewhenthe trigger isapplied. This encourages
interactions between the LMWG molecules, resulting in aggregation and fonnedt1D
structures (Figure 1. Further intractions occur between the 1D structures and thus
entanglement and association oc&sulting ina 3D network. The immobilisation of water
by this LMWG network produces a selfipporting hydrogel (Figure P8 19Various
types of 1D structures are possibleincluding fibres formed byb-sheet peptide® and
helicalcoiled ribbong! Shorter fibres are less favourable for gelation since long, thin and

flexible fibres are better for entanglement and water trapffing.
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(2) (b) (c)

—
Trigger
—_—) —_—)

Figure 1.2. Schemadepicting the setassembly process for LMWGs. (a) Initially LMWG
molecules are suspended in water; (b) structure formation begins when a trigger is applied
(c) a seHsupporting hydrogel is formed due to water immobilisation by a network of

structures.

Crystallisation is aralternativeoutcometo gelatior??24 Crystallisation indicatesthe
phaseseparation of 3D crystals of solute from solution, instead of a 3D network capable of
trapping solutior?* The transition of a gel to crystals which happens occasionally,
demonstrateshe metastable nature of these gels and emphasisesttbreg relationship
between the gel and crystal stadelstead of a gelo-crystal transition occurring, it is also
possible for gels and crystals to-erist26 Syneresisthecontraction of a gel arglibsequent
expulsion of liquid, also shows the partially stable nature of sgetee This property could

be exploited for the capture and release of pollutants, drugs, or other small mdfecules.
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1.3. Ge |l alteosri gn

The design of LMWGs is important for forming hydrogels with desired properties for a
particular application. This is challenging, however, because many LMWGs are discovered
by trial-anderror?’ Despite the fact that research into pradgf.MWG gelation has been
successfut32 no work yet has been able to predict the properties of the gels made from
these successful LMWGsind developing new LMWGs that produce gels with certain
properties fospecific applications is challenginGome predictors require the synthesis of
the molecules and screening in order to predict if it will gel, making it unfavoutaBle.
Limitations also exist when using solely computational predictors, for example,
computational limitations and accuracyidethe reliability and robustness of the descriptors

used for simulation and predictiéh.

A small number of exemplar LMWG structures afeown inFigure 1.3 As already
noted, LMWGs are frequently discovered through serendipity, making them therefore
difficult to design. However, there are common features of many LMWGs. The fragments
used to create LMWGs are normally such that they allowtHfehydrophobiceffect, "1~
stacking and hydrogen bonding so sa#isembly and gelation can océur*LMWGs are
based on many types of molecules such as amino #cideptide amphiphile¥,
saccharided’ ureas® cholesterols? nucleobase®’ sugars!! perylene bisimidegalso called

perylene dmides)? and naphthaleneiichides43
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Figure 1.3. A small set of example types of LMWGs showing the structural diversity within
this class: (1) fluorenylmethoxycarbonytlipeptide with free C-terminus# (2)
fluorenylmethoxycarbonyprotecting group with freeN-terminus#® (3) MAX1;46 (4)
perylene bisimidgperylene dmide;*’ (5) naphthalene diimidé? (6) 1,3:2,4Dibenzylidene
D-sorbitol8 (7) saccharide containing LWMG with pyrene protecting gréu(8) urea
based LMWG28 (9) azobenzene containing LMW110) peptide amphiphil&?

Even slight modifications in LMWG structure are known to substiytienpact
gelation effectiveness. For example, changing the sequence of amino acids within a LMWG
can stop gelatiof? Changing the chirality of amino acids has also been shown to affect
gelation®! Even changing kD for DO as the solvent used during gelation can alter gel
propertie? 53This is significant as samples are sometimes required to be mad® oD
techniques such as smalhgle neutron scattering@mfrared spectrometif: 551t is almost
impossible to change only one parameter of a LMWG at a time. Changing one functional
group, for example, will in turn alter sterics, hydrophobicity, packing, solubility and the
positions available for hydrogen bonditfgFluorine is commonly incorporated into a

7
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LMWG because it can allow for thextensiveformation ofhydrogen bondand improves

biocompatibility>”

To selfassemble in water, LMWGs musbntain both hydrophilic and hydrophobic
regions which are able to create a balance between solubility and hydrophtShiciy .
LMWG is too hydrophobic, there is likely to be precipitation and not gelation. If the LMWG
Is too soluble in the gelation solvent, there is no-astembly driving force. A hydrophobic
component to the LMWG allows fahe hydrophobiceffect, which can be added in various
ways. An example of this is an alkyl tail, which must be of sufficient length to
thermodynamicallyallow the formation ohetworksto allow for gelatior?® Shortchained
amino acidbased LMWGs normally have a frégterminus, but protectedN-terminus.
TheseN-terminus protecting groups provide crucial intermolecuiarstacking interactions
due to their aromatic natuf&.The N-terminus can b@rotected bynumerousfragments
including a fluorenylmethoxycarbony! (Fmoc) protecting group (Figure 1.3 and 2),%4
caboxybenzyl protecting grou@! anthracene protecting grofp,and naphthalene
protecting groufs3 Naphthalene protecting groups can be decorated with variousesaét
different ring positions which can affect the saisembly process and give different final
gel propertie$* 65Whilst studying a library of naphthalene dipeptide LMWGken et al.
discovered that altering the substituent on thepsisition of the naphthalene protecting
group alters gelatioff. The naphthalenralaninevaline LMWG with no substituents was
found not to form a gelThis wasalsotrue when a cyangroupwas placed on the six
postion of the naphthalene group. However, the incorporation of a bromine to the six
position of the naphthalene protectinggp allowed gelation to occur. The addition of a
linker, and the choice of linker, between the protecting group and the remainV§=Lis!

also known to affect sedissemblys

The amphiphilic peptide LMWG MAX{Figure 1.33) is capable ofully reversible
selfassemblyunder appropriate conditionMAX1 forms a b-hairpin secondary structure
due to intramolecular folding, which is stabilised by hydrogen bonds and encosedfges
assembly Consistingo f h ishgdt prdpensitgamino acids valine (Vand lysine (K),
MAX1 is a 20residue peptide. The central tetrapeptid®PPT) was designed to initiate
a hi g h b-tump,pesultimglinGhe hairpiff. At physiological pH, valines a norpolar

amino acid whilst lysinés positively charged and hydrophiliEherefore, kectrostatic forces
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(charges otysine)andthehydrophobieffect(from nonpolar valine)can be used to control
the folding proces%’ Self-assembly is driveby the increasing of pH or the increasing of
the ionic strength ofthe solution to screen repulsive effects between the cationic
functionality. This results inboth lateral intramolecular hydrogen bonding and facial
hydrophobic interactiong.he motif of repeating patterns alternating polar andon-polar
amino acids is common ptae for desgning LMWGSs and is present in various LMWG
groups including the MAX, RADA/EAK16, and P11 LMWG grouss.

Perylene bisimids or perylenediimides (PBIs or PDIs respectively) are a group of
dyes with an aromatic core (Figure 143 The seHassembly process of PBIs is dominated
byi” " i nt shetaveen theonmleculewith contributions fromhydrogen bonding and
the hydrophobiceffect®® °The "1~ s t aabilitiasof §Bls howeverpoften means they
exhibit poor water solubility. Modifications tothe PBI structure are often necessatg
change their solubility, assembled structures, amnslbsequentproperties® When
functionalised with amino acids, PBIs have been shown to-assdmble into
semiconducting and photoconductive gels, which could be used as -da&#l
photodetector anith photovoltaics’? The pesence ofhe carboxylicacid functional group
from the amino acid allows for the formation of PBI solutionsvater above pH & The
choice of amino acid used to functionalise has been reported to make a difference to the
properties (for example, aggregation) of the PB¥Using experimental and computational
methods, the seissembly and gelation process of PBI functionalised with the amino acid
alanine has been examin®dt was provernhatthisPBI sef-assembles at all pH valuegth
the aggregates grawg in size when protonated. Similarly, functionalised naphthalene

diimides (NDIs), which alsodve an aromatic core (Figure 153, have the ability to ge®

14. Gel ati on Triggers

As discussed previously, the sasembly of LMWGSs requires a trigger to begin the
process. This section will discuss some of the waysassiémbly can be triggered. LMWG
triggers induce a change in solubilty produce gels. A LMWG is first suspended in a
solvent and the trigger applied. This reduces the LMWG solubility, leading to the formation
of selfassembled aggregates. These aggregates can then entangle, trap the solvent and fo

a ge|i_l.8, 19, 75
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141pH Triggers

A pH trigger can be used when a LMWG has a functional group which can be
protonatednd deprotonated. Such functional groups include carboxylic acids and arffiines.
For LMWGs with a free carboxylic acid, the LMWG is suspended in water and the pH of
the resulting solubn is such that it is above the appareit of the LMWG. This gives the
carboxylate form of the LMWG, Figure 1.4a. To trigger this solution into a gel, an acid is
added. The free carboxylate form of the carboxylic acid-grotonated, the solubility of
the LMWG is decreased, and the LMWG sa$fembles, Figure 1.4b and Figure 1%c
Work by vanBommel et al. has shown that acidic LMWGs (with free carboxylic acid
component) can be gelled using acid and disassembled using’ Baseomparison, they
also examined basic LMWGs containing free nitrogen from an imidazole compdrbat o
LMWG which could be readily protonated andpi®tonated. These basic gelators could be
gelled by the addition of base and disassembled by the addition of acid. Fasseeifbly
process using protonation and-pi®tonation can be reversible, howewis cyclic

assemblydisassemblyrocesss not alwaygossible®0: 77

(a) pH>pKa (b) pH=pKa (c) pH<pKa

o S
i = il
LMWG COO" LMWG COOH Fibre
—c) )

Figure 14. Schematicof the selfassemblyprocess using a pH trigger for a LMWG
containing a freeC-terminus.(a) At high pH the LMWG is solublan waterwhen in the
carboxylate formyb) when the pHs lowered to thgKa value,seltfassembly begingg)
decreasingn pH beyond theKa valueresults in fibre formation which can then trap water

to form a gel.

10
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Different acids can be used as pH triggersuéaus hydrochloric acid (HCI) can be
utilised in the gelation process, but since the rate of protonation is faster than the rate o
diffusion, this method does not give reproducible §el$.Gaseous HCI can also be used to
trigger gelatior’> GluconacU-lactone (GdL) is now commonly also used as a pH triéger.

81 Unlike HCI, which normally does not give homogeneous gels, GdL slowly produces acid
to give homogeneous gels. GdL hydrolyses in water and releases protons. These protons ce
then reprotonate the LMWG. There is an even distribution of protons throughout the sample
due to the rate of hydrolysis being slower than the rate of GdL mixing in thgoso
resulting in homogeneous and reproducible geBmilar small molecules such adt®nes

(the cyclic esters of sulfonic acid), can also be used as a pH trigger through the slow

hydrolysis and breakdown of the cyclic structure to release®acid

Photoacid generators (PAGs) are another method used to form gels via pH. PAGs
produce protons when exposed to light. This can thepromnate a LMWG in the
carboxylate form, decreasing the solubility to givge A commonly used PAG for gelation
is diphenyliodonium nitrat¢DPIN).8385 Using a PAG to trigger gelation is advantageous as
the gelation can be selective. By introducing a photomask and blocking light exposure to
sections of a sample, it is possible to control where gelaiccur$® However, not all
LMWGs can be triggered using this meth For example, the LMWG 2NapFF (a
diphenylalaninebased LMWG withhaphthaleng@rotecting group) could not be gelled with
DPIN, but other similar LMWGs could be triggered using this PAG.

It is possible to release protons to trigger gelation usiegtrechemistry. An
electrode is placed into a solution containing both LMWG and a molecule capable of
releasing protons during redox reaction. This creates a pH gradient starting from the
electrode surfac®. An example of such a molecule is hydroquinone whgloxidised,
producing protons. This reduces the solubility of the LMWG at the electrode stffeoe.
thickness of a gel can be tuned as required by @adfe¢he reaction time at the electrdde.

Gels formed using an electrochemical pH trigger are advantageous as they are able to sho

spatiotemporal control as they are formed without a cont&iner.

11
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142Met al / Salt Trigger

Using chelationmetal ions from salts can be used to triggerasfembly. LMWGs
containing amino acidare able to chelate metal ions through tlagboxylate terminus
(Figure 1.@) or through both thamine and carbonyl groups (Figure b} as well as
utilising extra chelation sites on specific amino acids such as histdiogsteing(Figure
1.5¢).20 The effect of saltsorrelatedo the Hofmeister seriéé.Triggering gels using metal
ions is advantageoumecause they are capable of forming gels at biological pH and &bove.

Many groups use Caions to form gel§%%4

(a) (b)
S)
0.8 0. N
O. O 1, O
o NH;

Figure 15. Possible sites of metal chelation throughd@poxylate groug (b) amidss; (c)
cysteines.

Seltassembly using metal ions can be altered by both the valence and quantity of the
metal ion? By varying the metal ions used, formation of chiral and-alinal fibres using
phenylalaninebased LMWGs can be formé@8Thehandedness of the fibres, along with the
diameter were tuned using a library of 16 differemtetal iors. These differences were
attributed to theintermolecular hydrogen bonding between the amgieups and

coordination between the carbonyl groups aradal ions during selissembly.

143.Sol vent Trigger

A solvent triggered hydrogel requires a watascible aganic solvent that the
LMWG is soluble in, and water (an asstblvent). A high concentration stock solution of

LMWG in organic solvent is diluted using water. This dilution starts theassémbly

12
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process. Again, this trigger method uses changes inikglub produce hydrogel¥’- %8
Solvent triggered gels form quickly, with Menget al. reporting gel formation using a

solvent trigger in less than 30 secofts.

Examples of organic solvents suitable for this trigger method include dimethyl
sulfoxide 190 hexafluoroisopropangl®® and acetonitrilel®> The ratio of solvent to anti
solvent can be varied. This can alter the final stiffness and microstructure of the gels, anc
whether or not a gel will form at a2 As interactions between the LMWG and the solvent
can affect the stacking of the LMWG molecules, the-astiembled structures can be altered.
This has been reported for chiral safisembled nanostructures due to solvent polarity

affectinghydrogen bonding and solvebMWG interactionst4

l44Temperature Trigger

Again, this trigger utilises changes in solubility to trigger-ss$embly and gelation.
When heated, the solubility of the LMWG in the chosen solvent increases. The solubility of
the LMWG begins to decrease as the temperature is ldyw&hech begins the sedssembly
proces$? 105When lowered to the gelation temperaturg, The solvent is immobilised and
a gel is formed? The citical temperature points (dissolution and gelation temperatures) are
LMWG concentration dependef€ This method is very common for organogéls0#109
and also possible with hydrogél8: 111 Rheological properties of gels are affected by

temperaturé®as are fibre dimensions which depend upon the rate of codfing.

145L1i ght Trigger

Photeresponsive LMWGs use light to trigger gelati@ifferent wavelengths of
light can be usedb reversibly changbetweenthe isomers of photeesponsive LMWG
fragments and hence create-gelsol transitiong13115 Examples of suchhotoresponsive
fragments includeazobenzené’ stilbene'l® and arylazopyrazolg’ These solgelsol
transitions occuwhen switching betweethe cis- and transisomersbecause ofesulting
changes in conformation and lengnd changes idipole momenthat can disturlihe
network!® [rradiation of a cholesterdlasel LMWG by Murata et al. varied the

configuration of thdt MWG betweerthe cis- and transisomers!13 Hereg the transform of

13
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the LMWG successfully formed gels while the -ts®mer did notCyclesof isomerisation
could be repeatedhus giving numerous sgelsol transitions Introducing a template

selectively gellegart of a systemgnd sareversible patterns were created.

Isomerisation can also be triggered, accompanied by the opening and closing of
rings, allowing for the gation and breakdown of gels. Using a phatgponsivespiropyran
fragment, isomerisation (via the making and breaking of bdmetgjeen the neplanarand
planarforms of the LMWG were controlled byradiation of various wavelengths, Figure
1.6119The planaisomerwas found tdorm an aggregatkke structuredue to”i " stacking,
and was capable of forming a gel. This was not possible ttonplanarform of the
LMWG, and h&ce no resulting hydrogels were producedu@arinbased LMWGs are
known to breakdown from gel to solution due to cleavage when exposed to U\slight;
a transition can be utilised for phesensitive drug deliver{?Z® Reversible photo
dimerisation is also possible with coumabased LMWGS2tWhen irradiated with 365 nm
light, dimerisation of the LMWG occurs which increases the number of -tnkss

subsequently increasing the mechanical properties of the gel.

WNW% MNW%

Figure 1.6. Molecular structures of the spiropyran dipeptide used by Qiu et al. in (a) the

closed form and (b) the open foi.

146.Enzyme Trigger

Advantageous due to their use imlbgical systems and highly specific nature,
enzymatic triggers are used to make and break bonds and therefore trigger getation.
example of this is reported B¥ang et alwhere, by using a peptideased LMWG and a
tyrosine kinase/alkalphosphatasernzyme switch, they control hydrogel assembly and
disassembly?? The LMWG was found to form gels. Howeyeupon the addition of
adenosine triphosphate (ATP) and the kinase enzyme, disassembly occurred due to th
phosphorylatiorof the tyrosine fragment of the LMWG. This increased repulsion between

molecules, and overall resulted in the LMWG becoming more dphdlic after
14
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phosphorylation Selfassembly can be triggered again by addpigpsphatasdo the
resulting solutiorof the phosphorylated version of the LMWG whidgéphosphorylateis,

reforming the gel.

Similarly, a simple visual assay for screenemg/me inhibitors of acid phosphatase
was created usingMWG formation122 The LMWG precursoiis considered aa substrate
for the enzymeandforms a gelwhendephosphorylation of the LMWG precursor occurs
using acid phosphatase enzyrien inhibitor is presentt can block the conversioof the
precursor. Therefore, no hydrogel is form&te gelation is visible by eye shig simple
and inexpensive methatbuld be used to screen for inhibitors and detieetpresence of
enzymes \ithout the use of a spectrometét.Having a visual assay for aettion and
diagnosis is advantageous becausanyn diseases areelated to overactive and

overexpressed enzym&4

147Mul ti ple Triggers

It is possible to initiate gelation of the same LMWG with different trigger methods.
The final properties of the gels vary depending upon the trigger agpli€d 25with self-
assembly kineticalso a significant factoin determining thefinal propertiesof a gel!8
Multiple triggers methods have been reported to successfulN-gapped tripeptides which
are capable of forming gels by pH trigger, salt trigger, and by the addition of cell culture
medial?® By altering the trigger method, features such as gel stiffness, minimum gelation
concentration and biocompatibility can be finmed. Similarly, work bythe Stupp group
has demonstrated that themphiphilic oligopeptide LMWGs can be triggered by pH and
by addition of salt% 59 A single LMWG can also be used to form both hydrogels and

organogels26

It is also possible to simultaneously use two trigger methods at Dheeekase of
protonsusinga PAGwhich has been exposed to UV light has been reported to Caéise
ions to be freedrom an insoluble salt (CaCG{p The freedC&* allows for crosdinking

between fibres and a gelformed using a salt trigger, via a PAG plgger?>
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15 LMWG Structures

As already discussed previously, LMW sm hydrogels via selassembly, where
a trigger begins the fibre formation and entanglement. Various structures and length scale
are involved in this process and hence different techniques are required to examine all thes
length scales and gain a dé&diunderstanding of the material under investigation. This is
summarised in the following sections. The overall mechanical propertiegebdie affected
by the properties of the LMWG structures, including the fibre thickness and how the fibres
are arraged in the gel networl>We discuss this furthén Chapter 4vhere we selectively

control where gelation occurs and examine the resulting bulk properties using rheology.

151.Examining LMWG Structures over M

Since various length scales are associated with theassdéimbly process, i
important to be able to examine LMWG solutions and their corresponding gels at these
different length scales, Figure Lhitially and crudely, the bulk gel sample is examined by
eye with the vial inversion test, Figure 1I7&’The inversion of the sample vial is a simple
method to look for a seBupporting material (a condition for gelation) and gives an
indication as to whether or not tekample is a gel, viscous liquid or solution. To confirm the
presence of a gel and not a viscous liquid, rheology is utiliséd?8131 Rheology gives
information regarding the mechanical properties of the bulk gel. theetime scale of an
experimentagewi | I have a storage modull uke@0Ga, sa
issoneordef magnitude | arger than the | o0o-ss n
| i kedo a) sarhplse iiss al so known as tan 0 =
independent over arge frequency rang&hen the strain imposed on the sampl&iihin

the linear viscoelastic region.
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(b)

Molecular scale, A

(a)

1D nanostructures, nm

Bulk Gel

(d)

3D gel network, um

Figure 1.7. Schematic representing the various length scales associated with LMWG self
assembly and gelation showing (a) the completed bulk gel; (b) the angstrom length scale
which incorporates free LMWG mole@d and the interactions between them; (c) the 1D
nanostructures formed by the saisembly of the LMWG,; (d) the 3D gel network, created

by the 1D nanoscale structures.

To understand gels at the molecular scale, Figure 1.7b, techniques inahiidined
(IR) spectroscopy and nuclear magnetic resonance (NMR) spectroscopy ar® used.
Understanding the molecular scale and knowing which interactions are present is helpful as
it is these interactions that drive the formation of larger structures. IR spectroscopy indicates
which noncovalent interactions are present, whilst studyMBR spectra cangive
information abouaggregates, shotlie regions participating in the interactipasd can also

be used to provide kinetic information about the gelation prdéess.

At the next hierarchal level, 1D nanostructures form, Figure 1.7c. These structures
include fibres, spheres, tubes and sh&8tStructures at this length scare are commonly

studied by microscopy and by smalgle Xray/neutron scattering. These are
17
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complementary methods and commonly used together since scattatamonecan be
ambiguous?4136 There can be manyodels and values which can all seem to fit the data
well, but only one will be a true representation of a sarlé3’ An advantage of using
scattering to examine structures at this length scale is that experiments can be performed |
situ, without drying the sapte, since drying has been shown to not always give an accurate

representation of the structures forniéd.

The next length scale (Figure 1.7d) allows for the gel network to be analysed. This occurs
when the 1D nanostructures form microstructuresutn, for example, fibre entanglement
or fibre branching3?® Our group has previously shown that the same LMWG can form
different microstructures depending on the gelation trigger #8etkchniques such as

electron and confocal microscopy can effectively image gels at this lengthScale.

1.52Mi cel l ar Structures formed by LM

Before the gelation seissembly process occurs, it is possible for micellar aggregates
to form in the solution phagét143 Micelles, formed by aggregation, can only form above
the critical micelle concentration (CMC) and above the Krafft temperétheeminimum
temperature at which micelles can ogcdf- 14°The driving force behind micelle formation
in water is such that éhhydrophobic micellar core and the dispersion medium, water, are
separated. Micelles usually exhibit polymorphism and polydispersity; varying in size due to
the different numbers of molecules making up each mié¢#llelicelles can pack together

to give mesomorphs, also known as liquid cryst&ts6

Worm-like micelles are a type of cylindrical rditke micelle which are flexitd. These
types of micelle are viscoelastit. Worm-like micelles are consideredsdi | i vi ng
systens 148151 with transient and unique viscoelastic behavidirUnder shear, thse
micelles can continuously break and refdffh.p2 Many factors are known to influence
micellar growth and properties such as 1pH, 153 the addition of sal?*156 and
temperaturé?®. 15’In Chapter 2we examine the effects tifese factoren a dipeptidébased
LMWG system known to form structures which behave like wbke micelles at high pH

in orderto generatehe most reproducible datagsible from this living system
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Our group has previously examined the transitions from spherical to -Wam
micelles!®® The transition from spherical to worlike micelles was found to be
concentration dependentt ow LMWG concentation, sphericalaggregates were found
Increasing the LMWG concentration leads to a second CMC wimare-like micelleswere
presentin Chapter 3, wexamine the effects of increasing the concentration of the LMWGs

further in the solution phase.

16. Appaticons

Many industries use polymer gels with examples already located in thé>fcamt]
pharmaceutical industries, including in diagnostics and drug release d&ditmeel,
syntheic polymers can be unfavouralibecause of toxity and other incompatibilitie¥!

There are many reasons LMWG hydrogels are favourable. There are already examples c
LMWGs in some industrial applications including lubricating engine gre@tes, sticks

and personal care produéfd. 163 Hydrogels are predominantly made from water
(approximately 99% water to 1% gelatéT)his is ideal as the water accounting for the bulk

of the sample is a readily available, benign compound. Also, as LMWGs are famously
reversible (unlike polymer hydrogel¥)there is the ability to recycle and reuse the gel,
reducing the need for constant preparation, synthesis and new masawaig, both time

and money. LMWGs show great versatility because they offer a vast array of mechanical
properties, and a single LMWG can be responsive to multiple stifhdfi.Therefore,
LMWGs display potential in a wide range of applications. Many reviews examine
aplications of LMWGSs in detaif; 164166 the follow sections provide a few specific

examples.

16 lWaste Management

In recent years, LMWG gelsavestartedto attract attention agotentialmaterials
for water purification capable of removing contaminates such as sidbjents, dyes and
heavy metal$®? The release of such contaminants from industrial processegréatby
affected be global water supply quality, therefore damagiggatic life and the food chra
People who use the contaminated water are therefore negatively affected, resulting in variou
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health problemsuch asromiting, canceandneurological damagét is therebre essential

to find methods of removing waste materials.

There are already numerous examples of LMWG gels with the ability to remove
small waste molecules from watér1’0 For exampleKar et al. reported the rapid removal
of crystal violet dye from water using phaselective gelatioA®® Here, he LMWG is
capable of gelling both organiolsents and water depending on the form of the LMWG
present. When the LMWG has a free carboxylic acid groupoitlisable to selectively gel
the organic phase in a biphasic system of water and organic solvent. The sodium salt forn
of the LMWG has the ality to gel both organic solvents and wataut was found to only
gel the aqueous phase in a mix of water and organic soBgrdadjustingthe pH of the
system, the free carboxylic acid form or salt form of the LMWG exst, and therefore
selectively gl only part of the water and organic solvent system. To prove this-phase
selective gelation canemove dyes from watel temperaturdriggered hydrogel was
preparedusing the LMWG and.1 mM crystal violet dyen 1 mL of water(Figure 1.&).
To thisgel, 1 mL of organic solvent (toluene) was addEdyre 1.8b) followed byi.1
equivalens of HCI (Figure 1.8). The addition of acidorms the free carboxylic acid form
of the LMWG whichis not able to form hydrogels, resulting in @ikenost instantaneous
breakdown of the hydrogel to solution. Next, the system is gently heated, simakeooled
to room temperature.hE toluene layer forms a gel, simultaneously trapping the crystal
violet dye, whilst the water layer is a fluid state [Figure 1.89. The novement of the dye
was monitored using ultravioletisible spectroscopyHgure 1.&), showing the dye was
almost completely removed from the water layethin a few minutes. Raseselective
gelationexperiments have also been successful in removing dylesrfrom water, such as

rhodamine B*
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(e)

Dye solution 0.01 mM
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Figure 1.8. (a) Hydrogel containing 0.1 mM of crystal violet dye; (b) toluene (top layer)
added to thelye-containing hydrogel (bottom layer(c) addition of HCI disassemblése
dye-containing hydrogel (bottom layer); (d) dgentaining organogel (top layer) formed
after heating, leaving the agueous (bottom) layer clear of dye within minutes; (e) idtiavio
visible spectroscopy spectrum of an aqueous solution of crystal violet dye indicating the pH
dependent rapid removal of the dye from wateigure alaptedand eprinted with

permissiont¢® Copyright 2009American Chemical Society.

Syneresis, the contraction of the gel network and simultaneous expolisiater,
can also be used for purificatié?®. Using a LMWGwith a photeresponsive azobenzene
fragment, syneresis occurred when the LMWG was changed from thettréins cis form
using light. The trandsomer of the LMWGcouldform hydrogels, trappingyesand other
small moleculesand releasing purified wateipon exposure to lightn this study, &
differentdyes were prepared with the traf@m of the LMWG to form hydrogels.y@eresis
was then activated due to the irradiation of the hydrogels with UV fah2 hours The
expelled watefanalysed usingltravioletfi visible spectroscopywas found to be free @il

dyes. Therefore, e syneresis process was successéxpjoitedto renove dyes from water.

Similarly, a tripeptide composed of three phenylalanine amino acids also uses
syneresisd remove watesoluble pollutantsuch agoxic organic dyesndtoxic Pi¥*ions
from wastewater1’0Here, syneresis naturally occurs due to the gdrophobic nature of
the LMWG which becomes even more hggphobicwith time. This causesorecontraction
of the fibres. Ater 7 days the volume of the hydrogel contractgoraximately75% of its
original volume by releasing about 80purified water from 2 mL of hydrogelThe
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shrinkage behaviour of this hydyel was found to béhermal, pHand pressure dependent.
Using this LMWG,98.4%o0f PI?* ions could be removed.

Additionally, LMWGs have been found to gelri@us organic liquids including
commercial fued such as petrohnd diesel/+173 This is significant as itmay beused to

containsolvent/oil spills, andor thesafe transpoation of nonflammable fluids'’*

16.2.3D Printing

The development 08D tissuescaffoldscan be useds analternative methodor
organ transplantation in regenerative medieind in drug discovery assay$Due to ecent
advancesn tissue engineerin@D printing can nowprodue detailed3D tissuestructures
usingtheprinte 6 s hi gh | e v e | Thepfintabilfyafthe raateriap in thisdasei o |
hydrogels, is determined by both tlpeoperties ofsolutions and the gelation process.
Hydrogels have great potential in biomedical applications bedaeydave featureshat
are similar to theextracellular maix (the natural environment of céllandallow for
homogeneous cetjrowth, delivering cellso damaged tissué$ These materials are ideal
for 3D printing because they caetain their shape after printing due to the reversibility of

the physical crosBnks used to form hydrogels from LMWGs.

The 3D printing & polymer hydrogels has been discussed in numerous review
articles’¢178 The use of LMWGs is less discussed, but there are still some exanipfés.
Using the extrusion method of 3D printindplan et al. have previously reportid printing
of dipeptidebased LMWG hydrogel$2where gels were prepared inside syringes and then
extruded, wth the gels reforming after printing. A small library of LMWGs (triggered by
various methods) was studied to determine the properties required for 3D printing. LMWGs
which were found to form spherulitic structunesnted better compared to those which
formedfibrous networksince thespherulitic structureserenot as strongly affected by the
shearing process when being extruded. This work was continued and recently reported b
Fuentes Capabs et al. who printed 3D multayer hydrogels using a solvengger, Figure
1.9a183 In this work, multiple layers of hydrogels ofarying stiffness were printed and
stacked, and the rheology examined to evaluate the contribution of each layer to the overal

properties of the mtitlayered systems. Preparimgulti-layered hydrogel systesnof
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varying stiffness is advantageous for tissue engineeb@causehese layers mimic the
various stiffnesses of various organs, healthy tissues and cancerous tisseelsodyti®

We examine multstiffness gelan Chapter 4.The gelsreported in this workvere also
studed by rheology before and after printing, showing that the final properties of the gels
after printing are affected by the printing procéSgure 1.% andFigure 1.2).183 This is
important forbiological applications, where the final mechanical properties of the gels are

critical to allow for cell growth.

(b) 1 06 ] @ Before printing (C)

® After printing

10°;
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Figure 19. (a) Photographs of 3D printed LMWG hydrogels: (I) printing of a gel filament
onto the printing bed; (II) a 5m printed line; (lll) scaffold of three printed layers; (1V)
(left to right) onelayer, twolayer, and thredayer systems dyed with Rose Bengal (layer 1),
no dye (layer 2), and Nile Blue @ayer 3); (V) printed text(b) rheology $rain sweep for a
single-layer before printing (black data) amadter printing (red dajawith insets showing
pictures of gelgleft) before and (right) after printingc) confocalmicroscopyimages for a
gel (left) before and (right) after printindrigure alaptedand eprirted with permissiop83
https://pubs.acs.org/doi/abs/10.1021/acs.biomac.1c000Z8pyright 2021 American
Chemical SocietfACS). Further permissions related to the material excerpted should be
directed to the ACS

Additionally, organic solutions containing LMWG molecules can be 3D printed into

aliquid coagulation batko quickly form gel filaments via solvent trigger, allowifay the

formation of vell-defined pattern&“ This allows for the 3D printing of LMWGs which are
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not thixaropic and cannot be extrudeg the 3D pinter once gelled because of mechanical
fragility. In the study of a sugdrased LMWG, dimethyl sulfoxide (DMSO) and water as
the coagulation agenhgDMSO used to initially dissolve the LMWG moleculeashighly
dilutedin thecoagulation bath. It wa®gliluted that it is not detectable within the hydrogel,
therefore allowing for the possibility of being used for cell culturing scaffolds. A crucial
factor for the 3D printing of gels is that the gel must adhere to the surface it is being printed
onto. Hee, it was found that hydrogel adhesion to a surface was best when the surface wa
a polycarbonate membrane. Factors such as LMWG concentration, surface to 3D printe

needle distance, needle diameter and flow rate were all found to affect the surfacaadhes

1.6.3.Smar t Materi al s

ASmart o materi al s aresgonstvdhandshave potential im many e
areas8® These include, but are not limited wynversion of sethssemblingorodrugsts’
and dissolutioron-demand wound dresgisi88 Smart LMWG hydrogels can be used for
controlled drug delivery systemd®192The development of such materials woullda for
thesmarttissuespecific releasef drugs Due to the targeted releat®e potencyf the drug
increases whilst reducing relatsideeffects.Systems whiclare responsive fohysiological
conditions (for example, metal ions aedzymes)are useful for controlled, smart drug

release.

As responsive materials, hydrogels have a great potential to be used as sensors. Or
example uses pyrerbased LMWGs as a sensor fhebiological molecule insulid®3In a
library of LMWGSs containing both pyrene amdonosaccharide fragments, one LMWG
(Figure 1.1@) showed a gradual decrease in emission intensity at 393 nm when the
concentration of insulimcreasedFigure 1.1®). This resultedn the gel changing colour
under UV light Figure 1.1@). Scanning eleadn microscopy imagegigure 1.1d) showed
the addition of insulin altered the structures of the LMWG fibrége discuss the
incorporation of additives into LMWG structunesChapter 4. Thébre thickness increased
wheninsulin was incorporated into thsgstem. It is thoughtat the interaction between the
sugar fragment of the LMWG and insulin alters the gel fibreghence the pyrene fragment
of the LMWG s dislocated meaningless aggregation ofthe pyrene fragments as the

concentration of insulin sreases, resulting in quenching at 393 nm.
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(b)

2
—

—_—

fluorescence (a.u.)

400 wavelength (nm) 500

Figure 1.10. (a) Structure of the LMWG used here as an insulin sensor; (b) emission spectra
of the LMWG at 0.15% w/w in the presence of various insulin concentratigtihsan arrow
showing thedecrease in emission intensity when increasing the concentration of insulin
( e x ci tnaakximum nntergsity aB70 nm); (c) pictures of thbydrogel formed by the
LMWG without insulin (1) and witts pg of insulin (2); (d) scanninglectron microscopy
images of theorrespondingerogeswithout insulin () and with 5 ug of insulin (Il)Figure

adaptedvith permission from The Royal Society of Chemistty.

Other LMWGs are also capable of sensing. Foraneple, the LMWG
diphenylalanine witlzinc oxideis ahighly selective Iminescent biosensor for trypsiffa
bis-sugartriazolebased MWG is cambleof sensing mercury ion€®and various LMWGSs
are capable of sensing selected ions in the presence of other ions, showing a selective ge

sol transition or colour chande: 197

1640t her Applications

Very recently, the use of LMWGs for molecular oxygen trapping has been
reportedt®® Molecular oxygen (@) is a highly reactive oxiding agent andsi harmful to
many systemsHere, a dipeptidbased LMWGis shown totrap Q@ and limit diffusion
through the hydrogel. Molecular dynamicsimulations suggested that the Ginding

mechanism isontrolledby pockets formed between tbMIWG aromatic ringsbinding the
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O throughthe hydrophobiceffect Therefore, the gels could be used for sherageof the
hydrogenprodwcing enzyme [FeFelhydrogenase, which is a catalyst floe generation and
oxidation of molecular hydrogen ¢H used inenergyconversion devicesThe enzyme is
irreversibly inhibited by @ reducing its activity, hence the need for storage witheut e
residual activity of the encapsulated enzyme was found t68bE% when stored in the
dipeptidebasedhydrogel When stored irthe hydrogel, the time taken for the enzyme
activity to drop by 50% is reported to be 30 minutes, compared to without which takes only
seconds for the activity to drop by 50%. It is hoped this work will be transferrable to other

O»-sensitive reactions arapplications in the future.

Similarly, hydrogels can be used as a growth media for thaigg of crystals
protecing the crystals against degradatiSh The crystals here were of the enzyme
lysozyme which hasensitivecysteine and methionirgroups. The igheptidebased LMWG
(consisting ofcysteineand phenylalanine amino acids) showmdtection of thee most
sensitivelysozyme goups,giving increased protection from degradation caused 4ogyX
exposure because of the long LMWGré& The crystals grown hemgerefound to be of

high quality and compared well with thogeown in other media.

1.7. Ai ms of t his Thesi s

LMWGs are advamtgeous for numerous reasons, including their ability to form
reversible gels. There are many different fragments and functional groups which can be use
to form LMWGs, hence giving a wide variety of LMWG molecules. The aim of this Thesis
Is to understandral control the structures formed by dipeptidesed LMWGs in both high
pH solutions and low pH hydrogels, and examine how these structures can affect the overal
properties of the solution or gel. To do this, we focus on one exemplar LMWG, 2NapFF,
which canprises of a naphthalene group and two phenylalanine amino acids. Understanding
the LMWG formulationstructures, selassembly and gelation will greatly help to improve
LMWG construction. Having the ability to altesrmulationstructures and hence structure
packing and resulting bulk properties, could result in a single LWMG being able to give a
variety of structures and resulting properties, which could be tuned with a specific

application in mind. This would limit the need floew LMWG molecules.
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In Chapter 2, we show that sample preparation is key when forming solutions of LMWGs
at various LMWG concentrations. These solutions can contain ivkenmicelles, which
are regarded as Al i vi ngo esyobusteroiceol foga@utidnh e |
preparation to reduce the chances of structure variation within samples which in turn affect
the overall properties of the solutions. To create our robust protocol, we examine many

factors including pH and stirring methoidsshow the sensitivity of the solutions.

In Chapter 3, we use our robust protocol from Chapter 2. We aim to show the versatile
nature of a single LMWG by varying the LMWG concentration and the counterion used to
form the solutions to show a range otustures formed by a single LMWG. These different
structures packing together differently and hence the overall bulk properties of the solutions
change too. We show that these different properties can be utilised with specific applications

in mind.

Finally, in Chapter 4, we show that we can control structures and gelation by selectively
gelling. To show we can control the sasembly of our hydrogels, we aim to form gels
with gradient stiffness within a single sample. The gradient stiffness gels aredfasing
a PAG and exposure to UV light, allowing for selective gelation by managing UV exposure.
The addition of the PAG causes structural changes to the solution phase. We aim to form
gradients which are both steep and gradual to fully show the extenanveontrol the

structures and gelation process.
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Chapter 2Examining the Reproducibility of Low Molecular Weight Gelator Precursor Solutions

This Chapter is adapted from the following publication:

ATransferring molecular level changes to bulk properties via tunableassimbly and

hierarchical orderingy

L. Thomson, D. McDowall, L.J. Marshall, O. Marshall, H. Ng, W.J.A. Homer, E.
Theodosiou, P.D. Topham, L.C. Serpell, R.J. Poole, A. Seddon, Dathislbmitted

LT was responsible for the synthesis of the gelator molecule used, methodology, collecting
and analysing all experimental data found in this Chapter. RIJP contributed to rheological
experimental design and analysis. AS and DJA concepédadiad supervised the project.

LT, AS and DJA wrote the initial draft of the manuscript, to which all authors contributed
for the final publication. All other authors listed above contributed to the paper this Chapter

is adapted from, but their work is n&ftown in this Chapter.
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Chapter 2Examining the Reproducibility of Low Molecular Weight Gelator Precursor Solutions

211l ntroducti on

In Chapter 1, we discussed the sed6embly process and trigger methods regarding
gelation. For many trigger methods, the LMWG is first suspended in water at higR pH.
This gives a solution containing the carboxylate form of the LMWG, which can then be
gelled by applying the trigger and reducing the LMWGs solubility. For gels triggered by the
addition of metal ions, it is reported that the existence of wdenmicellar structues in
these solutions is a prerequisite for gelation to oé@lthough considerations about gel
reproducibility are common in literatu?et® for example, reproducible rheological data or
transition temperaturés? discussions and protocols regarding these precursor solutions are

usually very limited.

Many groups, however, have reported the presence ofssfimbled structures in
these LMWG precursor solutions, or solutions containing similar molecules. It is well
reported that peptides in particular are able toastemble into various nanostructutés.

We hypothesis that our peptitb@ased LMWG precursor solution structures should also be
reproducibly created in order to therefore gain the most reproducible data possible wher

examining the solutions, or when gelling $hesolutions.

Our group commonly reports the existence of micelles in our precursor solutions of
various dipeptide LMWGS. 1*15 We have encountered both spherical and wibken
micelles. The LMWG chemical structure, LMW®rcentration and counterions used to
deprotonate the LMWG are known to make a difference to the micellar structures present.
In recent work utilising smalhngle Xray and neutron scattering, we were able to show how
the molecules of a dipeptideased LMWG known as 2NapFF, (Figure 2.1a) packed
together to form nanotubes with a hollow c#tdt was established that depoogated
carboxylic acids can be found at the interior and exterior of the elongated structures with
naphthalene located in between, Figure 2.1b. Traditionally, however, theselit®rm
micelles have a hydrophobic core rather than a hollow!6Agbut we have previously
shown that these structures behave in a similar way to sikermicelles? 1*14 and so will
be considered as such in this Thesis. When using a pH trigger teigdlation, the hollow
core disappears first, protonating the free carboxylic acids found in the core, causing a

structural change. As the pH is decreased further, the cylinders become more elliptical.
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Figure 2.1. (a) Structure of the LMWG 2NapFF; (Bnd on schematiof a hollow worm:
like micelle formed by 2NapFF in solutipnvith colaur coding showing the different

sections of the structure highlighted in (a).

Worm-like micelles are considereddynamicfi | i v i n g'®%! Theynscellesmre
capable of continuous breaking and reforming, and exhibit unique viscoelastic beR&viour.
19 The micelles are longnd polymeilike; normally nanometres in diameter and several
micrometres in lengtf? 23The micelles however are also normally polydispérdength?+
This is not always the case however as recently, work has shown that tassselfbly of
polymer wormlike micelles can be controlled by sonification tiAteBy adjusting the
sonification time, the authors were able to control the aspect ratio ofitedles with very
good monodispersity. Micellar growth can be affected by*pPfthe addition of sal/-2°

and temperatur®: 30

Raghavarand ceworkers focus extensively on wo#ike micelles?? 24The micelles
studied by these researchers are not always in water, with solvents such as glycerol an
formaldehyde also capable of allowing wolike micelles to forn?° In these solvents, the
micelles persisted at temperatures as low28s°C. It is proposed that they could be used
for applications such as aiiteeze coatings or lubricant®ther systems containing worm
like micelles which have been researched by the group are light responsive with the length:

of the micelles changed upon irradiatioithwight.31. 32

As well as dipeptiddased structures, peptide amphiphiles (PAs) are another class of

molecule which form nanostructures. The Hamley research group commonly utilise a
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Chapter 2Examining the Reproducibility of Low Molecular Weight Gelator Precursor Solutions

combination of techniques, including smalfigle Xray scatering (SAXS) and
complementary imaging methods, which can be used to look at structures in both the solutior
and hydrogel phasé&36 For example, when examining PAs, the group reported that pH
affected the dimensions of the fibril structures formed, and the alignment of the stréctures.
It was also found that the PA solutions could spontaneously gel at pH 8, and gel at pH 12
when subjected to a heabol cycle. This paper, however, does not give many details with
regards to how the solutions are formed. Other groups also use similar methods to examin
PA selfassembly and structurés.3® Another example examines a sasembly process
where spherical micelles are initially formed, followed by wdike micelles as incubation

time is increased, showing the transient nature of thessugres’®

In this Chapter, we aim to establish a robust protocol for solutions containing a
dipeptide IMWG which is known to form worrlike micelles at high pH. This protocol will
give solutions of both reproducible rheological data and visibly similar samples. We will
examine a number of factors which could alter the structures present in the solutithe and
physical appearance of the samples; and discuss the challenges of reproducibility associate

with these Alivingodo material s.

22 Results and Discussion

We focus here on forming solutions of the functionalised dipeptide LMWG, 2NapFF,
Figure 2.1a, which is used as an exempl ¢
LMWGs. Our group has previously shown this LMWG has two critical micelle concentrations
(CMCs) up to a 2NapFF concentration of 10 mgAhWhilst increasing the concentration of
2NapFF, it was found that spherical aggregates formed at the first CMC. At a second CMC,
approximately 5 mg/mL 2N=#F, wormlike micelles were found to exist. We continue on from
this work and examine solutions up to a 2NapFF concentration of 100 mg/mL. Above this
LMWG concentration, it is difficult to form homogeneous solutions. In this Chapter, we
investigate threeoncentrations of 2NapFF: 10, 40 and 100 mg/mL. These concentrations were
chosen since previously, 10 mg/mL was the upper concentration limit studied; 100 mg/mL is the
highest LMWG concentration we can use which still produces homogeneous solutions; and 4C
mg/mL was chosen as an intermediate between these two concentrations. 40 mg/mL was chose
as the intermediate here because we wanted a concentration approximately halfway between ot

lower and upper limits. In initial tests, 40 mg/mL appeared to behavi@ady to 45 and 50
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Chapter 2Examining the Reproducibility of Low Molecular Weight Gelator Precursor Solutions

mg/mL but using 40 mg/mL saved on material. A 2NapFF concentration of 100 mg/mL is the
equivalent of 10 wt% which is a high loading volume and has the potential to form lyotropic
liguid crystals. This is discussed in detail in Chaftdyut briefly, lyotropic liquid crystals form

when the concentration of an amphiphile is increased such that the structures interact and pac

together into a more ordered mesophas¥.

221Stirring Effects and Sampl e Agin

As a Al i vi n glike micgllsstcantimuously break and reform when shear
is appliedt® and rheological properties (for example, as previously shown by a self
assembled flaanoid liquid crystal systerf) have been reported to show a shear history
dependencéVhen preparing our samplege mussktir to producea homogeneous solution.
This applies shear to the solutiddence, we investigate the rate of stirring and time of

stirring on our 2NapFF samples

Samples were stirred at three different ratds)st the container and stirrer bar size
were keptonstantFor girring method 1 samples were stirresbntinuously 8400 rpm (set
by stirrer plate) for seven daySor method 2 sampleswvere stirredcontinuously at 1000
rpm (set bystirrer plate) for seven days. Foethod 3 samplesvere stirredvernight at 400
rpm (set by stirrer plate) to create a homogensoligion and werghen left undisturbed to
stand for the remaining six daeriod. The dta collected are shown Figure 2.2 Using
stirring method 1 (400 rpm) we se@ general a gradual decrease in viscosity over the
sevenday period. Using higher sheanate,stirring method 2 (1000 rpm), we s2BapFF
solutions atoncentratioaof 10 and 40 mg/mL come to equilibrium viscosity afiaty one
day stirring.This is shown very obviously when comparing the two shear rates of solutions
at a concentration ofMdmg/mL 2NapFF (Figure 2.2e).

Fluid properties are known to be tirdependentthis isdue to entanglement ratés.
The rate of entangleme(thased on Browniamaotion) is slow. Dsentanglementhowever,
is driven by stran/shear and is therefore quickér43Hence, when our samples are allowed
to stand undisturbed on the bench, we remove the shear which would be respongikle for
continuousbreakingof the micellesallowing the wormlike micelles to slowly entangle,

allowing the viscoelasticity of the solutions to increésé/e seethis in Figure 2.2 where
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shear history impacts the rheological properties for 2NapFF concentrations of 10 and 4C

mg/mL The viscosity gradually increases over the seven day period when left undisturbed.

For 100 mg/mL, however, we see a gradual decreagiscosity over the seveday
period when left undisturbed. We hypothesis that this is dtleeteamples being both very
viscous and very concentrated. Solutions at a concentration of 100 mg/muisilelsevery

viscous andwe hypothesise that loaditige samplesnto the rheometer may have disturbed

the entangled structures, as could the force applied to the structures evirening the

rheometegeomety for measurement.
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Shear Rate (1/s)
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Figure 2.2. Viscosity data for solutions of 2NapFF at-(a) 10 mg/mL; (d)(f) 40 mg/mL;

(9)-(i) 100 mg/mL at pH 10.5 whilst varying stirring over a seday period. Plots show
viscosity after day 1 (red, the day following the creation of the samples), day 2 (orange), day
3 (yellow), day 4 (green), day bl(e), day 6 (purple)rad day 7 (pink). Samples were: (a),

(d), (g) stirred continuously at 400 rpm for seven days; (b), (e), (h) stirred continuously at
1000 rpm for seven days; (c), (f), (i) stirred overnight at 400 rpm, then left undisturbed to
stand for the remaining six day
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The containers and stirrer bars used to prepare the samples also affects the sampl
viscosity, Figure 2.3 Choice of container is already known to make a difference to some
samplesOur group has recently shown that the choice of container can afféogd® In
this example, dlavin-based LMWG cannot be gelled using a solvent trigger when using a
plastic 7 mL Sterilin vial, but can be gelled in metal cups of the same size and can also be
gelled in glass containgof various dimensions. This due to differences in capillary forces
and surface chemistry. Here, we select a 50 mL Falcon tube (inner diameter of 27 mm) witr
a stirrer bar of dimensions 25 x 8 mm and compare this to a Sterilin vial (inner diameter 15
mm) with a stirrer bar of dimems 13 x 3 mm. Keeping theirsing rate set tdl000 rpm
for both sample containers, we obsenlear differences irthe viscosity trend over the
sevenday monitoring periodWWhen amplesareprepared in Falcon tubes and stirredhwi
25x8 mm stirrer bars, Figure 2,3&e viscosity comes to a steady state equilibrium after
only one day of stirring at 1000 rpm. However, when stirring in a smaller container (Sterilin
vial) and using a smaltesirrer bar (13 x 3 mm), we see, in generatlexreasing trend in
viscosity as stirring time is increased. It is therefore important to consistently prepare the

samples by stirring at the same rates, but also by stirring in the same containers.
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Figure 2.3. Viscosity data for solutions of 2NapFF at 40 mg/mL at pH 10.5, keegping
constant stirring rate of 1000 rpm over a seday period, pepared in (a) a falcon tube with
25x8 mm stirrer baand (b) a 7 mL Sterilin vial witl3x3 mm stirrer bar. Plots etv
viscosity after day 1 (red, the day following the creation of the samples), day 2 (orange), day
3 (yellow), day 4 (green), day blue), day 6 (purple) and day 7 (p)nk
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Additional stirring experiments d enot ed as fAr ea@iovere alsp e X
examined Here, we examine our 40 mg/mL 2NapFF concentration solutions whilst
combining stirring methods. Initially, we stsamples at either 400 rpm or 1000 rpm
continuously for three daybgfore leavindo stand undisturbed for the remaining four days
(Figure 2.4. Combining the stirring and standing methods for these samples, wae see
combination of the effects seen in Figure 2\then stirring at the lower stirring rate of 400
rpm, the viscosity increases and comes to equilibrium after day 5. This\sacosity
equilibrium does not occur until day 6 when initially stirring at the higher stirring rate of
1000 rpm.
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Figure 24. Viscosity data for solutions of 2NapFF at 40 mg/mL at pH 10.5 whilst varying
stirring over a seveday period; showing day (ted, the day following the creation of the
samples), day 2 (orange), day 3 (gel), day 4 (green), day bl(e), day 6 (purple) and day

7 (pink). Samples were (a) stirred for 3 days at 400 rpm, then left undisturbed to stand for
the remaining four days¢b) stirred for 3 days at 1000 rpm, then left undisturbed to stand for

the remaining four days.

To further examine the effects of combined stirring methods and viscosity steady
state equilibrim, we perfor med aedparimentsco2NadFF afia e ¢ o
concentration of 40 mg/mL were stirred4®X0 rpm or 1000 rpm for either one day or seven
days. All samples were then left to slaundisturbed on the bench for an additics@len
days. We ainedto establish the effects of different stirring rates aimes on the viscosity
increases we have already noted when samples are left undisturbed after stirring. Combinin

the 400 rpm stirring rate and restiriggure 2.5awe see similar viscosity plot shapes to
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those seen ikigure 2.2dWe also see the viscosity increase like that shoviAgare 2.2f.
Theincrease irviscosity over the seven day standing period is approximately half an order
of magnitude greater, regardless if samples were originally stirred at 400 rpm for one day ol
for seven days. However, whertla¢ greater stirring rate aD00 rpmfollowed byresting,
Figure 2.5, we se¢hat like Figure 2.2, the viscosity of samples stirred at 1000 rpm comes

to equilibrium after one day. Unlike when stirring at 400 rpm, we ds@e an increase in
viscosity once stirring has stopped. As the micelles have disamwbedmore at 1000 rpm
compared to 400 rpm, we assuthey have been broken mobg the largeishear applied
andherce in the same stand tim@e donot see the micelleentangle as quickly to increase

the viscosity whetheshear is removedVe note that although there are visible changes and
rheological changes in viscosity, there is no indication of sedimentation (which can occur in

colloidal suspension®)in any of the examples described in this section.
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Figure 25. Viscosity data for solutions of 2NapFF at 40 mg/mL at pH 10.5 to examine the
effects of stirring at different rates and themioving shear. Samples were stirred at (a) 400
rpm and (b) 1000 rpm for one day (filled redicles the day following the creation of the
samples); and seven days (filled blagkcleg, and then left undisturbed for seven days
following stirring. Viscosly measured after the sevday rest period areepresented by
hollow red circles for samples stirred for one day before the rest period and hollow black

circles for samples stirred for seven days before the rest period.
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222Ef fects of pH

Previously, it haseen reportedhat both worrike micelles and liquid crystal
phases can be altered by variations irtpF. 4’Our grouphasreported thain orderto form
solutions of 2NapFF, the solutions must be at hight gt high pH, theLMWG free
carboxylic acid group is deprotonatecdhich increases the LMWGolubility in water
Adding excess basmcreaseshe number of chargegresent in the system, increasing
electrostatic scre@mg, and could affect how the 2NapFF molecules can aggregate and hence
affect thesolutionpropertiesLowering topH 9 could mean a change in structures or packing
due to an apparenkKpfound neathis pH in 2NapFF solutions abncentratiosof 5 and 10
mg/mL.13 48Viscosity data collectedhilst varying pHare shown irFigure 26. At 2NapFF
concentrations of 10 mg/mL and 100 mg/mL, there is no variation in viscosity as the pH is
varied between pH 9 and pH 12. At a 2NapFF concentration of 40 mg/enkeea pH
dependenceT he viscosity of 2NapFF at 40 mg/mL is lower at pH 9 and®@Hcompared
to when at pH 14.2. We attribute this to aapparent Kafound near this pH region. 2NapFF
at a concentration of 40 mg/mL and pH 10.5 shows a slight increase in viscosity at low sheal
rate compared to pH 10 and pH-12. This could suggestmotential change in morphology
at this concentration and pH. To confirm this, further investigation with other techniques
such as smafhngle neutron or Xay scattering, and imaging methods would be required.
Overall, these data highlight again the sevity of these systems to small changes. Care
should be taken when adjusting the pH to the desired value. To do this, we always use :
calibrated pH probe and allow ample stirring time between the addition dbasédand the
pH measurement nsure the pH is uniform throughout the sample. Examiningamples
by eye we can see turbidity differences depending on the 2NapFF concentration and pH of
the samplegFigure 2.7). Examining polarised optical microscopPM) images Figure
2.8,we sedlifferences in the images collected below pH 10 at 2NapF€ertrations of 10
and 40 mg/mL. W againattribute this to the apparenKplocated near this pH-or 100
mg/mL, the POM images do not show an obvious difference at any pH, consistent with the

viscosity measurements collected at various/phies.
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Figure 26. Viscosity data for (a) 10 mg/mL; (b) 40 mg/mL; (c) 100 mg/mL 2NapFF

solutions at pH 9 (red); 9.5 (orange); 3@llow); 10.5 (green); 11b{ue); 11.5 (purple); 12
(pink).

Figure 2.7. Photographs of (&) 10 mg/mL; (b) 40 mg/mL; (c) 100 mg/mL 2NapFF

concentration solutions when varying pH. From left to right: pH 9, pH 9.5, pH 10, pH 10.5,
pH 11, pH 11.5, pH 1X5calebarsrepresent 3 cm.
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Figure 2.8.POMimages for 2NapFF solutiora concentratios of (a) 10 mg/mL, (b) 40
mg/mL; (c) 100 mg/mlat () pH 9; (i) 9.5; (ii) 10; (v) 10.5; ¢) 11; Vi) 11.5; ii) 12.

Scale bars represent 5.

223Addi ti on of NaCl

The effects of salts on micellar and liquid crystal phases@renonly reported in
literaturel8. 30. 40. 4933|ts carencouragemicelle growth due to electrostatic screenthgor

example, m a study oh cationic surfactant in organic solvertimding salts (salts with large
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organic counterionghcreased the viscosity of the samples. However, simple salts ésuc
sodium chloride) showed no effect on viscosftyVe investigate this concept with our
2NapFF system because have previously shown that solutions of 2NapFF can gel when

various salts, including NaCl, are adde#- 12

Hence, using 10, 40 and 100 mg/mL 2NapFF solutions, we exdrtheeeffeciof
addingNaClto 2NapFFRduring the preparatioprocess, Figure 2.9or 2NapFF solutions at
a concentration of 10 mg/mL, no differences in viscosity abserved until a 1:1
NaCl:2NapFF molar ratio. For 2NapFF solutions at a concentration of 40 mg/mL, there is a
small increase in viscositpetween 0.001 and 0.01 NaCl2NapFF molar ratios. For
2NapFF solutions at a concentration of 100 mg/mL, there isa#l smrease in viscosity
between 0 and 0.1 NaCl2NapFF molar ratiod.his however is much more pronounced at
1:1 NaCl;2NapFF where there is approximately an increase in viscosity which spans two
orders of magnitudeSinceNaCl can be used to trigger 2pfF gelatior? the increase in
viscosity with al:1 molar ratio could be due to the beginning of ctodss forming between
the wormlike micelles. This would signify the beginning of a network formindich
would increase the viscosityncreasing the salt ratio again to 10:1 NaCl:2NapFF in 100
mg/mL 2NapFF solutions, there is a drop of an order of magnitude in viscosity compared to
the 1:1 NaCl:2NapFF sample. We suggest this is due to charge screening, or bietteause o
breakdown of the gel by stirring which would have been formed if left undisturbed. Overall,
the viscosity changes caused by the addition of salt are more obvious when the concentratio
of 2NapFF is increasetlVe attribute this increase in viscosityourring atower salt ratios
as the 2NapFEoncentration increases becatlse system is more concentrated, amplifying

any changes.

At salt ratios ofl:1 NaCl:2NapFF or 10:1 NaCl.:2ipFF, we also observe changes
in visible appearanc@-igure 2.10 and inPOM images (Figure 2.11At these increased
salt ratios, samplesre more turbid. Examining using POM)ions ®ntaining a 10:1 salt
to 2NapFFmolar ratioare saurbidthat theycannot be imaged effectively in this way. All
POM images, except the 10NaCl:2NapFF molar ratio at concentrations of 40 and 100

mg/mL, show interaction with the crepslarised light.
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Figure 29. Viscosity data for 2NapFF solutions at pH 10.5 at concentrations of (a) 10
mg/mL; (b) 40 mg/mL; (c) 100 mg/mL with added NaImolar ratios: 0:1 NaCl:2NapFF

(red); 0.001:1 NaCl:2NapFF (orange); 0.01:1 NaCl:2NapFF (yellow); 0.1:1 NaCl:2NapFF
(green); 1:1 NaCl:2NapFmblue); 10:1 NaCl:2NapFF (purple).

Figure 2.10. Photographsfosolutionscontainingadded NaCl a2NapFFconcentrationsf
(a) 10 mg/mL; (b) 40ng/mL; (c) 100 mg/mL. Fom left to right contain no NaCl; 0.001:1

NaCl:2NapFF; 0.01:1 NaCl:2NapFF; 0.1:1 NaCl:2NapFF; 1:1 NaCl:2NapFF; 10:1
NaCl:2NapFF. Scale bars represent 3 cm.
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Figure 2.11. POMimages for 2NapFF solutions @ncentratios of (a) 10 mg/mL, (b) 40
mg/mL; (c) 100 mg/mLwith (i) no NaCj (ii) 0.001:1 NaCl:2NapFF (iii) 0.01:1
NaCl:2NapFF (iv) 0.1:1 NaCl:2NapFf(v) 1:1 NaCl:2NapFF (vi) 10:1 NaCl:2NapFF

Scale bars represeb®0pum.
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224Sampl e Stability

We have previously shown that the viscosity of 2NapFF solutions at concentrations
of 10 mg/mL or lower sbw shear thinning behaviofft.To test for any saple artefacts
when examining 2NapFF solutions at higher concentratiases checlkd for any time
dependency and instability withour 40 mg/mL2NapFFsample setting the rheometer to
hold constant shear rate vakief 1, 5, 10, 50, 100, 500 and 1000fer 10 minutes before
moving to the nextalue(Figure 2.12). Weseethat compared to our original viscosity data
(Figure 2.1D, red),there is no considerable change in viscosityen the shear rate is held
for 10 minutes. This suggests thay features showmare not simply due to a time

dependence or instability.
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Figure 2.12. Viscosity time sweep for 2NapFF solutions at a corredioin of 40 mg/mL

and pH 10.5stirred for 2 days before measurement. (a) Full viscosity data collected when
shear rate was held constant for 10 minutes at 1, 5, 10, 50, 100, 500 and. 1bpOrsginal
viscosity run of 2NapFF at pH 10.5 (red) at aaantration of 40 mg/mL and viscosity data,

taken from (a), when holding the shear rate constant (black), to compare.

Additionally, we preshearedur 2NapFF solutioné\s described previous|yvorm:
like micelles break and reform when sheaaplied!® Hence, to check for instability,
sample memory and history, we d¢be rhe@meter to preshear our samples. Here, wedise
the samesolution to perform two consecutive viscosity sweeps at each investigated
concentration. From our data Figure 2.13 solutions at a concentration of 100 mg/mL

2NapFFshowa small decrease in visctscaused by prshearingAgain, we suggest that
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changes are visible at this 2NapFF concentration because the solutions are very concentrate

which amplifies any changes in the viscosity data.
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Figure 2.13. Viscosity data for 2NapFF solutions at pbl3 at a concentration of 10 mg/mL
(red); 40 mg/mL (blue); 100 mg/mL (black) whibave been prsheared usingrneometer.

Filled circles represent the first viscosity measurement and empty circles represent the
second viscosity measurement of the samegpba The geometry was not lifted between the
first and second viscosity measurements and samples were left to sit for two minutes

undisturbed between measurements.

23Concl usions and Future Work

In this Chapter, we aim to find a sample preparation metboddlutions of the
LMWG, 2NapFF, which is known to form worfike micelles.Although many LMWG
hydrogels are formed from pnersor solutions, there is usually not the same attention given
to theprecursor solutions as the gelBhis is surprising, as there are examples of similar
structures, including sheahain peptides and PAs, which are known to-asfemble into
nanostructures in the solution phase. There are also numerous reports studying the effects
various propertiegsuch as pH and addition of salt) on micellar structures, however there is

little crossover between this and LMWG precursor solutions.

We have shown many different factors affect our solutions, including stirring methods,
pH and addition of NaCl. Wehsw here that the micelles present in these 2NapFF solutions

are Alivingd with the constant making an
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stirring methods are altered. Higher shear rates affect the micelles more compared to lowe
shear rate. Here, we suggest that by removing shear, micelles are allowed the chance tc
reform and the viscosity increases. To confirm this is the case SABS& or rheeSAXS

could be utilised. These techniques allow scattering to be measured simultaneously
alongsde rheology so that changes in structure which arise due to shear can be monitorec
We have also showed that we are able to check the stability of our samples by applying sheze
for an extended period of time using a rheometer and monitoring the vistasigyy
changes with time. Factors such as changing the pH of the solutions and adding NaCl durin
the sample preparation stage can also affect viscosity, POM images appéazancef

the sample by eye. It is therefore important to keep a detailediatcabthe preparation

method and to keep the method as consistent as possible.

We have shown that although 2NapFF is a LMWG, it is acting here as a surfactant.
Over a range of 2NapFF concentrations studied, many factors affect the viscosity of the
solutions. The concentrations of 2NapFF solutions chosen for examination in this Chapter
were based on the maximum concentration already examined by our group, the maximun
concentration we were able to form a homogenous solution with during this work, and an
intermediate concentration. It was found that each concentration behaved differently during
the sample preparation process depending on the factor being investigated. We hypothesis
that solutions at the highest LMWG concentration studied, 100 mg/mL, shawgethmore

obviously than the more dilute solutions due to the amount of LMWG present.
In future work, Chapter 3, we use our findings here to prepare solutions of 2NapFF in

a consistent way in order to investigate the structures and packing of 2NapEftpnethe

solutions.

24Experi ment al

241Synt hesi s of L MWG

Synthesis of the LMWG used in this chapt@NapFF, can béound in Chapter 6
Section 1
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2422 NapFF SPrleuptaroant i ons

To produce a solution of 2NapREconcentrations of 10, 40 and 100 mg/ragures
a predetermined massslid 2NapFF, 1 molar equivalent sbdium hydroxidevith respect
to 2NapFF and deionisaubter to make up the final volun®éBased on calculations to have
a 1:1 molarratio of 2NapFF tchydroxide, solutions of concentratio® And 40mg/mL
required0.1 M sodium hydroxide, whereas 2NapFF at a concentration of 100 mg/mL
required 1 M sodium hydroxidé/ater was always added to the solid 2NapFF first, followed
by the addibn of NaOH.All solutions were formed at room temperat(mermally between
22 and 25 °C)rurther preparation conditions were altered as described in the rest of Section

2.4.2depending on the factors under investigation.

Preparation of Solutions to Examine Stirring Effects and Aging 17 mL of
solution of 2NapFF at a concentration of 40 mg/mL and 9 mL of 2NapFF solutions prepared
at concentrations of 10 and 100 mg/mL were prepared ysedeterminedjuantitiesas
describedn Section2.4.2 Solutions were made in 50 mL Falcon tubes, stirred with the same
(25 x 8 mm) stirrer bars, and wrapped in Parafilm. Three different stirring methods were
used on each sample over a seday period to establishsample preparation history could
affect thesamples. Solutiongere either stirred continuously at 400 rpm for seven days;
stirred at 1000 rpm for seven days; or stirred overnight at 400 rpm and then left to stand
undisturbed for the remaining sdaysof the severday period. Viscosity measurements
were performed every day for seven days, with day 1 representing the day following the
creation of the samplesny used sample was discarded after viscosity measureiitast.
pH was adjustedvery dayto 10.5+ 0.1 using).1, 1 M and 2MNaOH; or 1 M and 2 M HCI
as required for each solutionhis did not affect the overall concentration of the solutions as

no more than 3 pL of base was added each day.

Preparation of Solutions to Examine Container Size For 2NapFF solutions
prepared at a concentration of 40 mg/mL, solutions were also examined over @a&gven
period butpreparedn 7 mL Sterilin vials instead of 50 mL Falcon tubes to establish if the
containers used to prepare samples could also affect sanmththerefore sample viscosity.
Sevenlots of 3 mL 2NapFF samples at a concentration of 40 mg/mL prepared using the

predetermineduantitiesas describeth Section2.4.2 Solutions were made in 7 mL Sterilin
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vials, stirred with the same (13 x 3 mm) stirrer bars, and wrapped in Parafilm. Samples were
then stirred at 1000 rpm for seven days. Viscosity measutemene performed every day

for seven days, with day 1 representing the day following the creation of the safmyles.
used sample was discarded after viscosity measurefenpH was adjusted daily to 10.5

+ 0.1 usingd.1 M, 1 M and2M NaOH; or 1 M and 21 HCI as required for each solution.

Preparation of Solutionsf o r ARecover y éor ANapkle solutoesn t s
prepared at a concentration of 40 mg/mL, additional stirring effects samples were treated
denoted as fire& 5 mleof gNap-bsq@utian iatmeecoricentration of 40
mg/mL were prepared using tlpeedeterminedjuantitiesas describedn Section2.4.2
Solutions were made in 50 mL Falcon tubeisrest with the same (25 x 8 mm) stirrer bars,
and wrapped in Parafilm. Two different stirring methods were used on each sample over &
sevenday period This wasto establish if any sample preparation history could affect the
data collected. Samples weréheir stirred at 400 rp or 1000 rpm for thredays, and then
both left to stand undisturbed for the remaining fdaysof the severday period. Viscosity
measurements were performed every day for seven days, with day 1 representing the da
following the aeation of the sample®Any used sample was discarded after viscosity
measuremenihe pH was adjusted daily to 1G:®.1 usingd.1 M,1 M and2M NaOH; or

1 M and 2 M HCI as required for each solution.

Preparation of Solutions for Additional i Recover yo .EAxspcerdi me
A r e c @xperimgnb using 2NapFF at a concentration of 40 mg/mL wedormed with
the aim to establish the effects of combined stirring and resting on viscosity. Four fts of
mL of 2NapFF solution at a concentration ¢f0 mg/mL were prepared using the
predetermineduantitiesas describeth Section2.4.2 Solutions were made in 50 mL Falcon
tubes, stirred with the same (25 x 8 jnstirrer bars, and wrapped in Parafilm. Solutions
were either stirred at 400 rpm for one day; stirred at 400 rpm for seven days; stirred at 100(
rpm for 1 day; or stirred at 1000 rpm for seven days. After these initial different stir periods,
viscosity wa measured. Solutions were then left undisturbed for a s#aserperiod.
Viscosity measurements were then taken after this sdagmest periodAny used sample
was discarded after viscosity measuremé&he pH was adjusted to pH 1Qt50.1 using
0.1M, 1M and2M NaOH; or 1 M and 2 M HCI as required for each solution before each

viscosity measurement was performed.

55



Chapter 2Examining the Reproducibility of Low Molecular Weight Gelator Precursor Solutions

Preparation of Solutionsto Examine pH Effects 3 mL of 2NapFF solutions at
concentrations of 10, 40 and 100 mg/mL were prepared usinyddeterminedquantities
as describeth Section2.4.2 Solutions were made in Sterilin vials, wrapped in Parafilm,
and left to stir for 3 days at 1000 rpm using 13x3 stimer bars. After three days$ stirring,
the pH was adjusted to 9.0, 9.5, 10.0, 10.5, 11.0, 11.5 ort12 D using0.1 M, 1 M and
2M NaOH; or 1 M and 2 M HCI as required.

Preparation of Solutionsto Examine Effects of Adding NaCl The volumes and
concentrations of NaOH and NacCl solutions were calculated such that the molar ratio of
NaOH:2NapFF was 0.8:1 and molar ratio of NaCl:2NapFF varied between-T00D1
Solutions containing no added NaCl were also prepared. The adding ajlmempwas kept
consistent withsolid 2NapFF first being weighed in@ 7 mL Sterilin vial followed by
water, NaCl solution (if applicable) and finally NaOH tivey a total volume of 3 mL.
Solutions were wrapped in Parafilm and stirred overnight at 10®0using 13x3 mm stirrer
bars.The pH was adjusted to 10£50.1 using0.1 M, 1 M and 2MNaOH as requiredlhe
pH of the solutions was adjusted using NaOH only to avoid altering the ratio of
NaCl:2NapFFwhich would be altered in HCI was also used

Preparation of Solutionsfor Viscosity Time Sweep3 x 4 mL of 2NapFF solution
at a concentration of 40 mg/mL were prepared usingptiegleterminedjuantitiesas
describedn Section2.4.2 Solutions were made in Sterilin vials, wrapped in Parafilm, and
left to stir for 2 days at 400 rpm using 13x3 mm stirrer bans.dH was adjusted to pH 10.5
+ 0.1 using0.1 M,1 M and2M NaOH; or 1 M and 2 M HCI as requide

243 1 nstruments and Met hodol ogi es

Rheology- Viscosity. Viscosity measurements were carried out using an Anton Paar
PhysicaMCR101 rheometer. Measurements were performed using a 50 mm cone geometry
(CP50) with gap distance between the geometry and the plate set to 0.101 mm anc
temperature set to 25 °@To minimise shearing which could be induced by pipettitig, a
samples werpoured onto theheometeplate Fresh solution was used for all runs, unless
otherwise stated. All viscosity measurements waeeformedin duplicate, and values

averaged. Error bars represent the standard deviation between the replicates.
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Rheology- Viscosity Time Sweepln addition to regular viscosity measurertgen
(as described previously in this Secdiadditional viscosity measurements were performed
using a CP50 geometry and 0.101 mm gap at 25 °C. For these additional viscosity
measurements, théear rate was held constant for 10 minutes at 1, 5, 10, 50, 100, 500 and

1000 <! before moving to the next shear rate to look for instability within the sample.

Rheology- Pre-shear of Solutions using a Rheometein addition to regular viscosity
measuements (as described previously in this Secfiadditional viscosity measurements
were performed using a CP50 geometry and 0.101 mm gap at 25 °C. Two identical viscosity
measurements were performed immediately one after the other on a single solutitve with
geometry remaining in the measuring position between the first and second viscosity
measurements. Samples were left to sit under the CP50 geometry for about two minute:

undisturbed between measurements.

pH Measurements A calibrated FC2020 Hanna pHagbe was used to measure the pH
of all solutions. The accuracy of the measurements stated by the supplieris £ 0.1. The prob
was calibrated with pH 4, 7 and 10ffers with an adlitional buffer at pH 12.45sed when
measuring the pH above pH 11. Measurataewvere carried out at room temperature

(normally between 22 and 25 °C).

POM. POM images were collected using a Nikon Eclipse LV100 microscope at 5x
magnification. Solutions were transferred to a microscope slide by a cut plastic Pasteur
pipette for imging. The plastic Pasteur pipette was cut to widen the pipette to try and reduce

any shearing. Scale bars were added to images using the software ImageJ.
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Chapter3: Transferring Molecular Level Changes to Bulk Properties of Low Molecular Weight Gelators

This Chapter is adapted from the following publication:

ATransferring molecular level changes to bulk properties via tunableassimbly and

hierarchical orderingy

L. Thomson, D. McDowall, L.J. Marshall, O. Marshall, H. Ng, W.J.A. Homer, E.
Theodosiou, P.D. Topham, L.C. Serpell, R.J. Poole, A. SeddldnAdams, submitted

LT was responsible for the synthesis of the gelator molecule used. AS was responsible fol
the collecton and analysis of all smadingle Xray scattering data. LT was responsible for

all other methodology, collection of data and analysis, with contributions from DM and OM
highlighted when discussed in the text of this Chapter. HN contributed the sofsearéu

data analysis. AS and DJA conceptualised and supervised the project. LT, AS and DJA wrote
the initial draft of the manuscript, to which all authors contributed for the final publication.
All other authors listed above contributed to the papeGhapter is adapted from, but their

work is not shown in this Chapter.
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31. Il ntroducti on

Functionalised gieptides are interesting molecules that can be used to form useful
and excitingmaterialst-3 Many LMWGs ae functionalised peptidé$, capable of forming
hydrogels via sethssembly. These hydrogels are formed from precursor solutions of
LMWGs made by first suspending the LMWG in water at high®pHwWe discuss the
structures, such as worlike micelles, found in these precursor solutions in Chapter 2.
Additionally in Chapter 2, we focus on the wotike micelles formed by the LMWG
2NapFF in detail, alongside the factors such as shear dependeramdaioth of salt during
the solution preparation stage in order

micellar solutions as reproducible as possible.

For amphiphilic molecules such as 2NapFF at high pH, the carboxylate form of the
LMWG existsand our group has shown that waelike micelles form at concentrations of
5-10 mg/mL 2NapFPF.We commonly examine LMWG solutions and gels around these low
concentrations values, since gels are easily formhétese concentratiof$! Increasing the
concentration of amphiphilic molecules in water to a sufficiently high concentration,
however, an result in interactions between the anisotropic structures, leading to the

structures packing together into a more ordered mesophtise.

Liquid crystals represent the intermediate state between the conventional states of

liquid and solidt>1” Applications of liquid crystals include displays (for example, computers

or watches}* 6thermometes,'® and drug delivery systns!é 19 Different phases of liquid
crystals existdepending o the arrangements of the anisotropic molecw@ad can be
accessed by varying temperature (thermotrégiad crystal$ or concentration (lyotropic
liquid crystal3.16: 17. 20]n liquid crystal systems, the solvent is responsible for the liquid
crystal fluidity and the amphiphilic molecules provide the structure and elastic properties.

20 Most of the mathematics and theory behind liquid crystals stands true for both

thermotropic and lyotropic liquid crystals.

To form lyotropic liquid crystals, the concentration of the amphiphile in water is
increased. Above a certain amptile concentration, the micelles repel each other and the

free energy required to force the micelles together is more than the free energy required t
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form a different phas¥.Factors which influence the formation of lyotropic liquid crystals
include the contact betwedime hydrophobic section of the amphiphile and water, the size
of the repulsion forces between head groups, steric effects, and charge present on othe

nearby molecule!

Examples of liquid phases include nematic, lamellar, cubic and hexdgdndf: 20
A selection of examples of liquid crystal phases are shown in Figuredids kaveboth
postional and orientationalrder; iquids have neither positional nor orientational order.
If molecules have orientational order, but no positional order they are said to be in the
nematic phasé&: 17 Orientational order means the molecules have a preferred diregfion (
the liquid crystal directQr'é 17 The smect liquid crystal phases also exhibit orientational
order, but now we additionally have patrtial positional ofd&mectic structures are layered
and parallel to each other but not spaced regularly within the layassthis irregular
spacing of molecules which allowse material to still flowt> Different smectic phaseist
and use Friedel indices (e.g. A, B, C) to differentiate between $hEor.examplesmectic
A (SmA) is layered with all molecules essentialpointing in the same direction,
perpendicular to the formed layerndowever, inthe smectic C(SmC) phase, althagh
layered similarly to S, &is no longer perpendicular to the layers as the molecules become
tilted.16. 17. 21. 22Dye to their orientational order, liquid crystals respond to external stimuli

such as magnetic and electric fields, amelas?’
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A [SLELE SN i

Liquid | |[X.= RN L R VAN A s 1 Solid

Smectic A Smectic C

Liquid Crystal Phases

Figure 31. Exemplar liquid crystal phases, with liquid and solid phases shown for

comparisonérepresents the liquid crystal director and is shown in red.

Using polarised optical microscopy (POM), itis possible to obsgifferent textures
which can beused to identify theélifferent liquid crystal phasesvith defects(which occur
naturally in liquid crystalsresponsible for theeidentifying textures!® ®. 22 The types of
textures observed can vary based on thermal and phase history of aZdmplematic
liquid crystal phases, there are two types of defects respofwmilsleating different patterns
under crosgolarised light; these are point and line defé&fsor a nematic liquid crystal
phase placed between two microscope slides, the molecules can orientate paralle
(homogenous) or perpendicular (homeotropic) to the stidésaligned homogeneously a
schlieren defect texture can be observdus is indicative of nematic liquid crystals.
However, if homeotropic alignment occurs, dark sections will appear because of the sudden
but continuous, change in molecule orientati@ther distinct textures are also known to
identify other liquid crystal phasé%.23. 24Different colours can be observed due to sample

thickness and birefringencéé 2>
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To design useful materials from solutions containing micellar aggregates or liquid
crystal phases, we need to understand and control the structures present. This must
considered across various length scales; taking into account the individual structures, the
packing of these structures and how this affects the bulk properties of the solutions. As
discussed in Chapter 1, rationally designing LMWGs with properties foreaifgp
application is a challenge, and commonly new LMWGs are designed in order to achieve

desired properties.

With this approach in mind, in this Chapter we demonstrate that a single LMWG
(acting here as a surfactant) can be used to create a hierasgifrafsembled structures
that can be understood using the theories applied to liquid crystals. This allows us to prepart
materials with hierarchical order, controlled across multiple length scales. We show that the
molecular packing of a single buildifgock can be tuned by carefully altering selected
parameters, which results in materials with different bulk properties, reducing the need to

design a new LMWG from scratch.

32 Results and Discussion

This Chapter follows on from Chapter 2 where we descalrobust preparation
method for solutions of the dipeptidbased LMWG, 2NapFF, at concentrations up to and
including 100 mg/mL. Our group has previously reported that at low concentrations, changes
in structure from free molecules to spherical aggregatesormlike micelles occur as
LMWG concentration is increas@ddur group has also shown that for this LMWG, again
at low concentrations, different selfsembled structures form in solution when differen
counterions are used to-geotonate the LMWG to form the solutioffdn this Chapter, we
examine the structures formed by 2NapFF with two different counterions (NaOH and
TBAOH, denoted as 2NapHRa and 2NapFHBA respectively) at various LMWG
concentrations to examine changes in structure, and the resulting propethese sel

assembled solutions.

Initially, there are obvious differences between dispersions of 2NapFF prepared at
high pH with NaOH and TBAOH. First, it is possible to form solutions of concentrations up
to 100 mg/mL of 2NapFF with NaOH. This is rinie of 2NapFFTBA which does not form
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homogeneous solutions after overnight stirring at 100 mg/mL. Therefore, a concentration
series discussed in this Chapter for 2NapeFranges from-300 mg/mL, but for 2NapFF

TBA only ranges from &5 mg/mL. Another ery obvious difference between the solutions
made with the different counterions is the viscosity. Visibly, 2NapBR produces
solutions which are visibly much more viscous than 2NaNB&F Figure 3.2. At a
concentration of 10 mg/mL 2NapFF (Figure 3.2&)apFFTBA is stable enough to self
support for approximately 1 minute. This is not true of 2NapleFat the same LMWG
concentration which is unstable to inversion. This is similar for 2Ndp&Fat a
concentration of 75 mg/mL which cannot sslipport, but2NapFFTBA at the same
concentration is stable to inversion (Figure 3.2b). The rheology of these samples (to confirm

the presence of gels or viscous liquids) is discussed later in this Chapter.

Figure 3.2. Photographs of 2NapHNa (left) and 2NapFFTBA (right) at LMWG

concentrations of ()0 mg/mL andl§) 75 mg/mL. $ale bas represernt cm

To quantify the differences in viscosity and to give an indication as to where
potential structural or packirahanges occur, we use rheological measurements. Previously
in polymer systems, plotting viscosity versus concentration showed where changes in
structure occur by studying the positions of maxima and miAind&A new phase occurs
when the structass repel each other and the energy required to force the micelles together
is more than the energy required to form a different pHa®ée show our viscosity vs
concentration plots for 2NapFFBA and 2NapFMNa, alongside full viscosity data, in
Figure 3.3. Examining 2N&p~TBA, Figure 3.3a, we see that as the concentration of
2NapFF is increased, the viscosity also increases, with no maxima in the data. This contrast

with 2NapFFNa (Figure 3.3b) where maxima and minima appear in the viscosity data when
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plotted against amcentration. Minima in the viscosity vs concentration data occur at 15
mg/mL, 50 mg/mL and 75 mg/mL 2Napf¥a, suggesting that these concentrations could
be the concentrations at which a new phase exists. Overall, we show 2INBpHE more
viscous than 2BpFFNa with 10 mg/mL 2NapRHBA showing a similar viscosity at I's

to 2NapFFNa at 100 mg/mL.
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Figure 3.3. Viscosity data for 2NapFRNa and 2NapFH BA. Summary ofa) 2NapFFTBA

and (b)2NapFFNa viscositywith increasing concentratidaken at 1-$. Full viscosity data

for (c) 2NapFFTBA and (d) 2NapFFNa at concentrations of 5 (red); 10 (orange); 15
(yellow); 20 (light green); 25 (dark green); 30 (light blue); 35 (dark blue); 40 (purple); 45
(pink); 50 (light grey); 60 (dark grey); 75 (brown); 1@®ack) mg/mL of2NapFF

Examining the viscosity data in full (Figure 3.3c and Figure 3.3d), we see different
behaviours depending on which counterion is used. For 2N&pR; Figure 3.3c, all the

data are shear thinning at each concentration of 2NapfeFhave shown this before and

suggestt is due tathe presence of worilike micelles?6 We only plot in full 2NapFFTBA
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concentrations up to and including 30 mg/mL. At higher 2NapBR concentrations, it

was possible to see the sample get pulled from under the rheometer geometry and contint
to rotate with solution bag pulled onto the top of the geometry. This makes the data invalid
and so only the first data point is considered since we know for sure no solution is on the tor
of the geometry at this point. One possible reason for this observation could be due to the
Weissenberg effe@. Solutions of worrdike micelles can align when exposed teah A
restoring force occurs which is greater than the force used to induce flow. Therefore, there
is a buildup of perpendicular forces and the fluid appears to climb. This resulting
perpendicular force could explain why the fluid was sucked from urderheometer
geometry, if we consider the geometry as a rotating rod. The full viscosity of 2NNgFF
Figure 3.3d, however, shows more complex behaviour than just the shear thinning we see
with 2NapFFTBA. For example, 2NapFRa at aconcentration of 15 mg/mL (Figure 3.3d,
yellow data) we seeinitially that the viscosity is shear independefoljowed by shear
thickening and then shear thinning. Although this behaviour has not been reported before ir
our group with our dipeptidbasedsystems, previous research reported using polymer
systems have shown similar plots with a combination of shear thickening and shear thinning

present in a single sampie3?

Using POM images, it is possible to observe different textures which can be used to
helpidentify different phases, including micellar and liduarystal phase’s: 16. 23Micellar
and cubic liquid crystal phases show no textures undsspolarised lighé*whereas other
liquid crystal phases show birefringence under polarised fghtwith alignment defects
(which occur naturally in liquid crystals) responsible for the identifying tex&3re©M
images for both 2NapFRa and 2NapFHBA at all LMWG concentrations are shown in
Figure 3.4 All concentrations of 2NapFF with both counterions, with the exception of
2NapFFTBA at 5 mg/mL, exhibit interaction with the cregslarised light vaich suggest
anisotropic structures are present. Since 5 mg/mL 2NdjA appears dark under
polarised light it suggests no direction preferetx@&ome bubbles (dark circles) can be seen
in some of the 2NapFFBA samples at higher concentration. These bubbles occur due to

the stirring of the viscous samples, but do not affect the POM images overall.
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Figure 3.4. POM images for (a) 2NapHRa and b) 2NapFFTBA (concentrations shown
asaninset in topleft of each image Scale bars represent 500 um.
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To confirm what structures and packing are present at each concentration of 2NapFF
and for each counterion series, we turn to simadjle Xray sattering (SAXS). All SAXS
samples were prepared by Lisa Thomson (University of Glasgow) and all SAXS data were
collected, processed and analysed by Annela Seddon (University of Bristol). From the 2D
SAXS data, it is possible to see alignment in the 2Nag&series where thaignmentis
parallel to the long axis of the capillary in which they are meagiiigdre 3.5. This occurs
at 2NapFFNa concentrationsf 15 mg/mL andyreaterThe 2D SAXS pattern®r 2NapFF
TBA, however, show very little orderingi@ftire 3.6.
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Figure 35. 2D SAXS patterns fo2ENapFFNa at concentrations o) 10 mgmL; (b) 15
mg/mL; (c) 20mg/mL; (d) 25 mdmL; (e) 30 mgmL; (f) 35 mgmL; (g) 40 mgmL; (h) 45
mg/mL; (i) 50 mg/mL; (j) 60 mgdmL; (k) 75 mgmL; (I) 100 mgmL.
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Figure 3.6. 2D SAXS patterns fo2NapFFTBA at concentrations ofa) 10 mgmL; (b) 15
mg/mL; (c) 20mg/mL; (d) 25 mdmL,; (e) 30 mgmL; (f) 35 mgmL; (g) 40 mgmL; (h) 45
mg/mL; (i) 50 mg/mL; (j) 60 mgmL; (k) 75 mgmL.

The 1D SAXS data for the 2NapFNa seriescan be fitted to a flexible cylinder
model with a radius of approximatel.2 nm which is similar across all 2NapH¥a
concentrations (Table 3.1Jhe exceptions to this ast 2NapFFNa concentrations of 60
mg/mL and greater. Here, the flexibilig/lost with the preferred model for fitting now being
a rigid cylindemodel This change corresponds with a change in POM images where more
colours are observe@he structures are actually hollow tubes which can be demonstrated
by small angle neutrortattering?” however, using SAXS, the contrast from the holl@msec
cannot be detected andfsiding to a flexible cyinderor rigid cylinderis most appropriate.

The length of the cylinders is outsitlaat of the Q range of this technique (greater than 100
nm) and so cannot be fittethe scale parameter obtained during fitting indicates the volume
fraction of scatteringnaterialin the samplé® For 2NapFFNa, we show that this value
increases with increasing 2NapR& concentration, suggesting there are a greater number
of cylinders formedas the concentration of 2NapiNa is increased
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Table 31. SAXS best fit parameters for 2NapiNa.

Concentration | 100 75 60 50 45 40
mg/mL mg/mL mg/mL mg/mL mg/mL mg/mL
Model Cylinder | Cylinder | Cylinder | Flexible | Flexible | Flexible
cylinder | cylinder | cylinder
Background | 0.0008 + | 0.0034 + | 0.015+ | 0.0063 + | 0.0097 + | 0.0118 +
(cnm?) 0.0001 0.0002 0.0002 0.0002 | 0.0002 |0.0002
Scale 0.006 £ |0.005+ |0.005+ |0.004+ |0.004+ |0.004+
2.6x10° |5.8x10° |3.0x10° | 7.2x10° | 7.5x10° | 6.4x10°
Length(A) >1000 >1000 >1000 >1000 >1000 >1000
Kuhn Length | NA NA 53+2 66 +4 705 130+ 16
(A)
Radius(A) 42.7 + 42.7 + 42.7 + 43.1+ 43.1+ 42.8 +
0.04 0.04 0.05 0.05 0.06 0.07
G 13.65 8.17 5.91 11.79 10.81 6.18
Concentration | 35 30 25 20 15 10
mg/mL mg/mL mg/mL mg/mL mg/mL mg/mL
Model Flexible | Flexible | Flexible | Flexible | Flexible | Flexible
cylinder | cylinder |cylinder | cylinder |cylinder | cylinder
Background | 0.0103 + | 0.0036 + | 0.0040 + | 0.0026 + | 0.0024 + | 0.0084 +
(cnm? 0.0002 0.0001 0.0001 0.0001 |0.0001 |0.0001
Scale 0.003+ |0.003+ |0.002+ |0.001+ |0.001+ |0.001%
5.1x10° | 4.5x10° | 1.52x10° | 3.2x10° | 4.5x10°% | 3.2x106
Length(A) >1000 >1000 >1000 144 +23 | 250+ 3 | >1000
Kuhn Length | 97.7 + 53.9 + 209.3+ |3829+ [196+ 760.5 £
(A) 11.8 0.6 155.5 18.6 5.6572 | 121.1
Radius(A) 42.7 + 42.2 + 41.0 + 418 + 41.2 + 435+
0.07 0.07 0.09 0.09 0.1 0.1
G? 6.92 4.15 16.76 12.85 5.45 2.15
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Collecting a similar SAXS data series for 2NapHBA, the data can again be fitted
to a flexible cylinder model with a radius of approximately 1.5(fiable 3.2) Similar to
2NapFFNa, this value remains similar for all concentrations of 2NapBA. It is not
possibleto fit the Kuhn length aNapFFTBA at concentrations above 3thg/mL,
indicating that the samp@renow behaving as rigid cylindershis change at 30 mg/mL is
consistent with changes in our viscosity data at the same concentration, at which we sav
solutions being pulled from under the rhedemegeometry during rotation at this
concentration and above. For 2NapHBA, and unlike 2NapFNa, the scaling parameter
does not increase drastically with increasing 2NapFF concentration. This shows that the
addition of more 2NapFF molecules to the systoes not simply result in more cylinders
in solution, but rather adds length to the existing cylind€hss increase in length can
encourage the formation of branched micelles. Branched micelles form whenetgy
required to form a micellar end capdreater than the energy for branch formation and so
instead of breaking intothershorter micellesmicellestend to fuse and form junctiof%
Scattering alone cannot confirm this and requires the complementary technique of
cryogenictransmission electron microsgofcryo-TEM).4% Cryo-TEM, however, idimited

to dilute solutions and is difficult to use examine high viscositgoluions!
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Table 32. SAXS best fit parameters for 2NapHBA.

Concentration | 75 60 50 45 40 35
mg/mL mg/mL mg/mL mg/mL mg/mL mg/mL
Model Cylinder | Flexible | Cylinder | Cylinder | Cylinder | Flexible
Cylinder Cylinder
Background | 0.02+ 0.001+ 0.01+ 0.01+ 0.002+ 0.002+
(cnm?) 0.0002 7.3 x 16 | 0.0002 0.0003 8.8x10° | 5.5x10°
Scale 0.02+ 0.06 + 0.007 0.01+ 0.01 + 0.002 +
0.0008 0.0003 (fixed) 0.0009 0.0005 0.0002
Length(A) >1000 >1000 >1000 >1000 >1000 >1000
Kuhn Length| NA 4+0.1 NA NA NA >1000
(A)
Radius(A) 15.3+0.2 | 16.7 £0.2| 16.0£ 0.2 | 13.6+0.3 | 16.6£ 0.3 | 14.6 £ 0.3
G? 2.50 1.85 34.6 2.73 1.84 2.17
Concentration | 30 25 20 15 10
mg/mL mg/mL mg/mL mg/mL mg/mL
Model Flexible | Flexible | Flexible | Flexible | Flexible
Cylinder | Cylinder | Cylinder | Cylinder | Cylinder
Background | 0.002+ 0.002+ 0.002+ 0.001+ 0.0009+
(cn?) 0.0002 7.0x10° | 4.4x10° | 2.5x10° |2.8x10°
Scale 0.01 + 0.01 + 0.009+ |0.005+ |0.005+
0.0004 0.0003 0.0004 0.0003 0.0003
Length(A) >1000 >1000 >1000 316+ 123 [ 197 £ 11
Kuhn Length| 38 +£7 54 +2 70+4 110413 |112+11
(A)
Radius(A) 13.8+0.4|159+0.3/143+£0.3|153+0.3|14.1+£04
G? 2.79 2.37 2.40 2.41 2.33
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A peakin the 1D SAXS patterns of 2Napfa appears at concentrations of 20
mg/mL and greater (Figure 3.7This is the structurefactor peak (®) and represents
interactions between particles in a densely packed sy$té#ithis suggests an isotropic to
nematic transition at 20 mg/mL 2NapiNa occurs due to the appearance dfapd the
alignment seenin the 2D SAXS patter@kassic liquid crystal behaww of smallmolecules
requires that the moletas (or particles) be anisotrogic form a liquid crystal phasand
these molecules are often rigfdWe treat eaclof our 2NapFFcylinders as a cylindrical
particle, so that anisotropy is present. Until a concentratiogreater than 60 mg/mL
2NapFFNa our cylinders are flexible but still form a nematic ph&ghilst the onset of the
Q* peak can be linked to the ordering of the cylinders in 2N&g&Fthe situation is
different for 2NapFFTBA. For 2NapFFTBA, Q* peals start to appear at a slightower
concentration of 15 mg/mL (Figure 3.8) bappears in sample concentrations where no
alignment is observed the 2D scattering patterribhis shows that the cylinders in 2NapFF
TBA are interacting at lower concentration but are unable to aliheimanner seen for the
2NapFFNa analogueThis data confirms observations seen in our POM images. The
patterns observed with 2NapiNa suggested alignment and the present of the nematic
liquid crystal phase. However, the lack of distinct pattern inrttegyes of 2NapFHBA is

missing which indicated no alignment or liquid crystal phases.
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Figure 3.7. 1D SAXS data for2NapFFNa at concentrations of) 10 mgmL; (b) 15
mg/mL; (c) 20mg/mL; (d) 25 mdmL; (e) 30 mgmL; (f) 35 mgmL; (g) 40 mgmL; (h) 45
mg/mL; (i) 50 mg/mL; (j) 60 mgmL; (k) 75 mgmL; (I) 200 mg/mL.Dataare shown in
black with fits shown in red.
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Figure 3.8. 1D SAXSdata for2NapFFTBA at concentrations ofaj 10 mgmL; (b) 15
mg/mL; (c) 20mg/mL; (d) 25 mdmL; (e) 30 mgmL; (f) 35 mgmL; (g) 40 mgmL; (h) 45
mg/mL; (i) 50mg/mL; (j) 60 mgmL; (k) 75 mgmL. Dataareshown in black with fits shown

in red.

Knowing now about the variations in structures and packing present in our solutions
with different counterions, wexamine how the properties of the solutions containing the
different structures respond to various stimglrst, we look at how our solutions respond
to a heatcool cycle. It is well reported that micelles can be affected by tempefattfiEhis
is also true of liquid crystals with changes in temperature able to unlock liquid crystal
phases® Our group has shown before that 2Nag¥fé at a concentration of 10 mg/mL
undergoes structural changes when subjected to abebtycle?* We find here that this is
also true at higher concentrations of 2NapFF. In this work, adoedtycle involves heating

samples in an oven set to 60 °C for one hour and then leaving to cool undisturbed at roon
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temperaure for two hours. This allows the sample ample time to return to room temperature

again after heating.

Initially, we study the effects of heabol on our structurassing SAXSA summary
of the fitting parameters obtained from the fitting of the 1DXSAdata before and after
heating for both counterions at 2NapFF concentrations of 10 mg/mL and 75 mg/mL are
shown in Table 3.3n all cases, the radii of the cylinders decreaf$er heatcool, and the
Kuhn length isalsoreduced This is extremely noti@ble in the highest concentration
sampleswhich now fit to a flexible cylindemodel instead of a rigid cylinder model
showing that the rigidity has been l@dter heaicool cycle The samples post heating also
show a reduced intensignd shiftedQ* (Figure 3.9) reflecting their reduced radilhe
orientation in the 2[5AXS patterrs is alsolost and the samples are now isotroptg(re
3.9.
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Table 3.3. SAXS best fit parametsrfor 2NapFFNa and 2NapFH BA before and after

heatcool (HC).

2NapFF-Na 10 mg/mL, 10 mg/mL, 75 mg/mL, 75 mg/mL,
Before HC After HC Before HC After HC
Model Flexible Flexible Cylinder Flexible
Cylinder Cylinder Cylinder
Backgroundcmr!) | 0.0084 + 0.013 £ 0.0002 0.0034 * 0.0084 £
0.0001 0.0002 0.0002
Scale(Cylinder) 0.001 + 0.001 + 0.005 + 0.0023 +
3.2x10° 5.3x106 5.8x10° 0.0008
Length (A) >1000 >1000 >1000 >1000
Kuhn Length (A) | 761 + 121 282 +5 NA 13+7
Radius (A) 43.5+0.1 340+0.1 42.7 £ 0.04 21.2+0.1
Scale (Power Law) NA NA NA NA
Power NA NA NA NA
G? 2.15 2.98 8.17 4.65
2NapFFTBA 10 mg/mL, 10 mg/mL, 75 mg/mL, 75 mg/mL,
Before HC After HC Before HC After HC
Model Flexible Cylinder + Cylinder Cylinder
Cylinder Power Law
Backgroundcnr?) | 0.0009 + 0.009 £ 0.001 | 0.02 £ 0.0002 | 0.008 =
2.8x10° 0.0007
Scale(Cylinder) 0.005 £ 0.0003 0.002+ 0.0003 | 0.02+ 0.0008 | 0.02+0.0002
Length (A) 197 +11 >1000 >1000 >1000
Kuhn Length (A) | 112 +11 NA NA NA
Radius (A) 141+0.4 14.1+ 0.2 15.3+0.2 16.8+ 0.2
Scale (Power Law) NA 1.3x108+ NA NA
5.4x10°
Power NA 4.0+ 0.09 NA NA
G? 2.33 1.59 2.50 1.96
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Figure 39. 1D SAXS data (and corresponding 2D SAXS data shown as insets) for 10
mg/mL 2NapFFNa (a) before heatool and (b) after heaool; 75 mg/mL 2NapFHNa (c)
before heatool and (d) after heatool; 10 mg/mL 2NapFH BA (e) before heatool and
(f) after heatcool; 75 mg/mL 2NapFHBA (g) before heatool and (h) after heatool.

Data are shown in black with fits shown in red.
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Using POM, we can also show the lossooentationthat is observed in th2D
scattering patterby heating. By locally heatingasples of 2NapFRNa and 2NapFABA
through a copper wire under a microscope, the POM images taken during heating show
lossin texture with the images becoming darker (Figure 34This agrees with the SAXS
data by also suggesting the samples are now isoti@pitcentration is important here as it
Is easier to see the changes in the POM images of 2NdpFénd 2NapFABA at 75
mg/mL compared to 10 mg/mL. 2NapHBA at 10 mg/nk. shows little difference between
the control (which is not heated) and the heated sample. This is different compared tc
2NapFFNa 10 mg/mL which shows differences in POM images after 30 minutes of heating
compared to the control. In comparison, 2NajN&at 75 mg/mL showed a gradual
darkening in the POM images, whilst 2NapFBA showed an almost instant change in

image texture which occurred at the same time the solution itself became cloudy.
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Figure 3.10. Heating of solutions dfa) 10 mg/mL2NapFFNa; (b) 75 mg/mL 2NapFNa;
(c) 10 mg/mL 2NapFHBA,; (d) 75 mg/mL 2NapFH BA using a copper wire, showing (i)
control with no heatingat 0 minutes; (ii) controlvith no heatingat 10 minutes; (iii) control
with no heatingat 20 minutes; (iv) contrakith noheating at 30 minutes; (vefore heating
with a copper wire; (vi) after heatingith a copper wire for 10 minutes; (vii) after heating
with a copper wire for 20 minutes; (viii) after heatimgth a copper wire for 30 minutes.

Scale bar represents 500 pm.
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The structural changes which are observed in the SAXS data during heating and
cooling are also observed in the bulk properties of 2Ndp&Rnd 2NapFABA. To show
this we study the full concentration series of 2NajfeFand 2NapFH BA using strain and
frequency sweepbefore and after heabol cycle. A summary of data collected from the
frequency sweeps for both series are shown in Figure 3.11, with full rheological data shown
in Chapter 6, Section 2: Supplementary Figuisfore heatool, 2NapFFNa sanples
e x hi bsimlart@0 wi t h t he e xNaatd@img/mL. Dhisis 2oNsester F
with the freeflowing solutions we observe before heabl as discussed previously. The
frequency sweeps collected show hichtalso Ga
correlates with a frelowing solution. Once a heaol cycle is performed, at 2Napffa
concentrations of 25 mg/ mL and greater,
independent behaviour now observed at concentrations of 50 mg/mL and. abev
conclude that between ZB mg/mL 2NapFMNa, these samples are viscoelastic liquids due
to their frequency dependent behaviour, but at concentrations of 50 mg/mL 2Nays+ie
greater these are viscoel ast i cmagnitutleiladger s i
than G¢&, and exhibits frequency independe

This, however, could be open to interpretation since gels are difficult to defthe.
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Figure 3.11. Summary of frequency sweep data colleced0 rad/s for (a) 2NapHNa and
(b) 2NapFFTBA measured at room temperatiefore heatool cycle(black) and at room
temperaturafterheatc o o | cycle (red). Ga is represe

circles.
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Before a heatool cycle, the 2NapFFBA samples are visibly much more viscous
compared to 2NapFRNa. Our rheological data also shothgs as without a heatool cycle,
Ga is great er -TBAaoncer®rations of 10 nyhh pnl Breater, Figure
3.11b. This is consistent with our previous observations which show that 2Nd&AF
samples are stable to inversion for at least one taifan 2NapFFTBA concentrations of
10 mg/mL and above. When 2NapFBA samples are subjected to a heaol cycle, the
samples behave similarly to 2NapRFa wher e both Ga and Gd
compared to before heabol. Again, the frequency sweps of 2NapFHBA at
concentrations of 30 mg/ mL and greater at
of magnitude | arger t han -GHBAafteoheatcao oll c(otnacr
0.2 for all concentrations of 2NapHBA after heatcool).

Interestingly, however, after a heztol cycle, the 2NapFFBA samples were less
stable to inversion than the 2NapN& samples. All 2NapFNa samples are significantly
more viscous after the heabol cycles; all can now be inverted without flowdan some
cases for at least 14 days (Figure 3.12). After only 1 day of inversion following-adwat
cycle, 2NapFFTBA fails vial inversion at concentrations of 30 mg/mL or less compared to
2NapFFNa which fails at only 10 mg/mL or less (Figure 3.13hisTemphasises the
importance of using rheology over the vial inversion method to confirm gelation, as although
some of the samples here can-selpport for a significant amount of time, the rheology does

not show the characteristics expected of a trlie ge

84



Chapter3: Transferring Molecular Level Changes to Bulk Properties of Low Molecular Weight Gelators

M’&:’k-’&ﬁgﬂ%’hm&*

5 100

©

i T"T(“lﬁ-ﬁ-ﬁﬁﬁ-
L L ;

E 2 & 3

Figure 3.12.Heatcool of 2NapFFNa (a) before heating; (b) straight after heating in &60
oven for 1 hour; (c) 2 hours after heating; (d) 1 day after heating; (e) 3 days after heating; (f)
9 days after heating. Vials were left undisturbed andrien for a 14 day period, after which

the experiment was stopped due to potential evaporation issues. Scale bars represent 2 cn
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Figure 3.13. Heatcool of 2NapFFTBA (a) before heating; (b) straight after heating in a 60
°Coven for 1 hour; (c) 2 hosrafter heating; (d) 1 day after heating; (e) 3 days after heating;
(f) 9 days after heating. Vials were left undisturbed and inverted for a 14 day period, after
which the experiment was stopped due to potential evaporation issues. Scale bars represe

2 am.

Differences in extensional viscosity are also present after echebtycle.To show
thisshe ext ensi on ak) wasstldiedorsdoth 2blapFANa ande2NapEH BA
at 25 mg/mlLbefore and after he&bol using the drippingonto-substrate tdmique?’ This
techniquenvolves video recordirgjofthe dispensing of a droplet of fluid onto a substrate,
which resultsn the formation of an unstable liquid bridge that subsequently thins and breaks.
The speed and shape with which the unstable liquid bridge breaks is analysed to determin
the extensiorarelaxation time All solutions for examining extensional viscosity were
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prepared by Lisa Thomson (University of Glasgow) and all data collected, processed anc
analysed by Daniel McDowall (University of Glasgow), using a script written by Henry Ng
(University of Liverpool) for analysisg-or 2NapFFTBA before heatool, eigtoo large to
measureThe filament dries out beforebreaks. Br 2NapFFNa, howeverge = 14.6 £ 6.5

ms. Using the same methddo s t uedoy both RNapFBNa and 2NapFHBA after
heatcool, the behaviour of the solutions is reversiftier heatcool 2NapFFNa was too
viscous to measuyevhereas 2NapFFBA gaveee = 346 £ 110 msThese differences in
extensional viscosity before and after heatl are most clearly shown using frasnfrom

the videos taken during the measuring process (Figure 3.14).

Figure 3.14. Framesfrom dripping-onto-substrate technigughowing (a)2NapFFNa; (b)
2NapFFTBA; (c) 2NapFFNaafter heatcool; (d) 2NapFFTBA after heatcool. For (a) and
(d) thetimestamps are set to zero at the formation of a slender filament (height = 10 x width).

For (b) and (c) timestamps are from the start of droplet touching the substrate

When 2NapFHFBA samples are removed from the oven, the viscosity is
significantly lower when hot as compared to prior to heating. To quantify this, we monitor
the viscosity during the heabol cycle. The viscosity of 75 mg/mL 2NapHBA drops
approximately 4 orders of magnitude when heating to 60 °C; in comparison, the viscosity of
the 75mg/mL 2NapFFNa solution under the same conditions does not exhibit a decrease in
viscosity when heating (Figure 3.15). This suggests different heating mechanisms are

present for each counterion.
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Figure 3.15. Viscosity data at a concentration of 7gmL for (a) 2NapFFNa and (b)
2NapFFTBA during heating using a CP50 geometry. Rlath points showhe viscosity

being measured for 2 minutes at 25 °C, then heated at a rate of 5 °C/min from 25 °C to 6(
°C before being held at 60 °C for 2 minutes. Theswhen cooled back to 25 °C at the same
rate with the viscosity continuously monitored. Blatdta points shova control sample
which was kept at 25 °C throughout. Line plots show the temperatures during tHvedleat

(red) and control (black) viscositygasurements.

In addition to this visible change after heating, 2NafjiBA also shows visible
changes during heating while 2NapN& does not (Figure 3.16a). Further visible changes
also occur as at higher concentrations (greater than 25 nmigfapFFTBA), with phase
separation occurring on heating, and the sampldsomgogenising spontaneously on
cooling. This is most obvious with the most concentrated sample, 2NERAFat 75
mg/ mL (Figure 3.16b). Si mul tTBA decrenseb gs,it t I
becomes homogeneous again whil siNafG@lowingn d
the 24 hours after heabol, Figure 3.16c. 2NapFFBA seems to be an example of a small
molecule that demonstrates a lower critical solution temperaturel(LT8is behaviour has
been shown for other similar micellar systef#f.Using NMR spectroscopy, we prove that
2NapFF is found in both layers straight after heating with 1 part 2NapAfound in the
top, moreliquid-like layer, compared to 21 parts 2NEpTBA found in the oily bottom
layer (Chapter 6, Section 2: Supplementary Figures).
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Figure 3.16. (a) Photographs ofiY 2NapFFNa and ii) 2NapFFTBA at a concentration of

75 mg/mL taken duringheating with a copper wire. 2NapFFBA becomes cloudy
compared to 2NapFHRNa which shows no change. Superglue can be seen in both images at
the bottom of the slide which has baesed to secure the copper wire. Scale bars represent
1 cm. (b)Photographs of 2NapFFBA at a camcentration of 75 mg/mL taken) (before
heatng; (ii) straight after 1 hour heating at 60 °dj)(after 2 hours cooling to room
temperature;iy) the day following heating. Scale bars represent 1(chTime sweeata

at a cocentration of 75 mg/mL fo2NapFFNa (G dlack circles;G dagreencircles) and
2NapFFTBA (G aed circles;G dorange circlesyuring a heatcool cycle. The blue line

shows the temperatures during the heablcycle
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Another stimulus we apply to 2Napffa and 2NapFA BA is a magnetic field
which can induce alignment anisotropic structures. To examine alignment, we use
deuterium fH) NMR as previous work by our group shows that when using 2N&{zFiR
D20 at 5 mg/mL and placing in a 400 MHz NMR spectrometer, the deuterium pea®of D
exhibits splitting whichsuggests that the worhike micellar structures present in the
solution align with respect to the magnetic fielddur group has previously added probe
molecules to LMWG solutions in order to examine their alignment by NMR spectroZtopy.
However, as described previously in Chapter 2, the 2NapFF solutions used in this Thesis ar:
very sensitive to even seemingly small changes. Therefore, since we ofiald good
quality 2H NMR and%Na NMR data without the addition to another component to the
system, the addition of probe molecules was not investigated further here. Exemplar data i
shown in Figure 3.17 and all NMR data can be found in Chapter 6o8&ctsupplementary
Figures. For 2NapFRNa, we see splitting in all concentrations of solution with the exception
of 2NapFFNa at 100 mg/mL. However, solutions of 2NapFBA at all concentrations of
LMWG examined, showed no splitting, and hence no alignmeinen placed inside the
magnetic field. We believe this is due to the increased viscosity of the 2N&pAF
solutions. As already discussed, the viscosity of 10 mg/mL 2Nd@A-is comparable to
2NapFFNa at 100 mg/mL, both of which show no splittingleir?H data. Since 2NapFF
TBA solutions are not freowing compared to 2NapFRa, we believe the solution state
NMR spectrometer cannot collect #é data. As discussed previously, there is a significant
decrease in viscosity when 2NapFBA is heated Examining the?H NMR data for
2NapFFTBA, exemplar data shown in Figure 3.17 and fdINMR data shown in Chapter
6, Section 2: Supplementary Figures, we show that no peaks can be foundHndtiz
before heatool, Figure 3.17, green data (whensheple is most viscous). Peaks do appear
however when recordiriH NMR data at 60 °C and when returning back to 25 °C (Figure
3.17 red and blue data respectively). This also suggests that the viscosity of the samples is

vital property when examining thesolutions in this manner.
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Figure 3.17. ExemplarrH NMR spectoscopy data for (a) 2NapHA®¥a and (b) 2NapFFBA
at a concentration of 25 mg/mData werecollected at 25 °C (green), at 60 °C (red) and
then cooled to 25 °C (blue).

We can gantify the alignment of the 2NapH¥a solutions by examining tiHéNa
spectra. Similar to the data collected fot, the 22Na NMR data will show splitting if
alignment is present in the 2NapR&a samples® The magnitude of the splitting observed
depends on the relative alignmesftthe structures presett 2 The wormlike micelles
formed by 2NapFfa can le aligned in a magnetic field with the degod@lignmentbeing
concentration dependeftigure 318. We show, in general, as the concentration of 2NapFF

Na is increased so does the size of splitting and hence the alignment of the structures. W
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assume we can collect data for 100 mg/mL 2NapBFusing®®Na NMR spectroscopy but
not from?H at the sam@NapFF concentration because of the substantial quantifiNaf
present within the samples.
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Figure 3.18 Summary of?Na NMR for 2NapFFNa.

POM can also be used to show the alignment of our structures in 2Né&pE&fter
exposure to a magnetic field. The directions of shear and the magnetic field are shown ir
Figure 3.19. Exemplar 2NapHfa POM images are shown in Figure 3.20 with all
concentréions shown in Chapter 6, Section 2: Supplementary Figures. Inside the NMR tube
and before placing inside the NMR spectrometer (Figure 3.20i), we see the textures
described previously. After exposure to a magnetic field, the textures align in the direction
of the magnetic field (Figure 3.20ii). We again see evidence of the textures disappearing

when a heatool cycle is performed (Figure 3.20iii) as the POM images are now dark.

C . IMagnetic Field
<

Shear

Figure 3.19. Directions of shear and magnetic field within an NMR tube.
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Figure 3.20. POM images of 2NapFNa at exemplar concentrations of (a) 10 mg/mL; (b)

25 mg/mL; (c) 40 mg/mL; (d) 75 mg/mL taken (i) before inserting the sample into the NMR
spectrometer; (ii) after inserting the sample into the NMR spectrometer; (iii)redféging

the sample to 60 °C and cooling back to 25 °C inside the NMR spectrometer. Scale bars

represent 500 pm.
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Examining POM images of 2NapHBA (Figure 3.21), we see similar images as
we did for 2NapFMNa. Again, the images are similar to thaliscussed previously for
2NapFFTBA with little texture present (Figure 3.21i). The texture remains similar after
exposure to a magnetic field, Figure 3.21ii. This texture is again lost aftecd@dFigure
3.21iii). This is consistent with other headol experiments. OverallheseNMR data show
that by simply changing the concentration of 2NaptRE, counter ion used to create the
solutions, or the temperature of the solutions, have control over the behaviour and

ordering of the 2NapFF wortike micelles.

(@)

(b)

Figure 3.21. POM images of 2NapFFBA at exemplar concentrations of (a) 10 mg/mL;
(b) 25 mg/mL taken (i) before inserting the sample into the NMR spectrometer; (ii) after
inserting the sample into the NMR spectrometer; (iii) after heating the sample to 60 °C and

cooling back to 25 °C inside the NMR spectrometer. Scale bars represent 500 pm.

Undersanding that the packing, ordand alignment of the primary structures ten
controlled by counteriorgoncentratiorand temperaturallows us to rationally determine
which systems should be used for different applications. To exemplify this, we have chosen

a small number of specific examples.
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Gel noodles can often be formed from solutions by extrusion into a bath of a gelling
agent, typically a divalent sdit.>*Here, all solutions made in order to form gel noodles
were prepared by Lisa Thomson and Olivia Marshall (University of Glasgow) and noodles
created and analysed by Olivia Marshalll &aniel McDowall (University of Glasgow). We
show that nodles can be formed from bo#NapFFNa and 2NapFHA BA (Figure 3.22a
The properties of the gel noodles, however, are affected by the different counterions.

2NapFFNa gel noodlesare far more mecmecally robustcompared to those of 2NapfFF

TBA. They are so much more robust, that these 2NaydRoodlesan be lifted out of the
gelling bath, which is not possible for 2NapFBA (Figure 3.22b). The 2NapHNa gel
noodlesalsoshow far greater alignmenbmpared to the gel noodles formed2iyapFF
TBA (Figure 3.22¢)which is in agreement with the SAXS, POM and NMR alignment data
for 2NapFFNa compared to 2NapFFBA described previously in this Chapter

Figure 3.22. (a) Gel noodles made witBNapFFNa (left) and 2NapFHBA (right) at
concentrations of 25 mg/mL. Scale bars represent; 2mmphotographs showing differences

in mechanical strength of noodles. The noodles were formed in a dish and then picked up &
one &d using tweezers and lifted out of the calcium bath. The 2N&faHkoodles (left) are
robust enough to be picked up. The 2NafiBA noodles (right) break when lifting, even
after multiple attempts. The white arrow is added to guide the eye to brokemnseati
noodles still in the gelling bath. Scale bars represent 2 cnR@&) imagesof a 2NapFF

Na (left) and 2NapFH BA (right) noodles. Scale bars represent 200 pm.
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In comparison2NapFFTBA is by far the preferredolutionfor the formation of
liquid threads(all solutions made by Lisa Thomson, University of Glasgow, and data
collected alongside Daniel McDowall, University of Glasgow, with Daniel McDowall
performing image analysis)Vhilst threads oPNapFFNa breakalmost immediatelypver a
small ske gap 8 cm,Figure 3.23% the high extensional viscosity 8NapFFTBA means
that it is possible tanchor the solution to a surface and then dadgtion betweegaps of
various sizesand still form persistent threadgFigure 3.23b and Figure 3.23cBy
sequentially adding and joining multiple threads, a ed structure can be formed and
thendried overnight showing the stability of the threads that they can support themselves
whilst drying over a number of hours (Figure 3123Alternatively, oncethe weblike
strudure has been formed, concentrated et be aded to the bottorof the beaker where
the acidic vapour gels the threads, resulting in increased opkmty ¢ 3.28). Insteadf
trying to string horizontally to form threads, it is pidss to form long threads by extruding
and allowing the 2NapFFBA solution to fall with gravity (Figure 3.23f). This gives threads
which are able to reach 77 cm in length before breaking. These webs are similar to those
which can be formed by spider siéind silkworm silke® Suggested applications for these

types of materials include ligament tissue engineering and in medical devices.
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© (e)

(d)

Figure 3.23. Frames (with time stamps) from a video shagvthe stringing of 75 mg/mL

(a) 2NapFFNa and (b) 2NapFHBA across a Falcon tubef gapsize 3 cm Scale bars
represent 1 cm in both (a) and (@) Forming a NapFFTBA 75 mg/mLthreadovera g

of 24 cm. Scale bar represents 10 cn.Rldotographs of a 2NapFFBA web after drying

out overnight. Scale bar represents 1 cm; (e) photographs of 2Nd&eb after gelling

with HCI vapour. Scale bar represents 1 cm; gmaining the length of a stig formed
when allowed to fall freely with gravity. Using ImageJ the length of the string was calculated

to be 77 cm. Scale bars represent 10 cm.
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