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Abstract

Soft material systems containing photosensitizers have been prepared and studied both for their
use as photodynamic therapy agents and to investigate single molecule diffusion phenomena
at the microscale. Gemini imidazolium amphiphiles were used to prepare supramolecular gels
that possessed a liquid phase containing various ratios of water and ethanol. Photoactive
compounds such as phthalocyanines and porphyrins were incorporated into the gels during
preparation to yield a photoactive supramolecular material. Partly, this work outlines an
investigation into the aggregation and fluorescence properties of these photoactive compounds
both in solution and as part of the gel material as relates to their ability to generate singlet
oxygen for antimicrobial photodynamic therapy, where significant enhancement of singlet
oxygen generation of a water-soluble phthalocyanine was measured. Further, investigation into
the molecular diffusion characteristics of these photoactive compounds confined to gel fibres
was conducted using total internal reflection fluorescence microscopy and the results were
statistically analysed. Changes in photon flux and the protonation state of a phthalocyanine
altered its movement, as measured by mean instantaneous velocity calculations and mean
square displacement analysis. This study provides important insights into the fundamental
mechanism of molecular diffusion in gels and may have practical implications in the
development of novel materials for optoelectronic and sensing applications. Glycopolymers
containing a repeating unit of a modified galactose ring were also incorporated with the gel to
form a gelator-glycopolymer hybrid hydrogel. A disruption of gel morphology brought about
by increasing glycopolymer concentration was seen as analysed through electron and
fluorescence microscopy. Confocal fluorescence microscopy of the imidazolium gels
containing a range of fluorophores was attempted to correlate with total internal reflection
fluorescence microscopy, along with a study of the dynamics of diketopyrrolopyrrole
derivatives. Migratory behaviour of these diketopyrrolopyrrole compounds from outside to
within the fibre was observed and studied. Finally, cryogenic scanning electron microscopy
was employed to potentially correlate the gel morphology observed both in the dried state as
seen with conventional scanning electron microscopy and in the hydrated state as seen with
fluorescence microscopy. In cryogenically frozen imidazolium gels containing
diketopyrrolopyrrole derivatives, thinner fibre widths were observed. In a concentration study,
fibre width increased when moving from zero to 100 uM of zinc phthalocyanine tetrasulfonic
acid within the cryogenically frozen gel but increasing the concentration to 500 uM had no

further effect on fibre width. This is different from conventional SEM imaging of dried fibres,
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where increasing zinc phthalocyanine tetrasulfonic acid concentration from 100 uM to 500 uM
led to significant changes in gel morphology, making the fibres no longer visible. The studies
of the imidazolium gels reported in this work could contribute to potential applications in
photodynamic therapy and provide further important foundational information about

photoactive soft materials.
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Chapter 1

Introduction




1.1 Soft materials
Soft materials comprise a group of substances that can exhibit distinctive mechanical, optical,

electrical, or thermal properties. Various types of gels (hydrogels, organogels, low-molecular
weight gels), biomaterials, foams, and elastomers can all be considered soft materials
(Fig. 1.1).!"* The advantages of such materials arise from their intrinsic weakness and poor
resistance to stress, which in turn renders them dynamic and adaptable to an array of
applications. This is especially true for supramolecular materials in general, where weak

intermolecular forces are the driving force behind assembly and can be relatively easily broken.

* Hydrogels

« Organogels

« Carbon foams

Soft
Materials

» Polymeric foams

 Polyurethanes
» Liquid crystal elastomers

* Polysiloxanes

Fig. 1.1. A non-exhaustive representation of some soft materials.”

In this context, ‘soft’ tends to refer to the poor ability of materials to resist applied stress. The
elastic modulus, which is a measure of the ease of deformation, of soft materials is significantly
lower than that of their harder counterparts. For example, gels broadly tend to have elastic
moduli of less than 10 MPa.® This value is considerably lower than that of typical materials

such as wood (~ 1100 MPa) and the polymers that constitute plastics (~ 2500 MPa).

1.1.1. Gels
Gels are an example of a soft material that can be defined as a minority solid phase dispersed

within a majority fluid phase to form a colloidal suspension in which the fluid phase is confined

to the material principally by surface tension.” Gels are found abundant in consumer products,




particularly in healthcare, food, and cosmetics.®!° Figure 1.2 represents the microstructure of
a typical gel, with the solid phase forming a three-dimensional network throughout the majority
fluid phase. Rheologically, gels can also be defined as materials that exhibit no flow (i.e. act

solid-like) up to their yield point, at which point they break apart.

O =LIQUID = SOLID MATRIX

@)
" |°
o O = SOLID © o
OO0 _ Op GELATOR | O O _ O

\° -, \O © )

FLUID PHASE GEL PHASE

Fig. 1.2. Representation of the formation of a three-dimensional fibrous network that immobilises the
solvent resulting in a gel. The solid gelator (vellow cirlces) undergoes self-assembly in the presence of

the fluid phase (blue circles) forming the solid matrix (yellow lines).

Whilst all gels are a solid dispersed within a liquid, the constituent liquid tends to dictate how
the given gel is classified. When the liquid phase is an organic solvent (e.g. THF, hexane,
DMSO), the gel is classified as an organogel. Within the class of organogels, there are two
further distinctions that can be made based on the form of the dispersed solid phase.
Self-assembly of low molecular weight (LMW) gelators within organic solvent results in LMW
organogels.!! When the dispersed solid phase takes the form of a polymeric gelator, what
results is a polymeric organogel where the three-dimensional solid matrix is bound together
chemically (covalently crosslinked polymer) or physically (entangled polymeric chains), with
the latter generally possessing greater thermoreversibility than the former.!?> An example of a
LMW organogel is that of lecithin when mixed with an organic solvent followed by addition

t13

of a polar solvent.™” Lecithin is a glycerophospholipid found in animal and plant tissues which




can be processed and is widely used in food industries and biotechnology.!*!> The lecithin
initially undergoes reverse micellation in the pure organic solvent, a process commonly seen
with phospholipid-type amphiphiles.'® With the gradual addition of a polar solvent, the reverse
micelles begin to form cylindrical micelles. These cylindrical micelles then grow and entangle,

forming a three-dimensional fibrous network resulting in an organogel.

Hydrogels are a subclass of gels possessing a liquid phase of that is made up of water, though
some gels containing a minority amount of ethanol in addition to water can be considered
hydrogels. A common example of a product found in the world around us crafted using
hydrogels is contact lenses. These lenses make use of hydrogels due to their elevated water
content, enhancing breathability and comfort for the eyes. Additionally, their soft and flexible
nature contributes to overall comfort during wear. Hydrogels have been long studied for their
applications in medicinal and pharmaceutical areas.!”!” Clinically approved injectable
hydrogels are largely macromolecular polymer-based and many naturally occurring polymers
such as collagen are being developed for these ends.?’ Combining a polymeric approach with
the use of LMW gelators has been used to prepare hybrid hydrogel materials with desirable
properties.?!*? For applications like 3D printing, the reversibility of LMW gel systems provides
an obstacle to their use. By combining an imidazolium LMW gelator with a range of
photopolymerized acrylate polymers, the mechanical properties desired for effective 3D
printing have been shown to be improved whilst also limiting the prevalence of issues relating

to mechanical anisotropy in purely photopolymerized systems.?

Alluded to in the section about lecithin organogels, the process of gel formation is often
conducted by manipulating the solvent environment in which the solid gelator is situated. A
commonly used technique involves changing the temperature of a solvent in which a given
gelator is partially soluble. Increasing the temperature of a suspension results in gelator
dissolution, and upon cooling, the dissolved gelator can self-assemble as its solubility
decreases. This self-assembly then results in the three-dimensional solid matrix that
characterises a gel.” Such a technique has been used for the gel screening of sugar-based LMW
gelators such as sorbitol, potentially opening up applications in personal care and energy
technologies.?* Generally, the intrinsic driving force for self-assembly is the minimisation of
the free energy of the system until an equilibrium is reached. The reversible nature of this
process renders it a thermodynamic process. Self-assembly therefore stands in contrast to
typical crystallisation, as in the latter, the formation of stronger and irreversible bonds during

nucleation and growth may favour the production of kinetic products - essentially, the
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structures that form most rapidly. Another method for preparing gels is by using a
solvent-antisolvent technique. Here, a gelator is dissolved in a solvent in which it is soluble
and upon the addition of an antisolvent, the gelator precipitates out in a similar fashion to the
cooling method as a fibrous matrix immobilising the liquid and forming a gel. This method of
gel preparation is commonly used and possesses an advantage over temperature-based gel
preparation as properties of the gel can be tuned by varying the amount of antisolvent compared

with solvent.?%2

Gemini imidazolium amphiphile LMW gelators are an example of molecules that self-assemble
into hydrogels by use of the solvent-antisolvent technique and show promise in the area of drug
delivery.?” These imidazolium gels form upon the addition of water to an ethanolic solution of
the LMW gelator, with the fibre thickness and distribution heavily influenced by the ratio of
water to ethanol, which can be seen in Fig. 1.3 where a specific gelator with an alkyl chain
length of 18 (1.2Br) self-assembles with a fibre distribution considerably altered at a

water-ethanol ratio of 7:3 compared with 5:5 as measured by atomic force microscopy (AFM).




1.2Br

7:3 water-ethanol 1:1 water-ethanol

Figure 1.3. The fibre thickness and thickness distribution of gemini imidazolium LMW gelator 1.2Br is
considerably changed when final water-ethanol ratio is altered. Image adapted from Ref. 26 with

permission from the Royal Society of Chemistry.

Whilst having been shown to be effective capping agents for gold nanoparticles (AuNP’s),
these imidazolium gelators have also been shown to provide a scaffold in which AuNP’s can
be prepared.’®?° AuNP size distributions were narrower when prepared inside the gel,
displaying an example of how supramolecular materials can provide scaffolds for controlled

reactions.

Another subclass of gels are multicomponent supramolecular gels. In the case of a
multicomponent gel, more than one type of LMW gelator participates in the self-assembly
process.**3? Each component may contribute different functional groups or properties to the
resulting gel. In multicomponent gels, self-sorting or co-assembly can occur.’ If a
two-component gel system is imaged, self-sorting refers to the process of one of the individual
components interacting with components of the same type to form homo-aggregates.

Co-assembly is the process by which components of distinct types interact with one another,
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resulting in the formation of hetero-aggregates. Whether a specific multicomponent system
undergoes self-sorting or co-assembly is dictated by the components themselves as well as
external conditions such as solvent, pH, and temperature.®* Diversity in components allows
tuning of the properties of the gel, permitting further functionalisation opportunities in the
materials formed. When utilising multiple LWM gelators, the resulting gel system is often
sensitive to variations in the relative quantities of the components. In a study by Adams et al.,
the interaction between a naphthalene-based dipeptide gelator and two naphthalene diimides
(of which only one forms gels) was investigated.>* It was found that the method of sample
preparation affected visual colour, molecular packing, and aggregation in both solutions and
the gel state, consequently influencing the microscale and bulk properties. Furthermore,
variations were observed when compounds were mixed in a solution compared to when they
were combined in a solid state. Another key factor in multicomponent gels is the selective
choice of components based on enantioselectivity. Research conducted by Smith et al.
demonstrated that in a two-component gel system consisting of an L-lysine carboxylic acid
dendron and a chiral amine, the L-amino acid is preferably incorporated into the supramolecular
structure as a consequence of its higher stability compared to the gel formed by the interaction

between the same L-lysine carboxylic acid dendron and the p-amino acid.>

1.1.2. Photodynamic therapy
Photodynamic therapy (PDT) refers to the process of irradiating a photosensitizer with light

near its absorption maximum and subsequently forming reactive oxygen species (ROS) by
energy transfer with molecular oxygen.*** Among the varieties of ROS, singlet oxygen (SO)
is the most prevalent, although hydroxyl radicals (*OH) and superoxide anions (O2) can form
depending on the photosensitizer and local conditions.*>*! When a photosensitizer generates
ROS, two processes can occur, named Type I and Type II. Type I refers to the formation of
hydroxyl radicals, whereas Type II describes the formation of SO. Localising ROS generation
inside a tumour can subsequently have a therapeutic effect as a consequence of the apoptosis
and necrosis of cancer cells.*? Analogously, localisation of ROS within bacteria can result in a

bactericidal effect.*?

Under normal conditions, molecular oxygen is in its triplet state and is
relatively unreactive compared with SO. Figure 1.4 displays a simplified Jablonski diagram of
the formation of SO through a type Il process. Upon excitation of a photosensitizer from the
ground state to an excited state (and after internal conversion), two main processes can
occur: fluorescence emission from the excited photosensitizer to the ground state, or

intersystem crossing (ISC). ISC results in the formation of a photosensitizer in an excited triplet




state, constituting a formally forbidden process due to its violation of the spin selection rule.
However, the presence of heavy atoms introducing spin-orbit coupling can promote ISC.
Additionally, when the vibrational levels of the excited species overlap, ISC becomes more
favourable. An excited photosensitizer in its triplet state can then reach the ground state via
phosphorescence or by interaction with molecular oxygen. It is this interaction and subsequent

energy transfer that converts the triplet molecular oxygen to the reactive SO.

Singlet excited state Triplet excited state
PS" 2V N — 0,
3ps’
Type ll

302

Electronic transition
Fluorescence

OPS v

o
0
wn

Figure 1.4. Jablonski diagram for the formation of SO. Light is absorbed by the photosensitizer (PS)
which (after internal conversion) undergoes ISC to form the triplet excited state. This triplet excited

state then undergoes an energy transfer with triplet oxygen to yield SO.

Molecular oxygen has two excited singlet states above the ground triplet state: the 'Ag and the
'S°s* states. Primitive electron diagrams of these states are shown in Fig. 1.5. Both conversions
from the 'Ag and 'Y, " states to the triplet ground state are formally forbidden as a consequence
of the spin selection rule (AS = 0), though the higher energy 'Y," state has a shorter lifetime
than the ' A, state as a result of the occurrence of its non-radiative transition from the former to
the latter. Gas phase radiative lifetimes of the ' A, state are 45 minutes whereas the 'Y, lifetime
ranges from 7-12 seconds.** In solution, the radiative lifetimes of both the 'A; and 'S, states
are drastically shorter than in the gas phase, with 'Ag and 'Y, " having a measured lifetime range

from 10— 10 seconds and 107! — 10" seconds, respectively.*’
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Figure 1.5. A simplified representation of the lowest singlet states and triplet state of molecular oxygen.

Image adapted from Ref. 38 with permission from Elsevier.

Upon the formation of SO, both physical and chemical quenching can occur. Physical
quenching occurs where an interaction, often spin-orbit coupling or triplet energy transfer,
between SO and quenching substrate results in no new products other than the conversion of
SO to the ground state. Common SO quenchers include [-carotene, azide, and
1,4-diazabicyclo-[2.2.2]-octane (DABCO).*® Chemical quenching is a process whereby a new

product is formed after the interaction between a substrate and is where SO finds its main uses.

The first clinically approved photosensitizers for PDT are known as ‘first generation’
photosensitizers. The most well-known first-generation photosensitizer was Photofrin, a

haematoporphyrin mixture developed between the 1960’s and 1970’s shown in Fig. 1.6.%

_ — R
Na0,C(H,C), R CHLCON
2)2L0Na
NaO,C(H,C),
o o)
(CH,),CO,Na
o]
R Na0,C(H,C), R= HO-GH OR —G=CH,
| H

n=0-6

Figure 1.6. Structure of the haemotoporphyrin oligomer known as Photofrin, the first clinically

approved photosensitizer for PDT.

Second-generation photosensitizers were those made in the late 1980°s and are mainly

porphyrinoid-based.*® 5-Aminolevulinic acid (ALA), shown in Fig. 1.7, is an example of a




second-generation photosensitizer. Whilst intrinsically not a photosensitizer as an isolated
molecule, ALA is a natural precursor to protoporphyrin IX (PPIX) which itself is a precursor
to haemoglobin and chlorophyll. ALA is first converted to porphobilinogen via the enzyme
ALA dehydratase. Porphobilinogen is mono-pyrrole compound which then cyclises to form
the tetrapyrrole compound ‘uroporphyrinogen III’. Uroporphyrin III is then converted in two
steps to PPIX. One significant advantage of ALA is its ability to penetrate tumour cell
membranes, a feat not achievable by PPIX itself.*’ The key condition that renders ALA well-
suited to cancer therapeutics is the lack of ferrochelatase in cancer cells. Ferrochelatase
converts PPIX into haem B and thus its absence leads to an accumulation of PPIX inside the
cancerous cells. Excitation of the absorption bands of PPIX at 505 nm and 630 nm results in

efficient SO generation and therefore a positive therapeutic effect.>

O Biosynthesis

—>.

O

Figure 1.7. ALA (left) is metabolised into protoporphyrin IX (right), which then preferentially

accumulates in tumours.

Third-generation photosensitizers often contain a supramolecular component in their system,
and this can often be based around the use of nanoparticles, or the classes of gels described
previously. Tuning the responsivity of supramolecular photosensitizers can impart beneficial
properties in terms of delivery, targeting, and modulating ROS generation. Since the year 2000,
the extent of research into supramolecular materials for PDT has increased markedly.”!
ROS-switchable supramolecular photosensitizers are systems of great interest whereby the
photodynamic activity of the photosensitizer can be modulated. This modulation between the
photosensitizer’s “ON” (ROS generating) state and “OFF” (non-ROS generating) state can be
prompted by external stimuli. This strategy is attractive as it can limit the phototoxicity of the
photosensitizer to healthy cells and allows for a greater quantity of photosensitizer to be
delivered. pH-responsive supramolecular photosensitizers are popular systems for achieving

ROS-switchability, mainly owing to the relative acidity of cancerous cells (pH 6.5 — 7.4) in




comparison with healthy cells.’> This pH difference has already been exploited for cancer
diagnosis and drug delivery.>® Polysaccharide/drug conjugates consisting of hydrophilic
(containing poly(ethylene glycol) groups) and hydrophobic (containing a chlorin-e6, a
porphyrinoid derivative as the photosensitising moiety) sections mounted upon a glycol
chitosan backbone were developed by Lee et al. and shown to possess weak acid
responsiveness.’* Within normal cells (pH = 7.4), irradiation of this conjugate results in no cell
death, indicating that self-quenching of SO generation is occurring. Upon irradiating the
conjugate within epithelial carcinoma (HeLa) cells (pH = 6.8 — 7.4), high phototoxicity is
observed. This responsiveness was owed to conformational change of the conjugate under
mildly acidic conditions. This polysaccharide/drug conjugate showed higher tumour selectivity
than free chlorin-e6. A different type of acid-responsiveness was described by Yoon ef al.,
whereby incorporation of a functionalised zinc phthalocyanine (ZnPcS8) upon a layered double
hydroxide (LDH) (Fig. 1.8) displayed a wvast disparity in phototoxicity between
pH 6 = pH 6.5 & pH 7.4.% When situated upon the LDH at neutral conditions, the SO
generation of ZnPcS8 is quenched as a result of photoinduced electron transfer (PET) between
itself and the LDH upon irradiation. The electrostatic interactions between ZnPcS8 and the
LDH depart under acidic conditions, allowing the free zinc phthalocyanine to be released from

the LDH and no longer be quenched by PET.

NaO3S - SO3Na

2

NaO;S

NaO,S

Figure 1.8. ZnPcS8 was situated upon an LDH, affording a system whereby much higher phototoxicity

was displayed under acidic conditions owing to the release of free ZnPcS8.

Antimicrobial PDT (aPDT) is a promising area of research for neutralising certain pathogens
that cause disease. This technique is based on the same principle as anticancer PDT, whereby

a photosensitizer is localised in the vicinity of target and excited to cause death via the

10




generation of ROS. In particular, aPDT provides an alternative to habitual antibiotics at a time
when antibiotic resistance is rising alarmingly.’® As opposed to anticancer PDT, where
development has been ongoing for several decades, development of photosensitizers suited for
aPDT has not been as thorough or in-depth. This is partially due to the success that antibiotics
have had over recent decades, somewhat negating the need for a novel modality for the
treatment of bacterial infection. A significant advantage of aPDT over conventional antibiotics
is that the efficacy of a photosensitizer is independent of the antibiotic resistance of the target
bacteria. aPDT also has the potential to be much more versatile than conventional antibiotics,
with a single photosensitizer conceivably being able to act on bacteria, fungi, yeasts, and

parasites.’’

The efficacy of aPDT photosensitizers is in large part governed by the type of bacteria targeted.
The difference in cell membrane structures of Gram-positive (G+) and Gram-negative (G-)
bacteria (Fig. 1.9) lead to differing degrees of photosensitizer uptake. The cell walls of G+
bacteria tend to be permeable to most photosensitizers. G- bacteria, however, possess
lipopolysaccharides on their outer membrane, which render the membrane strongly negatively
charged.’® This negative charge yields a G- outer membrane that is impermeable to anionic and
neutral compounds. As a result, specific research into the development of cationic

photosensitizers has been carried out, which can permeate both G+ and G- outer membranes.

Lipopolysaccharides
Lipoteichoic acid

~—_" [~
Capsule ]
Outer membrane
Peptidoglycan L 1 Peptidoglycan
Cytoplasmic membrane Cytoplasmic membrane
(comparatively thick) (comparatively thin)
Gram-negative bacteria Gram-positive bacteria

Figure 1.9. Cell wall diagrams of G+ and G- bacteria. The negative charge brought about by
lipopolysaccharides renders the outer membrane of G- bacteria impermeable to anionic and neutral
photosensitizers. The greater thickness of the G- cytoplasmic membrane also presents a barrier to

aPDT.

The difference in efficacy of anionic versus cationic photosensitizers is exemplified in a study
by Minnock et al., where both anionic (tetrasulfonated) and cationic (pyridinium)
functionalised zinc phthalocyanines were tested as to their photodynamic efficacy against G-

bacteria.> The survival rates of E. coli show a large difference between the anionic and cationic
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derivatives despite the chromophore being unchanged. This difference was clearly a result of
differences in cellular uptake, demonstrating the importance of photosensitizer charge for G-

aPDT efficacy.

A consequence of the poor permeability of G- outer membranes is that more studies have
focused on the deactivation of G+ bacteria. Staphylococcus aureus (SA), a common G+
bacteria, is well documented to be able to develop multidrug resistance.®® This resistance has
spurred interest into the photodynamic deactivation of SA via aPDT. Methylene blue and
toluidine blue are common and well-studied photosensitizers which were shown to completely
eradicate the SA bacteria examined when irradiated with a 664 nm diode laser.®' Incubation of
SA with ALA also demonstrated the complete inactivation of MRSA (a strain of SA) upon
irradiation at 407-420 nm.®? Complete inactivation of other MRSA strains was also seen upon
irradiation of a disulfonated aluminium phthalocyanine by 673 nm light.5® Photosensitivity of
the MRSA strains occurred immediately, indicating rapid uptake of an aluminium
phthalocyanine within the MRSA cells. Aluminium phthalocyanines have been much studied
for photodynamic therapy because of their favourable optical properties, biocompatibility, and

functionalisation opportunities.®*

1.1.3. Porphyrinoid photosensitizers
Most photosensitizers share certain important characteristics such as strong absorption,

appropriate triplet energy level, high SO quantum yield, long triplet state lifetime, and
photostability. There are, however, other considerations which render some photosensitizers
more attractive than others. An absorption maximum in the red to near-IR (NIR) region is
widely sought after in photosensitizers for use in PDT applications. Shown in Fig. 1.10 is a
comparison of skin-penetration distances as a function of wavelength. When moving into the
red to NIR region, tissue penetration increases until tailing off after §70 nm. Maximising tissue
penetration is therefore achievable by tuning the photosensitizer to absorb at as far into the red
to NIR regions as possible. Limitations to PDT efficacy are therefore brought about by low
tissue penetration levels as a result of the inability of the irradiating light to reach areas in which

the photosensitizers are situated.
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Subcutaneous Tissue

Figure 1.10. Approximate tissue penetration depth dependency on wavelength. Figure adapted from
Ref. 65 with permission from Springer Nature.

Porphyrinoid compounds generally, and phthalocyanines more specifically, fulfil many
requirements for an effective photosensitizer. As referred to, the first clinically available
photosensitizer was the haematoporphyrin derivative Photofrin. Many second-generation
photosensitizers are of the porphyrinoid-type, with porphyrins and phthalocyanines being the

most studied.*®

Phthalocyanines are macrocyclic compounds that are a synthetic analogue of the naturally
occurring porphyrin. As seen in Fig. 1.11, phthalocyanines and porphyrins share the same base
structure of four pyrrolic units linked via carbon atoms (in the case of porphyrin) or nitrogen
atoms (phthalocyanine). The other difference is the pyrrole units of porphyrin are replaced by
isoindole units in phthalocyanine. Whilst the basic structure of phthalocyanines is similar to
that of porphyrins, different functionalisation can be achieved with the former. Functionalising
the substituents on the exterior of the isoindole unit can confer certain desirable characteristics
(e.g. solubility, absorption, and electrochemical behaviour) and allow for a degree of control
over the supramolecular structures adopted by the molecules.®® The two positions on the
isoindole accessible for functionalisation are often labelled the peripheral and non-peripheral

positions.
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Figure 1.11. Second generation photosensitizers such as porphyrin (left) and phthalocyanine (right),

with the functionalisable peripheral and non-peripheral positions labelled on the phthalocyanine.

Phthalocyanines were an accidental discovery by the German chemists Braun and Tcherniac
in 1907 after forming an unknown, coloured compound during an attempted synthesis of
o-cyanobenzamide.®” However, it took a further twenty years before the properties of
phthalocyanines were investigated. In 1927, chemists Henri de Diesbach and Edmond von der
Weid made the fortuitous discovery of a ‘complex product containing copper and pyridine’.%®
They describe the remarkable physical and chemical stability of what was copper
phthalocyanine (CuPc). It was this stability along with striking colour that made them ideal

materials for dyes and colourants. The CuPc discovered by de Diesbach and von der Weid is

still currently used in pigments and paints.

The stability of phthalocyanines, and porphyrinoid compounds in general, arises from several
contributing factors. Being an aromatic species, phthalocyanines exhibit resistance to reactions
that could disrupt the conjugated system. Metallated phthalocyanines are stable as a
consequence of the macrocyclic effect. The macrocyclic effect is related to the chelate effect,
with the latter referring to the entropy-driven binding of a metal species in solution by a
multidentate ligand (in this case a phthalocyanine) and the former arising from the pre-

organisation of the cyclic ring and low associated entropic cost of metal binding.

Many functionalisation do opportunities exist for phthalocyanines, despite their stability.

Firstly, the two hydrogen atoms present at the centre of metal-free phthalocyanines can be
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replaced by an array of metal centres. Whilst the most commonly used metals are Cu and Zn,
phthalocyanines have been made using over seventy different metal ions.®” The metal-centred
phthalocyanine investigated depends strongly on the properties sought after for certain
applications. Derivatives of Zn and Al phthalocyanines are commonly used in SO generation
and PDT studies. Cu and Zn are often the metal centres of choice when investigating their use
in organic photovoltaic devices whereas more exotic centres such as ruthenium and titanium
are often seen in the study of the three-dimensional nanostructures formed by
phthalocyanines.”®’! These larger transition metal elements are often too large to sit within the
plane of the phthalocyanine macrocycle, so protrude outside the plane.®” This non-planarity has
consequences for the packing of the compounds in the solid state.®” Secondly and as displayed
in Fig. 1.11, the positions on the exterior of the isoindole units can be functionalised to tune
the property of the resultant material, which is done by functionalising the phthalonitrile
precursor before cyclisation. As a result of the generally poor solubility of phthalocyanines,
groups containing long alkyl chains are commonly introduced in these positions in order to
solubilise the compound in organic solvents.”” The solubilising effect of alkyl substituents is
vital for making films via spin-coating or drop casting as the material must be
solution-processable. Water-solubility can also be conferred by introducing ionic or
hydrophilic units into the structure.’”>* In some systems, a further functionalisation opportunity
is available for exploitation. For certain metal centres, axial co-ordination is available and thus
axial ligands can be introduced allowing for further tuning of the properties of the
phthalocyanine. The axial ligand functionalisation of silicon phthalocyanine, for example, has
been the subject of much research.”>’® The solubility, electronic absorption, and aggregation
behaviour has been modified via the addition of axial ligands such as sulfonates, esters, and
ethers.”” Phthalocyanines are thus incredibly attractive as photoactive materials as a result of
the plethora of functionalisation opportunities, allowing for the tuning of a wide range of

properties to suit the application in question.

The photophysical properties of phthalocyanines are the essential characteristic to their
applications in PDT, organic photovoltaics, and catalysis. Phthalocyanines generally contain
two distinct absorption bands, the Soret band (or B-band) (= = #n*) and Q-band (n = #n*). The
Soret band is generally found between 300 — 400 nm and the Q-band between 600 — 700 nm.
It is this latter Q-band which is crucial for PDT applications, as its location in the red-to-NIR

region renders it well-matched to light sources that have relatively deep skin penetration. The
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position and shape of the Q-band are extremely dependent on the solvent environment, any

additives, or molecular functionalisation.”®%

1.2. Photoactive soft materials
In general, soft materials provide a foundation to build photoactive systems that are useful in

many applications. Given the already discussed susceptibility of many soft materials to thermal
changes, incorporation of photothermal molecules into such structures (or building an
intrinsically photothermally active material) provides an opportunity to produce
thermoresponsive materials. Photothermal agents emit heat after light absorption, and
examples of which can be seen with both organic and inorganic materials and compounds.5!'-%?
The obvious application for such materials is in photothermal therapy, a treatment whereby
light excitation by the photothermal system results in heat emission and the subsequent delivery
of a therapeutic effect.®3-% An interesting example of such a system is the class of porphysomes,
shown in Fig. 1.12. Porphysomes are spherical nanovesicles which are produced by the
self-assembly of porphyrin lipids.®® Upon excitation in their micellar form, relaxation
predominately occurs through non-radiative pathways, resulting in the emission of heat. The
porphysomes functioned as effective photothermal agents in in vivo environments, eclipsing

the effect of Photofrin and the porphysome PDT in laser and dose-matched studies.
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Figure 1.12. This phospholipid-functionalised porphyrin self-assembles to form micelles in the

presence of cholesterol.

Photothermal gel systems have also been studied. Polymeric hydrogels developed
by Zheng et al. partially contained platinum nanoparticles as photothermal agents and
displayed significant mechanical and rheological stiffening under irradiation with NIR light.?’

In addition, the presence of a UV-responsive photoisomerisable azobenzene derivative also
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encapsulated within the gel resulted in mechanical and rheological softening under UV

irradiation. This example is an elegant demonstration of a dual-responsive photoactive gel.

The use of a light-triggered heat response can also be used to result in encapsulation or release
of a molecular load. This effect is clearly applicable in the field of controlled release, where a
molecular load is intended to be delivered in specific locations and under certain conditions.®
In such systems, supramolecular structures are commonly prepared containing a one or more
photoresponsive groups. A common example of such a group is a photocleavable side group
present on a polymer.*>*° Polymeric nanoparticles developed by Fomina et al. were prepared
from a polymer containing a self-immolative quinone-methide groups.”! Upon irradiation with

UV and NIR light, the previously encapsulated photosensitizer Nile Red was released through

degradation of the polymeric nanoparticle carriers.

Gels have been formed through the cross-linking of diblock copolymers containing two
photoresponsive groups.””> The gels were initially formed by cross-linking in the presence of
> 310 nm UV irradiation whilst cooling through dimerisation of one of the photoresponsive
groups present, coumarin. When irradiated by < 260 nm UV light, reverse photocleavage of
the other photoresponsive group (cyclobutane) reduced the cross-linking density of the gel and
thus led to significant swelling of the gel. Adams et al. conducted research on hydrogels that
demonstrate a photothermal effect, allowing the gels to generate heat when exposed to specific
light wavelengths. This phenomenon was primarily attributed to the formation of the perylene
bisimide radical anion. Their work serves as a noteworthy example of a self-assembled

photoactive supramolecular system.”?

Photoactivity is not just limited to applications on the macroscale, as microscale changes in
brought about by photoresponsivity have shown to significantly alter low-dimensional
processes. Azobenzene derivatives are well-known for their ability to photoisomerise under
UVA-Visible irradiation and/or thermal stimulus. This photoswitching has been exploited to
manipulate porphyrin aggregation and alter rheological properties of gels.”** Imidazolium
gels described previously based on the amphiphile 1.2Br (Fig. 1.3) have been shown to provide
a fibre scaffold through which tetracarboxylated porphyrin (TCPP) molecular travellers have
exhibited motion, as measured by fluorescence microscopy.’® However, this movement shown
in Fig. 1.13 required the presence of an azobenzene molecular switch to induce TCPP motion
upon heat emission caused by photoisomerisation. This movement manifests itself as a fibre

‘going dark’ as the fluorescent porphyrin moves out from the fibre in view.

17




*Na'0,C CO,Na*

*Na'02C

Continuous
irradiation

Figure 1.13. TCPP travellers moving through a gel scaffold via heat generated by photoisomerisation
of an azobenzene derivative. (A) TCPP traveller used in the study. (B) Water-soluble azobenzene
derivative that caused molecular motion. (C) Visual representation of porphyrin movement seen as

fluorescence intensity loss. Image adapted from Ref. 96 with permission from Springer Nature.

This imidazolium gel containing TCPP also provides another example of a photoactive soft
material for PDT applications. Incorporation of the TCPP within gel fibres as seen in the study
relating to molecular motion (without azobenzene) led to a significant enhancement of SO
generation when compared with that of TCPP in solution.’” This enhancement is attributed to

geometries adopted by TCPP under its immobilisation within the gel fibres.

1.3. Objectives

Third-generation photosensitizer systems can exploit the significant advantages of intrinsic
photosensitizer compounds whilst diminishing to the greatest extent their downsides. It is
therefore an aim of this work to prepare novel third-generation photosensitizer systems based
predominately on imidazolium based gelators containing photosensitizer compounds, with an

emphasis on phthalocyanines. Upon their preparation, the ability of these photosensitizer
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systems to generate SO within the supramolecular structure of the gels will be compared with
that of the isolated photosensitizers in solution. The microscale structure of these systems will
also be explored, with characterisation and quantification of any molecular motion as seen in
analogous systems.”® In addition to the individual gel systems, glycopolymer-gel hybrid
materials will be prepared and characterized as to their unique microstructure and properties.
Glycopolymers were chosen for their ability to introduce carbohydrate moieties into the gel
system, offering the potential for enhanced targeting and biocompatibility in applications such

as drug delivery and PDT.

This research aims to demonstrate the use of photoactive soft materials, displaying their wide
range of potential applications and providing new avenues for future exploration in diverse

fields.
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Chapter 2

Photophysical Investigation of

Photosensitizer Incorporated Gels




2.1. Background

Phthalocyanines can be rendered water-soluble by functionalising the exterior of the
macrocycle with hydrophilic, including ionic, moieties.! Water-solubility is often desired in
photosensitizers generally, especially in areas of medicinal and clinical interest. Despite their
solubility, water-soluble phthalocyanines are often susceptible to aggregation in aqueous
environments.>> This aggregation increases the likelihood of non-radiative relaxation pathways
during excitation, resulting in a lowered fluorescence and a poorer ability to generate singlet
oxygen (SO) under irradiation. The degree of phthalocyanine aggregation in solution can be
estimated by the relative intensity of peaks present in the Q-band. The non-aggregated
phthalocyanine Q-band peak generally falls at 670 — 690 nm, whilst dimer and higher-order
aggregate peaks possess a hypsochromic shift to 620 — 650 nm.* The Q-band maximum of an
aggregated phthalocyanine is at a higher energy (shorter wavelength) as a consequence of the
formation of H-aggregates (cofacial stacking), where the highest-occupied molecular orbital
(HOMO) and lowest-unoccupied molecular orbital (LUMO) are coupled by intermolecular

charge transfer, resulting in a higher energy transition.

SO generation can be measured using a variety of techniques. Advanced studies use in vitro
and in vivo methods to examine the efficacy of a given photosensitizer.>° Before these studies
can be carried out, it is prudent to conduct measurements of SO generation in non-biological
conditions. A common method used to measure SO generation rate is to measure the
phosphorescence signal of the SO as it relaxes to the ground state after being generated by a
photosensitizer.” This wavelength of this phosphoresced light from SO lies at ~ 1270 nm, and
thus falls out of the range of many commercial spectrophotometers. Another possibility is to
use a molecular probe as a scavenger for the SO generated by a photosensitizer under
irradiation.®® The compound 9,10-anthracenedyl-bis(methylene)dimalonic acid (ABMA) is an
example of a fluorescent water-soluble molecular probe used in studies of SO generation.'*!!
In aqueous solution, ABMA (shown in Fig. 2.1) has an absorption maximum at ~ 380 nm.
Under irradiation with 380 nm light, three ABMA fluorescent emission peaks are present at
~400 nm, ~ 430 nm, and ~ 460 nm. ABMA reacts with SO to form an endoperoxide compound
(endo-02-ABMA), as shown in Fig. 2.1. Endo-O2-ABMA is not fluorescent when irradiated
at 380 nm light, meaning the fluorescence decay of ABMA can be used as a direct proxy for
SO generation. It is by tracking the intensity decrease of the central peak at ~ 430 nm, which

is usually the most intense, that the generation rate of SO can be measured.
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ABMA Endo-O,-ABMA

HO,C._ _CO,H HO,C._ _CO,H

HO,C CO,H HO,C CO,H
Non-fluorescent

Figure 2.1. The fluorescent ABMA molecular probe reacts with SO to form endo-O»-ABMA, a
compound not fluorescent under 380 nm excitation. Fluorescence decay used as proxy for SO

generation.

As explored in the introduction chapter, third-generation photosensitisers are systems that
incorporate certain immune- or nanotechnologies.!'? Photosensitisers incorporated into gels are
a common example of third-generation photosensitisers containing a supramolecular moiety.
A diverse array of gels has been explored in the pursuit of effective third-generation
photosensitisers.!*!* Here, 1,3-bis[(3-octadecyl-1-imidazolio)methyl]benzene di-bromide
(1.2Br) gelators self-assemble into a three-dimensional fibrous network constituting a gel when
mixed with various water-ethanol mixtures.!® The alkyl chains interdigitate (Fig. 2.2) and leave
the cationic heads facing away from the alkyl tails. The bromide counter-ions lie between
cationic layers, a position significant for its ability to encapsulate other guest molecules.'
Anionic compounds are easily encapsulated and locked into 1.2Br gel fibres, with negligible
release over the course of days.!” Neutral compounds have also been encapsulated, though do
show release profiles as a consequence of weaker electrostatic binding between the cationic

layers.
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Figure 2.2. A subsection of the fibre structure of a 1.2Br hydrogel. Alkyl chains form a lamellar
structure and in between cationic imidazolium layers lie the bromide counter-ions. Note: sizes are not

to scale.

Here, 1.2Br and the 1,3-bis[(3-octadecyl-1-imidazolio)methyl]benzene di-chloride (1.2Cl)
gelators will be synthesized for their use in the preparation of hydrogels. A water-soluble
tetrasulfonic acid zinc phthalocyanine (ZnPcTS) will be characterized in solution as to its
photophysical properties and its rate of SO generation compared with that of ZnPcTS
incorporated inside a 1.2Br hydrogel. A neutral zinc tetrasulfonatomethyl phthalocyanine
(ZnPcSO:2Me), structurally similar to ZnP¢TS but containing sulfonatomethyl groups rather
than sulfonic acid groups, will also be characterized in solution and incorporated into a 1.2Br
gel. It could be imagined that the 1.2Br gel could provide an altered local environment for the
phthalocyanine, potentially reducing aggregation and promoting increased singlet oxygen
production. Storing the photosensitizer within the gel could also prove advantageous for

potential clinical applications.

2.2. Gemini bis-imidazolium gelator (1.2Br/1.2Cl) synthesis
The 1.2Br and 1.2Cl gelators were synthesized via the reaction of an alkylated imidazole with

1,3-bis(bromomethyl) benzene or 1,3-bis(chloromethyl) benzene, respectively (Scheme 2.1).

The first step involved alkylation of the imidazole ring, which was achieved by heating
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imidazole with 1-bromooctadecane in acetonitrile over fifteen hours. Purification through
column chromatography yielded the 1-octadecyl-1H-imidazole in 80% yield. Subsequently,
the reaction of 1-octadecyl-1H-imidazole with either 1,3-bis(bromomethyl)benzene (to form
1.2Br) or 1,3-bis(chloromethyl)benzene (to form 1.2Cl) by stirring overnight at 80 °C gave the
final 1.2Br and 1.2Cl gelators. Upon precipitation, the final pure 1.2Br and 1.2Cl gelator

compounds were obtained in 79% yield and 80% yield, respectively.

X=Cl, Br

HN—\ (_
\ _ Vol
K\/N KOH K/N Acetonitrile N N+ 2X
Acetonitrile 80% (0. 1))
15 15
X = CI (80%)

Scheme 2.1. Synthetic route to the 1.2Br and 1.2Cl gelators.

2.3. Zinc(II) phthalocyanine tetrasulfonic acid (ZnPcTS)

ZnPcTS is a water-soluble phthalocyanine containing sulfonic acid substituents on the
peripheral positions of its isoindole rings. Like most phthalocyanines, ZnPcTS has been shown
to generate SO when its Q-band is irradiated in the presence of oxygen. This property has
resulted in much of the research into ZnPcTS being based on its potential use for photodynamic
therapy (PDT) and antimicrobial photodynamic therapy (aPDT) applications.
In 1994, Griffiths et al. investigated the in vivo photodynamic efficacy of ZnPcTS on
fibrosarcoma tumours in rats.'® The main finding of this study was that the Q-band absorption
of ZnPcTS changes markedly from solution to the cell-bound state, likely a consequence of a
differing aggregation states in the latter. Whilst irradiation of ZnPcTS at 630 nm and 680 nm
had a minimal effect on tumour growth rate, irradiation at 692 nm suppressed the growth rate
markedly. It should be noted that ZnPcTS is synthesized largely as a mixture of regioisomers,

and thus the ZnPcTS used in this study exists as a mixture of regioisomers.
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Further studies have investigated the SO generation characteristics of ZnPcTS in solution
phase. Kuznetsova et al. examined the SO quantum yield (®so) of ZnPcTS along with other
zinc phthalocyanines that possessed differing degrees of sulfonation (mono-, bis-, tri-, and
tetra-substituted).!” ®so refers to the efficiency with which photons of excitation light generate
molecules of singlet oxygen and was measured by comparing the rate of decay of an SO
scavenger with respect to a known reference photosensitizer. The ®so of ZnPcTS in aqueous
solution was as low as <0.01, which is a consequence of the aggregation of ZnPcTS in aqueous
media. In the same study, the non-ionic surfactant Triton X-100 was added to the aqueous
solution of ZnPcTS in an attempt to limit aggregation. This suppression of ZnPcTS
aggregation resulted in a much higher ®so of 0.30. In dimethylsulfoxide (DMSO), where
ZnPcTS does not aggregate, ®so was as high as 0.68.

Though soluble as a neutral compound, ZnPc¢TS has been shown to possess different
photophysical properties when in its tetrasulfonate form.?’ To explore these possibilities,
ZnPcTS formulations containing 0 to 4 eq. of sodium hydroxide (NaOH) relative to the
phthalocyanine (with 4 eq. being a single hydroxide unit per sulfonic acid). It is therefore
possible to investigate the behaviour of the phthalocyanine in multiple states. Further base and
salt additives will also be incorporated to study how these influence ZnPcTS behaviour when

incorporated into a gel.

2.3.1. ZnPcTS solution characterisation
Figure 2.3A displays the absorption spectrum of ZnPcTS in water (with and without

4 eq. NaOH) and in DMSO. The lack of ZnPcTS aggregation in DMSO is evidenced by the
sharp peak at 679 nm, which corresponds to the non-aggregated ZnPcTS absorption maximum.
This corroborates earlier work by Kuznetsova et al.'” The absorption spectrum of ZnPcTS in

water without NaOH shows a Q-band centred at ~ 636 nm, and that of ZnP¢TS in water with
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NaOH reveals a similar Q-band shape similar to the spectrum without base but containing a
shoulder at ~ 679 nm. This observation indicates a lesser degree of aggregation of ZnPcTS in
the presence of NaOH. The difference in aggregation tendency observed in solution is likely
brought about by electrostatic interactions between the sodium cations and the anionic
sulfonate group present upon the exterior of ZnPcTS in the presence of NaOH, and potential
hydrogen bonding between sulfonic acid groups of neighbouring phthalocyanines without the
presence of NaOH. The pKa of the ZnPc¢TS sulfonic acids is approximately -2 and therefore
we expect that the protons are largely dissociated in neutral water.?!"?? It is not immediately
clear that within the ZnPcTS aggregates in water that all of the acid protons will dissociate
because of the local environment in the assembly, and it could be that hydrogen bonding
between neighbouring stacked phthalocyanines takes place, and for this reason the addition of
the base has such a large impact upon the absorption and fluorescence characteristics of the

phthalocyanine.
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Figure 2.3. (A) Absorption spectrum of ZnPcTS at a concentration of 10 uM in DMSO (black), water

with 4 eq. NaOH (red), and water without NaOH (blue). (B) Fluorescence emission spectrum of
ZnPcTS at a concentration of 10 uM in DMSO (black), water with 4 eq. NaOH (red), and water without

NaOH (blue). exe. = 300 nm and Zgiyer = 330 nm for all three measurements.

This aggregation also has the effect of quenching fluorescence emission of ZnPcTS in aqueous

solution which can be seen in Fig 2.3B, where the fluorescence emission spectra of ZnPcTS

in DMSO and in water (with and without 4 eq. NaOH) is shown. As a result of the short lifetime

of the second excited singlet state of ZnPcTS, only one significant emission peak resulting

from the first excited state is observed when exciting the Soret band (~ 350 nm) or the Q-band
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in the red to far-red region (600-700 nm). A low-intensity peak between 500-550 nm is seen
with ZnPcTS in DMSO and corresponds to the minimal emission from the second excited state
brought about by its short lifetime.”> Although relative fluorescence intensities between
samples cannot be quantitatively compared without conducting the necessary calibrations,
ZnPcTS in DMSO results in a significantly larger fluorescence than ZnPcTS in aqueous
solution. The position of the emission maxima also varies depending on both solvent and
presence of base. The emission maximum of ZnP¢TS in DMSO is located at 695 nm, and that
of ZnPcTS in water (with and without 4 eq. NaOH) is present at 685 nm and 691 nm,

respectively.

Another commonly used method to prevent aggregation of hydrophobic core-containing
molecules is to introduce surfactants into the system. The compound
N,N,N-trimethylhexadecan-1-aminium bromide (CTAB) (shown in Fig. 2.4A), a cationic
surfactant, has been shown to inhibit aggregation in water-soluble phthalocyanines.?* Fig. 2.4
shows the absorption spectra of ZnPcTS in water with 4 eq. NaOH (Fig. 2.4A) and in water
without NaOH (Fig. 2.4B). In each spectrum, the effect of increasing the CTAB concentration
from 0 to 1 uM to 10 pM can be seen. The effect of disaggregation that can be seen by the
increase of the ZnPcTS monomer Q-band at ~ 679 nm is observed both in the presence of base
and without but is more pronounced in the solutions containing 4 equivalents of NaOH. This
disparity in effect is probably a consequence of the anionic character of the deprotonated
ZnPcTS and its more significant interaction with the cationic CTAB. As seen from the
fluorescence emission spectra (Fig. 2.4C), fluorescence intensity increases (as predicted) with
the addition of CTAB at a concentration of 1 uM but is almost completely quenched at a
concentration of 10 uM. This complete reduction of fluorescence could be result of the heavy
atom effect brought about by the bromide anions, which have been shown to reduce the

fluorescence of anthracene derivatives by increasing their triplet state lifetimes.?
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Figure 2.4. (A) Absorption spectra of ZnPcTS (10 uM) with 4 eq. NaOH containing no CTAB (blue),
1 uM CTAB (red), and 10 uM CTAB (grey). CTAB structure shown. (B) Absorption spectra of ZnPcTS
(10 uM) with no NaOH containing no CTAB (blue), 1 uM CTAB (red), and 10 uM CTAB (grey).
(C) Fluorescence emission spectra of ZnPcTS (10 uM) with no NaOH and no CTAB (green),
with 4 eq. NaOH and no CTAB (blue), with no NaOH and 1 uM CTAB (red), and with no NaOH and

10 uM CTAB (grey). Aexe = 300 nm and Asier = 330 nm for all fluorescence measurements.
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2.3.2. ZnPcTS@Gel preparation and characterisation
The gels comprising the gelator, phthalocyanine and base - abbreviated

ZnPcTS_nEqBase@Gels - were prepared using the solvent-antisolvent method whereby
1.2Br dissolved in ethanol was added to the aqueous phthalocyanine solution (with NaOH
where applicable) to give a mixture consisting of a 1:1 water-ethanol ratio and final 1.2Br
concentration of 12 mM within the gel as displayed in Fig. 2.5. In order to investigate the effect
of ZnPcTS incorporation in the gel as the tetrasulfonic acid and as the corresponding salt
derivative, stock solutions which contained 0-4 equivalents of NaOH relative to ZnPcTS
(0 to 1 equivalent per sulfonic acid group). Gels prepared with n equivalents of NaOH are
subsequently labelled ZnPcTS_nEqBase@Gel. After the mixture of the aqueous and ethanolic
solutions, gelation generally occurred within one minute irrespective of the concentrations of
ZnPcTS. No appreciable difference in gelation time was observed between the gels containing
differing concentrations of NaOH and the prepared gels were both robust and stable over

several months at room temperature.

ZnPcTS n=0,1,23,4

HOs8 ZnPcTS_nEq@Gel

Q5™
N\
"4 Water

i’ L“ N \
Nz N
JN N=
’&\N% n Eq. NaOH
HO,S <N
SOzH
K@ NaOH

Thorough Mixing

N N
QO .
*oo2x Ethanol 1.2Br in
WQis Phis I N\ EtOH
X=Br
1.2Br

Figure 2.5. Procedure for preparation of gels from an equal volume of ZnPcTS with n equivalents of
NaOH in water and 1.2Br in ethanol.

FT-IR spectra of the pristine 1.2Br xerogel (dried gel), ZnPcTS O0EqBase@Gel and
ZnPcTS_4EqBase@Gel xerogels were collected and compared with ZnPc¢TS in the solid state
are shown in Fig. 2.6. Xerogels were formed via drying a sample of the hydrated gel overnight
under vacuum. The O-H stretch of the sulfonic acid found at 3205 cm! in the spectrum of the

solid state ZnPcTS is not seen to the same extent in the ZnPcTS_nEqBase@Gel. The lack of
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a strong O-H stretch in the ZnPcTS 0EqBase@Gel xerogel indicates that there is a degree of
deprotonation of the sulfonic acid groups even without the addition of base, at least in the dried
form of the gel. Another characteristic peak is found at 1403 cm™ and corresponds to the S=O

stretch, which is not seen in the 1.2Br xerogel spectrum, thus corresponding to the encapsulated

phthalocyanine.
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Figure 2.6. FT-IR comparison of solid state ZnPcTS, pristine 1.2Br xerogel and ZnPcTS xerogels.
(A) Solid state ZnPcTS. (B) Pristine 1.2Br xerogel, [1.2Br] = 12 mM, 1:1 water ethanol.
(C) ZnPcTS_4EqBase@Gel xerogel, [1.2Br] = 12 mM, 1:1 water ethanol, [ZnPcTS] = 100 uM,
[NaOH] = 400 uM. (D) ZnPcTS O0EqBase@Gel xerogel, [1.2Br] = 12 mM, 1:1 water ethanol,
[ZnPcTS] = 100 uM. All concentrations are the final concentrations within each dried gel.

To better understand the microscale structure of the newly formed gels, SEM imaging was
employed. ZnPcTS nEqBase@Gel xerogel samples were prepared with no base and
increasing concentrations of ZnPcTS (no phthalocyanine; 12 pM; 120 uM and 1.2 mM) with
the gelator concentration kept constant at 12 mM. Further samples were prepared with the same
concentrations of ZnPcTS but also including 4 eq. of NaOH to investigate the potential effect

of base upon the microscale structure. SEM images (Fig. 2.7) reveal that when no ZnPcTS is

35




present within the gels, the gel fibres are relatively well-defined, irrespective of the presence
of base. Increasing the ZnPcTS concentration to 12 uM within the gel does not influence the
fibres to a considerable extent. However, upon increasing to 120 uM and finally 1.2 mM,
significant changes to the fibre morphology occur, moving from predominantly straight fibres
(Fig. 2.7A-D) and upon increasing ZnPc¢TS loading, beginning to appear less straight and
well-defined and cluster into areas of high fibre density (Fig. 2.7E-H). This trend towards
greater morphological disturbance with greater photosensitizer loading is observed also with

identical concentrations of a tetracarboxylated porphyrin.!’
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Figure 2.7. SEM images xerogels of 1.2Br gels formed in a 1:1 water-ethanol ratio and covered with
a 5-nm-thick layer of iridium. ZnPcTS concentration is increased by a factor of ten until the final
concentration of 1.2 mM. No discernible difference is observed between the samples containing 4 eq.

and no base. Scale corresponds to 1 um.

Rheological characterisation (Fig. 2.8) revealed the prevalence of the storage modulus (elastic

modulus, G’) over the loss modulus (G’’), indicating that 1.2Br gels have a solid-like feature
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rather than a liquid behaviour independently of the presence of the phthalocyanine, which is in
agreement with previous reports on other guests in the gel.!”-* In the published work supporting
this study, it was found that the incorporation of the ZnPcTS or the corresponding salt form
increased both the gel resistance to deformation and the resistance to rupture, observing a
greater influence in the case of ZnPcTS rather than the corresponding salt form.?’” The
increased resistance to deformation (G’ and G’’ values) and the increased resistance to rupture
(Critical stress values) are shown in Table 2.1. It has been previously shown that an increasing
loading of a tetracarboxylated porphyrin within a 1.2Br framework was correlated to an
augmented resistance to rupture.!” In this work, it is reported that ZnP¢TS can induce a similar
effect, but to a lower extent for the organic salt. There is a distinct contribution of the ionic and
non-ionic ZnPcTS structure on the 1.2Br gel assembly that affects the gel strength. It could be
imagined that the deprotonated ZnPcTS in ZnPcTS 4EqBase@Gel would interact more
strongly with the cationic heads of the 1.2Br gel, resulting in a weakening of the bulk structure
as measured using rheological analysis.

Table 2.1. Critical stress values from oscillation amplitude sweep (crossover points
when G’ = G””). [Work carried out by D. Limén at Universitat de Barcelona]

Sample G* G*’*  Critical stress (Pa)
1.2Br gel 2059 410 15.52
ZnPcTS 0EqBase@Gel 8707 1808 57.02
ZnPcTS 4EqBase@Gel 3072 859 37.04

*Denotes average values at the linear viscoelastic region (0.1-1.0 Pa)
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Figure 2.8. Frequency sweep (A, B, C) and amplitude sweep (D, E, F) profiles of 1.2Br gel (A, D),
ZnPcTS 0OEqBasewGel (B, E) and ZnPcTS 4EqBase@Gel (C, F). [Work conducted by D. Limon at

Universitat de Barcelona]

The absorption characteristics of ZnPcTS when incorporated into the gel were also influenced
by the presence of NaOH. Figure 2.9A shows the absorption spectra of
ZnPcTS_4EqBase@Gel and ZnPcTS_0EqBase@Gel. ZnPcTS_4EqBase@Gel has a
greater extinction coefficient in the Q-band region than ZnPcTS_0EqBase@Gel along with a
different Q-band shape. This disparity in absorbance could be explained by the varying extents
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of aggregation of ZnPcTS within the gel with and without the presence of base. Fluorescence
emission spectra (Fig. 2.9B) of gels containing an intermediate amount (1, 2, 3 eq. NaOH) of
base show an initial decrease in emission intensity and a bathochromic shift in the position of
the emission maximum from 0 to 1 eq. of NaOH, followed by hypsochromic shifts
from 1 to 4 eq. NaOH. This decrease in fluorescence intensity upon the addition of 1 eq. of
NaOH was not expected, as lowering aggregation tends to increase fluorescence activity,
though this result is discussed further in the context of the singlet oxygen generation
experiments. In order to mimic the solvent composition within the gel, the absorption and
emission spectra of ZnPcTS in 1:1 water-ethanol solution were characterized (Fig. 2.9C,D).
Again, ZnPcTS in the presence of base in this 1:1 water-ethanol solution exhibits greater
absorbance and an extinction coefficient which is more than double that of ZnPcTS
in 1:1 water-ethanol without the presence of base. The Q-band of ZnPc¢TS with 4 eq. NaOH in
1:1 water-ethanol strongly resembles that of ZnPc¢TS in DMSO, indicating that the ZnPcTS
is not aggregated in 1:1 water-ethanol when 4 eq. of NaOH are present. When base is not
present, the Q-band shape is more complicated with the two peaks split into four. This Q-band
splitting pattern is observed in the free base phthalocyanine H>Pc but also seen in metalated
phthalocyanines.?® Splitting of this type is intrinsic to H2Pc and is caused by the asymmetry of
the isoindole nitrogens in the phthalocyanine ring. This asymmetry causes the HOMO and the
LUMO to be non-degenerate, resulting in two different transitions in the Q-band region.?
Absorption spectra of ZnPcTS@Gel samples containing 1-3 equivalents of NaOH show
intermediate Q-band shapes between that of the 0 eq. and 4 eq. NaOH samples. The extinction
coefficients and absorption maxima of ZnPc¢TS in solution/gel (Table 2.2) reveal that ZnPcTS
with 4 eq. NaOH has a higher absorption than that of the counterpart without NaOH.
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Figure 2.9. (A) Absorption spectra of ZnPcTS_nEqBase@Gels, n = 0 (grey), n = I (red), n = 2 (blue),
n = 3 (green), n = 4 (lilac), [ZnPcTS] = 100 uM. (B) Fluorescence emission spectra of
ZnPcTS nEqBase@Gels, n = 0 (grey), n = 1 (ved), n = 2 (blue), n = 3 (green), n = 4 (lilac),
[ZnPcTS] = 10 uM. (C) Absorption spectra of ZnPcTS (10 uM) in 1:1 water-ethanol with 4 eq. NaOH
(red) and no NaOH (grey). (D) Fluorescence emission spectra of ZnPcTS (10 uM) in 1:1 water-ethanol
with 4 eq. NaOH (red) and no NaOH (grey). Jexe = 625 nm and Ajner = 645 nm for these fluorescence

measurements.

Table 2.2. Extinction coefficients of ZnPcTS in different systems.

Extinction Coefficient (€)

ZnPcTS_nEqBase Water 1:1 Water-Ethanol 1.2Br Gel
n=4 34000 83000 39000
n=0 22000 36000 21000

2.3.3. ZnPcTS singlet oxygen generation
The SO-generating ability of the gels was assessed using ABMA, a fluorescent probe which

reacts with singlet oxygen producing a non-fluorescent (in visible spectrum) endoperoxide
compound and reducing the overall ABMA fluorescence emission between ~ 400 — 500 nm. A

diode laser of 660 nm was used to excite the Q-band of ZnPcTS, and subsequently generate
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SO. A comparison of the ZnPcTS in solution and within the gel would confirm whether
aggregation had a considerable effect upon the SO generating ability, along with how the
presence of base influences SO generation. Figure 2.10 shows overlaid fluorescence spectra
of ABMA over fifteen minutes of irradiation in the presence of ZnP¢TS (10 uM) in water and
with 4 eq. NaOH. To quantify the ABMA decay, the intensity of the emission peak
at ~ 430 nm was tracked over the fifteen minutes to yield values corresponding to percentage
of ABMA decayed. Plotting the relative intensities of this ABMA emission peak over time
yields information relating to the rate of SO generation along with the associated kinetics.
Figure 2.11A displays ABMA decay plots of ZnPcTS (10 uM), one with 4 eq. NaOH (blue
line) and one with no NaOH in water (red line). The SO generation of ZnP¢TS both with and
without base in aqueous media is modest, with roughly a 10% decrease in ABMA intensity
after 15 minutes. A control ABMA plot without any ZnPcTS is also shown in Fig. 2.11A, as
there is a small inherent decay of ABMA fluorescence over time. Again, this poor SO

generation rate is largely a consequence of the significant aggregation in the aqueous solvent.
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Figure 2.10. A total of sixteen ABMA fluorescence emission spectra in which the intensity of ~ 430 nm
maximum can be seen to decrease under irradiation with a red laser in the presence of ZnPcTS

(10 uM) and 4 eq. NaOH in aqueous solution. A = 660 nm, P, = 50 mW. Aexe = 380 nm.
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Figure 2.11A also shows ABMA decay plots of ZnPcTS 0EqBase@Gel and
ZnPcTS 4EqBase@Gel dispersed in water. An enhancement in SO-generating ability is
clearly seen for both gels tested, Fig. 2.12 shows the fluorescence emission decay of ABMA
for the measurements with ZnPcTS_4EqBase@Gel, where a clear qualitative difference can
be seen in comparison with Fig. 2.10. Fitting pseudo first order kinetics results in a rate
enhancement (with respect to aqueous solution) of 17x and 9x for ZnPcTS_4EqBase@Gel
and ZnPcTS_ OEqBase@Gel, respectively. Whilst encapsulation in the 1.2Br gel clearly
enhances SO  generation, a disparity between ZnPcTS_4EqBase@Gel and
ZnPcTS_OEqBase@Gel exists. Increased aggregation of ZnPcTS within the gel containing
no NaOH, along with a potential influence of the heavy atom effect may be contributing to this
difference. This disparity is explained by the observed reduced fluorescence of
ZnPcTS_4EqBase@Gel compared with ZnPcTS_0EqBase@Gel. With the triplet excited
state of the former being stabilised by the heavy atom effect, fluorescence should decrease as
a result in more intersystem crossing, which we observe as enhanced SO generation. To further
evaluate the effect of NaOH, similar measurements were obtained for ZnPcTS@Gels
containing 1, 2, and 3 equivalents of NaOH. Fig. 2.11B shows the ABMA decay curves for
ZnPcTS@Gels with 0 to 4 -equivalents of base. Largely within error, the
ZnPcTS_1,2,3EqBase@Gels yield ABMA decay curves that lie in between that of
ZnPcTS_0EqBase@Gel and ZnPcTS_4EqBase@Gel, indicating that increasing NaOH
content induces an increase in SO generation through the gradual increase in amount of non-

aggregated phthalocyanine species.
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Figure 2.11. (A) ABMA decay plot without ZnPcTS (grey line), ZnPcTS (10 uM) with no NaOH (red
line) in aqueous solution, ZnPcTS (10 uM) with 4 eq. NaOH (blue line) in aqueous solution,
ZnPcTS 0EqBase@Gel (orange) and ZnPcTS 4EqBase@Gel (green) (B) ABMA decay plot of
ZnPcTS 0EqBase@Gel (orange), ZnPcTS 1EqBase@Gel (cyan), ZnPcTS 2EqBase@Gel (dark
blue), ZnPcTS 3EqBase@Gel (magenta), and ZnPcTS 4EqBase@Gel (green). In all gel samples,
final [ZnPcTS] = 2 uM. dexe = 380 nm.
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Figure 2.12. Sixteen ABMA fluorescence emission spectra in which the intensity of ~ 430 nm maximum

can be seen to decrease under irradiation with a red laser in the presence of ZnPcTS 4EqBase@Gel

(2 uM) dispersed in water. dirr = 660 nm, Piry = 50 mW. Jexe = 380 nm.

CTAB was shown to decrease ZnPcTS aggregation at a concentration of 1 uM in aqueous

solution. This is corroborated by the SO generation of ZnPcTS in said system (Fig. 2.13).

Whilst the effect is relatively small, an increase in SO generation over fifteen minutes is

observed. Similarly to the fluorescence quenching of ZnPcTS by CTAB, the fluorescence of
ABMA is also completely quenched by the addition of 10 uM CTAB, prohibiting SO

generation measurements with this probe.
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Figure 2.13. ABMA decay plots for ZnPcTS (40 uM) in water (red) and ZnPcTS (40 uM) in water
with 1 uM CTAB (blue).

2.3.4. Further additives and conditions study
To further understand the role of base in providing enhanced SO generation, identical gel

systems containing caesium hydroxide were prepared. CsOH is a basic compound with a pKa
value of 15.76, making it fractionally more basic than NaOH which has a pK, of 15.70 although
this difference is not likely to have a significant effect upon the gel system. More importantly,
Cs" cations are significantly larger (167 pm) than Na* cations (116 pm).3° The influence of
potential adherence of these differently sized cations to the phthalocyanine’s deprotonated
anionic sulfonate groups could influence aggregation state, resulting in increased SO

generation.

Figure 2.14 displays the absorption and fluorescence emission spectra for
ZnPcTS_4EqCsOH@Gel at a concentration of 100 uM. The Q-band shape for ZnPcTS in
this system is indistinguishable from that of ZnPcTS 4EqNaOH@Gel, indicating that the
aggregation state of ZnPcTS is not influenced by the presence of the larger Cs* cations. The
fluorescence emission peak also lies at the same wavelength, indicating that the hydroxide ions
have the predominant effect upon aggregation as a result of deprotonation of the

phthalocyanine.

46




0.6 -

- 250000 >

- 200000

- 150000

Absorbance

- 100000

|
[$)}
(=]
(=
o
o

Fluorescence Intensit

v T v T T T v T v -
300 400 500 600 700 800
Wavelength / nm

Figure 2.14. UV-Visible absorption (black solid line, [ZnPcTS] = 100 uM) and fluorescence emission
(red dotted line, [ZnPcTS] = 10 uM) spectra of ZnPcTS 4EqCsOH@Gel. le.c = 625 nm and

Asitier = 645 nm _for the fluorescence measurement.

The similarities of ZnPcTS 4EqCsOH@Gel to ZnPcTS 4EqNaOH@Gel are not solely
limited to absorption and fluorescence characteristics. Figure 2.15 shows the ABMA decay
plot for ZnPcTS_4EqCsOH@Gel compared with that of ZnPcTS_4EqNaOH@Gel. When
overlain, the two gels show a remarkably similar rate of SO generation. This provides further
evidence that the choice of base cation has no effect upon the aggregation state of ZnPcTS as

part of the 1.2Br gel.
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Figure 2.15. ABMA decay plots of ZnPcTS 4EqCsOH@Gel (red) as compared with
ZnPcTS O0EqNaOH@Gel (orange) and ZnPcTS 4EqNaOH@Gel (green) and an ABMA control
(black). In all gel samples, final [ZnPcTS] = 2 uM. Ly = 660 nm, Py = 50 mW. Jexe = 380 nm.

The inverse experiment to changing the cation can be carried out by adding a non-basic sodium
salt. Given the results relating to CsOH, the addition of NaCl should have a different effect on
the photophysical characteristics of ZnP¢TS when incorporated into the gel compared with
that of ZnPcTS in the presence of base (CsOH, NaOH). Fig. 2.16A shows absorption spectra
of ZnPcTS 4EqNaCl@Gel, ZnPcTS 0EqNaOH@Gel, and ZnPcTS 4EqNaOH@Gel,
where a typical aggregated phthalocyanine Q-band shape can be seen in each spectrum. As
expected, ZnPcTS appears more aggregated in the presence of NaCl rather than NaOH owing
to less thorough deprotonation with the former. Interestingly, the absorption profile of ZnPcTS
is changed by the presence of NaCl when compared with ZnPcTS 0EqNaOH@Gel. The
absorption spectrum of ZnPcTS_4EqNaCl@Gel appears to be an intermediate shape between
that of 0 equivalents of NaOH and 4 equivalents of NaOH. This suggests that the chloride
anions may be influencing aggregation. A possibility is that chloride anions are displacing the
bromide counterions (from 1.2Br) between the cationic layers wherein the ZnPcTS resides.
This displacement may have an effect upon fibre structure at the microscale resulting in altered

aggregation. Figure 2.16B shows a comparison of the fluorescence emission spectra of
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ZnPcTS 4EqNaCl@Gel with ZnPcTS 4EqNaOH@Gel, where a small bathochromic shift

can be seen in the former.
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Figure 2.16. (A) Absorption spectra of ZnPcTS 4EqNaCl (black), ZnPcTS 0EqNaOH@Gel (blue),
and ZnPcTS 4EqNaOH (red). [ZnPcTS] = 100 uM for all three spectra. (B) Fluorescence emission
spectra of ZnPcTS 4EqNaCl@Gel (black) and ZnPcTS 4EqNaOH (red). [ZnPcTS] = 10 uM for

both fluorescence spectra. Aexe = 625 nm and Aser = 645 nm for these fluorescence measurements.

Figure 2.17 shows ABMA  decay plots of ZnPcTS_4EqNaCl@Gel,
ZnPcTS_O0EqNaOH@Gel, and ZnPcTS 4EqNaOH@Gel. The SO generation rate of
ZnPcTS_4EqNaCl@Gel lies roughly in between that of ZnPcTS_0EqNaOH@Gel and
ZnPcTS_4EqNaOH@Gel, but closer to ZnPcTS_0EqNaOH@Gel. This trend corroborates
the finding that the absorption profile of ZnPcTS_4EqNaCl@Gel represents an intermediate
degree  of  aggregation between that of ZnPcTS 0EqNaOH@Gel and
ZnPcTS_4EqNaOH@Gel.
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Figure 2.17. ABMA decay plots of ZnPcTS 4EqNaCl@Gel (dark blue) as compared with
ZnPcTS O0EqNaOH@Gel (orange) and ZnPcTS 4EqNaOH@Gel (green) and an ABMA control
(black). In all gel samples, final [ZnPcTS] = 2 uM. 2y = 660 nm, Py = 50 mW. Aexe = 380 nm.

As a general procedure, the addition of gel to the aqueous ABMA solutions was done through
injecting through a needle and dispersing. This was viewed as the optimal method to ensure
that the greatest possible amount of gel surface area was exposed to ABMA. The lifetime of
SO in solution is very short, so there is little time for the generated SO to diffuse through the
solution or indeed out of the gel.>! To test this, an experiment was conducted whereby an equal
volume (compared with the dispersed solutions) of solid ZnPcTS@Gel was formed at the
bottom of a cuvette. An ABMA solution was then added on top of this gel before the SO
measurements were carried out as described before. As the same amount of ZnPcTS was
present overall, any change in SO generation characteristics must be a result of the solid gel

formulation. Fig. 2.18 displays a visual representation of this setup.
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Figure 2.18. Visual representation of the dispersed gel used in the previous measurements (left) and

the solid gel configuration (right).

Figure 2.19 displays the ABMA decay plots for both ZnPcTS_4EqNaOH@Gel dispersed
into solution and ZnPcTS_4EqNaOH@Gel formed as a solid section of gel at the bottom of
the fluorescence cuvette. It is immediately clear that gel dispersal is essential to result in any
appreciable amount of ABMA decay. Two factors could be influencing this. As mentioned, the
dispersed gel has a greater surface area of gel in contact with the ABMA in solution, meaning
that generated SO can react with ABMA before decaying more often than with the solid gel.
In the solid gel example, it is possible that SO is being formed throughout the gel. Given the
low lifetimes of singlet oxygen in the liquid phase (in the microsecond to nanosecond scale),
only the surface of the gel in contact with the ABMA solution has any chance of having its
generated SO react with the ABMA before decaying. However, it could be that the solid gel
acts as a block on the laser beam, meaning that the bulk of the gel is not able to generate SO.
It is likely that both effects combine to yield a poor photosensitizer system. This difference in
SO generation rate has ramifications for potential applications and in vitro/ in vivo experiments
in aPDT. For the system to work effectively, having a single block of gel in contact with either
a bacterial solution or bacteria in general may not result in a significant antibacterial effect.
Given our soft material scaffold for the photosensitizer, however, this may not be a terminal
problem as the breaking up of the supramolecular system is easily carried out (e.g. rubbing
onto a wound). It is unknown why there is an increase in ABMA intensity in the case of the
solid gel. Though samples were left to equilibrate before measurement, further equilibration
may have been required for the solid gel sample. This observed effect still supports the

conclusion that negligible ABMA decay is seen with this sample.
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Figure 2.19. ABMA decay plots of ZnPcTS 4EqNaOH@Gel (dispersed) (green) and
ZnPcTS 4EqNaOH@Gel (solid) (red). In all gel samples, final [ZnPcTS] = 2 uM. Ay = 660 nm,
Pirr = 50 mW Aexc = 380 nm.

2.4. Zinc(II) tetrakis(methylsulfonyl)phthalocyanine

ZnPcSO:Me is a water-insoluble phthalocyanine that has been synthesized by Dumoulin ef al.
for use in aPDT.*? Being structurally similar to ZnPcTS, it can be used to investigate how

slightly altering the peripheral units might affect photophysical properties.

MeO,S

SO,Me

ZnPcSO:Me

ZnPcSO2Me can be prepared through the heating of sulfanatomethyl phthalonitrile with a zinc

salt in DMF. The phthalocyanine’s absorption characteristics in DMSO at a concentration of
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10 uM are typical of a non-aggregated phthalocyanine, with a Q-band consisting of an intense
peak at ~ 680 nm and a shoulder at ~ 620 nm. Its fluorescence emission is slightly red shifted
with respect to the unsubstituted zinc(Il) phthalocyanine (ZnPc). ZnPcSO2Me has been shown
to display highly effective antibacterial behaviour when irradiated with 600 — 700 nm red light,

with a greater effect on gram-positive staphylococcus aureus than on gram-negative E-coli.

2.4.1. ZnPcSO:Me solution characterisation
Given the hydrophobic nature of ZnPe¢SO2Me, photophysical characterisation in neat aqueous

solution was not possible as a consequence of the phthalocyanine’s insolubility in such a
solvent. A solvent system of 1:1 water-ethanol (as seen within the gel), shows that the
phthalocyanine is heavily aggregated as seen in Fig. 2.20. The main peak in the Q-band lies at
635 nm, indicating the presence of dimers and higher order aggregates. In addition to this, the
poor baselines of the spectra, caused by Rayleigh scattering (where light interacts with particles
or molecules that are much smaller than the wavelength of the incident light), indicate that full

dissolution is not achieved in this solvent system.
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Figure 2.20. UV-Visible absorption spectrum of ZnPcSO>Me in 1:1 water-ethanol at a concentration
of 10 uM (black), 20 uM (red), 40 uM (blue), 60 uM (green), 80 uM (lilac).
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Upon altering the water-ethanol ratio to 5:95, the absorption profile changes in a manner that
suggests aggregation is reduced. Figure 2.21 suggests also that full ZnPcSO2Me is not
achieved at this ethanol content, with significant Rayleigh scattering resulting in a poor

baseline.
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Figure 2.21. UV-Visible absorption spectrum of ZnPcSO>Me in 5:95 water-ethanol at a concentration
of 80 uM.

The fluorescence emission (Fig. 2.22) of ZnPcSO:Me in both 1:1 and 5:95 water-ethanol
displays a typical phthalocyanine emission spectrum with an emission maximum present

at ~ 681 nm and 679 nm for the former and latter respectively when excited at 630 nm.
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Figure 2.22. Fluorescence emission of ZnPcSO>Me in 1:1 water-ethanol (red) and 5:95 water-ethanol
(blue) with [ZnPcSO:Me] = 80 uM for both measurements. dexe = 625 nm and Apyer = 645 nm for both

ﬂuorescence measurements.

2.4.2. ZnPcSO:Me gel preparation and characterisation
A significant difference relating to gel experiments involving ZnPeSO2Me was that the

phthalocyanine had to be part of the ethanolic phase along with the 1.2Br gelator prior to gel
formation. Other than this, there were no differences in macroscopic gel formation or gelation
time. Absorption spectroscopy of ZnPcSO:2Me@Gel is shown in Fig. 2.23 and contrasts
strongly ZnPcSO2Me in the aqueous solution phase. The aggregation of ZnPcSO2Me seen in
1:1 water-ethanol solution appears to be severely curtailed when incorporated into
a 1:1 water-ethanol 1.2Br gel. This reduction of aggregation somewhat matches that seen in

the case of ZnPcTS.
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Figure 2.23. UV-Visible absorption spectrum of ZnPcSO:Me@Gel with [ZnPcSO:Me] = 100 uM,
[1.2Br] = 12 mM, 1:1 water-ethanol.

The position of the fluorescence emission of ZnPcSO:2Me is largely unchanged within the gel
when compared with the phthalocyanine in 1:1 water-ethanol (Fig. 2.24). The emission peak

is slightly hypsochromically shifted by ~ 3 nm.
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Figure 2.24. Fluorescence emission of ZnPcSO:Me@Gel with [ZnPcSO:Me] = 100 uM.

Aexe = 625 nm and Aier = 645 nm for this fluorescence measurement.

2.4.3. ZnPcSO:Me singlet oxygen generation
For the following SO measurements, a different irradiation source was used. This new laser

possessed a power of 5 mW and emission wavelength of 635 nm. This is ~ 10x weaker than
the laser used in the previous study with ZnPcTS, meaning results are not immediately
comparable. In addition, the time taken to observe significant ABMA degradation was
considerably longer. Here, ABMA fluorescence measurements were taken every fifteen

minutes for a total of 2 hours in order to see substantial ABMA decay.

Firstly, solution phase studies on the SO generation of ZnPcSO:2Me were carried out.
Figure 2.25 displays ABMA decay plots of ZnPcSO2Me in 1:1 water-ethanol (blue) and
in 5:95 water-ethanol (green). ZnPcSO:Me in 5:95 water-ethanol does not exhibit
considerably greater SO generation than ZnPcSO:2Me in 1:1 water-ethanol, meaning the lesser
amount of aggregation in the latter does not translate into increased SO generation at least on

the timescales explored in this study.

As seen in the photophysical studies, ZnPcSO:2Me is much less aggregated when incorporated

into the 1.2Br gel compared to when solvated in 1:1 water-ethanol. This claim is further
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corroborated by SO generation measurements of ZnPcSO:Me@Gel, where the rate of SO
generation is enhanced significantly (Fig. 2.25). ZnPcSO:Me@Gel also displayed a greater
amount of SO generation than ZnPcTS_0EqNaOH@Gel in similar conditions. This disparity
can be explained by the much greater non-aggregation of ZnPcSO2Me within the gel when

compared to that of ZnPcTS in the same conditions.
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Figure 2.25. ABMA decay plots of ZnPcSO:Me in 1:1 water-ethanol (blue), ZnPcSO:Me in
5:95 water-ethanol (green), ZnPcSO:Me@Gel (black), and ZnPcTS 0EqNaOH@Gel (red). In all
solutions and gels, final [ZnPcSO:Me] = 2 uM. Linr = 635 nm, Py =5 mW. Jexe = 380 nm.

2.5. Conclusion
In summary, aggregation of ZnPcTS in aqueous solution has been shown to considerably

quench SO generation. In a mixed water-ethanol solvent system, the water-soluble
phthalocyanine predominantly exists in its unaggregated form. The creation of a water-ethanol
microenvironment within an excess of water through dispersion of a water-ethanol 1.2Br gel
has allowed the photosensitizer to retain its non-aggregated form and subsequently possess the
ability to generate a significantly increased amount of SO compared with the same

phthalocyanine in aqueous solution. The presence of base has also been shown to affect
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ZnPcTS aggregation both in aqueous solution and as part of the gel by limiting aggregation.
Also, a similar enhancement in the rate of SO generation was seen with a hydrophobic zinc
phthalocyanine ZnPc¢SO2Me. Incorporation of ZnPcSO:2Me into the 1.2Br gel resulted in
significant disaggregation with respect to ZnPecSO2Me in solution, as seen with absorption
spectroscopy. This lowered aggregation manifested itself as considerably enhanced SO
generation. ZnPcSO:Me displayed a higher rate of SO generation in 1.2Br when compared
with ZnPcTS in the same gel system. This disparity is also a consequence of the reduced
aggregation of the former. This study demonstrates the effectiveness of supramolecular
encapsulation in soft materials for realising the potential of photosensitizers that are highly

susceptible to aggregation in aqueous environments.

2.6. Experimental
Imidazole (>99%), 1-bromooctane (99%), 1,3-bis(bromomethyl) benzene (97%),

1,3-bis(chloromethyl) benzene >98.0% was purchased from Sigma Aldrich. Zinc
phthalocyanine tetrasulfonic acid (ZnPc¢TS) was purchased from PorphyChem. Zinc
tetrasulfonatomethyl phthalocyanine (ZnPc¢SO2Me) was provided by Acibadem Mehmet Ali
Aydinlar Universitesi (collaboration). The other commonly used reagents purchased from a
range of different suppliers and used without any further purification. Preparation of the
dicationic amphiphile gelator (1.2Br) was carried out through an established synthetic
procedure.?” Chromatography purifications were performed using Sigma-Aldrich Silica Gel
(pore size 60A, particle size 40 — 63 um) and thin-layer chromatography (TLC) was carried out
on E. Merck silica gel plates irradiated using 365 nm UV light. NMR spectra were acquired on
a Bruker AV400 spectrometer and NMR spectra were recorded at room temperature. All
chemical shifts are reported in 6 parts per million (ppm), using the solvent residual signal as an
internal standard and the coupling constant values (J) are reported in Hertz (Hz). The following
abbreviations are used for signal multiplicities: s, singlet; d, doublet; t, triplet; m, multiplet;

and b, broad.

2.6.1. General procedures
Unless explicitly stated otherwise, gels were prepared at a 1:1 water-ethanol ratio with a final

gelator concentration of 12 mM. A total of five aqueous ZnPcTS 2.4 mM stock solutions
(containing 0, 1, 2, 3, 4 equivalents of NaOH relative to the concentration of ZnPcTS) were
prepared to achieve the desired concentration in the gel. Similar stock solutions were made for
ZnPcTS containing 4 equivalents of CsOH or NaCl. For the 1.2Br gels, an equal volume of
24 mM gelator solution in absolute ethanol was added to the diluted ZnPcTS solution in MilliQ
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water (including NaOH where noted) via micropipette and mixed vigorously and rapidly. This
preparation led to robust gels which were stable over the timescale of months at room
temperature (approximately 18-25 °C). For experiments involving ZnPcSO:Me, the
phthalocyanine stock solution had to be made up in an ethanolic solution and mixed with the

ethanolic 1.2Br solution prior to gel formation.

The rheological assessment of gel samples was performed in a HAAKE RheoStress 1
rheometer (Thermo Scientific) according to a literature procedure.’’ Briefly, a sensor with
60 mm diameter (PP60) was used with a 3 mm gap between plates and the characterisation was
performed at 36 = 1 °C. For the oscillatory amplitude sweep test, the amplitude of deformation
(shear stress) was varied (0-100 Pa) while the frequency was kept constant at 1 Hz; while for
the frequency sweep test, the shear frequency was varied (10.00 — 0.01 Hz) and the amplitude
of the shear stress was set at 0.50 Pa. Rheological analysis for this Chapter was carried out by
D. Limén at Universitat de Barcelona. UV-Visible absorption spectroscopy measurements
were taken with quartz cuvettes of path length 10 mm or 1 mm in a Cary UV-Visible NIR
Spectrometer. Absorption measurements of gel samples containing ZnPcTS had to contain the
photosensitizer at a higher concentration than samples used in the SO studies to be able to see
through the heavy scattering brought about by the gel. Fluorescence emission of gel (1 mm
cuvette) and solutions (10 mm cuvette) was characterized using a FLS 980 spectrometer
(Edinburgh Instruments) equipped with a front face sample holder. For gel fluorescence
measurements, the use of long pass filters and front face geometry allow to remove the effect
of scattering (the beam hits the cuvette surface and enters the detector). Fourier-transform
infrared spectroscopy (FT-IR) was carried out on a Bruker Tensor 27 instrument equipped with
a Pike GladiATR attachment with a diamond crystal and was performed in dried gel samples.
SEM images were acquired with a JEOL 7100F FEG-SEM system on samples cast on
aluminium stubs, dried under vacuum and coated with a 5-nm-thick layer of iridium. Image

acquisition was performed using a working distance of 6 mm and 10 kV accelerating voltage.

SO generation rate of ZnPcTS photosensitizer systems were measured by monitoring the
fluorescence decrease of ABMA in water with the presence of ZnPc¢TS and
ZnPcTS_nEqBase@Gels upon irradiation with a 50 mW 660 nm laser. The sample in a
10 mm quartz cuvette was irradiated for 1 minute intervals using the diode laser. The ABMA
fluorescence was characterized using a FLS 980 spectrometer. Quantitative ABMA decay

analysis was done by comparing the fluorescence intensity /(ABMA), with the initial ABMA
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concentration [ (ABMA),, according to Equation 2.1. For each sample, two experiments were

carried out and the mean calculated, and range plotted as y-axis error bars.

I(ABMA),,

t

In a typical SO experiment, a 0.5 mL sample of gel containing the ZnPcTS at a concentration
of 10 uM was prepared in a syringe which, upon gelation, was dispersed into to 2 mL of a
146 uM ABMA solution to yield a suspension with final working concentrations of 2 uM
(ZnPcTS), 117 uM (ABMA) and a final ethanol content of 10% in 2.5 mL sample volume.
Two SO generation experiments were carried out and the average emission decay of ABMA
plotted as a function of irradiation time. All ABMA decay plots were fit to pseudo first order

kinetics (Equation 2.2) to determine rate constants.
Eq(2.2).  [A]=[A]oxe™™

In the SO measurements of the neutral ZnPcSO:Me, a 5 mW 635 nm laser was used. In a
typical SO experiment, a 0.5 mL sample of gel containing the ZnPcSO:Me at a concentration
of 10 uM was prepared in a syringe which, upon gelation, was dispersed into to 2 mL of a
146 UM ABMA solution to yield a suspension with final working concentrations of 2 uM
(ZnPcSO2Me), 117 uM (ABMA) and a final ethanol content of 10% in 2.5 mL sample volume.
The sample in a 10 mm quartz cuvette was irradiated for 15 minute intervals using the diode
laser. Two SO generation experiments were carried out and the average emission decay of

ABMA plotted as a function of irradiation time.

2.6.2. Synthetic procedures
1-Octadecyl-1H-imidazole

Acetonitrile (60 mL) and KOH (2.52 g, 44.9 mmol) were added to a flask and stirred until full
dissolution of KOH. To this flask, imidazole (2.72 g, 40 mmol) was added and stirred at room
temperature for 2 h. To a separate flask was added 1-bromooctadecane (13.30 g, 39.9 mmol)

along with acetonitrile (40 mL). This separate flask was then stirred at 50 °C for 15 min. After
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this time, the separate flask containing 1-bromooctadecane in acetonitrile was added to the
flask containing imidazole. This combined mixture was stirred at room temperature for 24 h.
Solvent removed in vacuo to yield a crude off-white solid. Solid was dissolved in DCM and
filtered. Subsequent filtrate was concentrated in vacuo to yield a waxy off-white solid which
was then purified on silica gel (9% MeOH in DCM) to yield a waxy white solid (10.22 g, 80%).
'"H NMR (400 MHz, CDCls) §/ppm 7.57 (s, 1H, Im-H (2)), 7.08 (t, J = 1.2 Hz, 1H, Im-H(5)),
6.92 (t,J=1.2 Hz, 1H, Im-H(4)), 3.95 (t, /= 7.2 Hz, 2H, N-CH>), 1.78 (m, 2H, N-CH2-CH>),
1.46 — 1.09 (m, 32H, (CH>)15), 0.89 (t, J = 7.2 Hz, 3H, CH3). 3C NMR (101 MHz, CDCls)
d/ppm 136.9 (Im-C(2)), 128.9 (Im-C(5)), 118.8 (Im-C(4)), 47.2 (N-CH>), 31.9 (N-CH>-CH>),
31.1-22.7 ((CH2)15), 14.1 (CH3). IR v max ATR/cm™: 2916 (S, Asym. Aliph. C-H stretch),
2849 (S, Sym. Aliph. C-H stretch), 1508 (M, Aliph. C-H scissor), 1462 (M, Aliph. C-H bend).

1,3-Bis[(3-octadecyl-1-imidazolio)methyl]|benzene di-bromide (1.2Br)

N N
T
* 2Br

1-Octadecyl-1H-imidazole (2.26 g, 7.05 mmol) was added to acetonitrile (60 mL) and stirred
at room temperature for 10 min. The compound 1,3-bis(bromomethyl) benzene
(0.93 g, 3.52 mmol) was then added and mixture gently stirred at 80 °C for 19 h. Solvent was
removed in vacuo and resulting off-white powder was dissolved in DCM and precipitated with
diethyl ether to yield a white solid (2.52 g, 79 %) characterized as 1.2Br. 'H NMR (400 MHz,
CDCl) 6/ppm 10.39 (s, 2H, Im-H(2)), 8.11 (t, 2H, Im-H(5)), 8.07 (s, IH, Ar-H(2)), 7.58 (dd,
J=17.7Hz, J= 1.7 Hz, 2H, Ar-H(4,6)), 7.24 (d, 2H, Im-H(4)), 7.20 (t, J = 7.7 Hz, 1H, Ar-
H(5)), 5.63 (s, 4H, CH>), 4.28 (t, J = 7.5 Hz, 4H, N-CH), 1.90 (p, J = 7.5 Hz, 4H, N-CH>-
CH»), 1.33-1.24 (m, 60H, (CHz)is), 0.89 (t, 6H, CH3). '3C NMR (101 MHz, CDCl3) &/ppm
136.8 (Im-C(2)), 134.6 (Ar-C(1,3)), 130.4 (Ar-C(2)), 129.9 (Ar-C(4, 5, 6)), 123.5 (Im-C(5)),
121.7 (Im-C(4)), 52.5 (CH>2), 50.3 (N-CH), 31.9- 22.7 ((CH2)15), 14.1 (CHs). IR v max
ATR/cm™: 2916 (S, Asym. Aliph. C-H stretch), 2849 (S, Sym. Aliph. C-H stretch), 1562 (M,
Aliph. C-H scissor), 1469 (M, Aliph. C-H bend).
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1,3-Bis[(3-octadecyl-1-imidazolio)methyl]|benzene di-chloride (1.2Cl)

N

N
R

(Qis Vlis

2CI

1-Octadecyl-1H-imidazole (3.22 g, 10.0 mmol) added to acetonitrile (70 mL) and stirred at
room temperature for 10 min. The compound 1,3-bis(chloromethyl) benzene
(0.88 g, 5.00 mmol) was then added and mixture gently stirred at 80 °C for 18 h. Solvent
removed in vacuo and the resulting off-white powder was dissolved in DCM and precipitated
with diethyl ether to yield a white solid (3.23 g, 80 %) characterized as 1.2Cl.
"H NMR (400 MHz, CDCls) §/ppm 10.52 (s, 2H, Im-H(2)), 8.09 (t, 2H, Im-H(5)), 8.05 (s, 1H,
Ar-H(2)), 7.54 (dd, J=7.7 Hz, J= 1.7 Hz, 2H, Ar-H(4,6)), 7.24 (d, 2H, Im-H(4)), 7.21 (t, J =
7.7 Hz, 1H, Ar-H(5)), 5.61 (s, 4H, CH>), 4.27 (t, J= 7.5 Hz, 4H, N-CH>), 1.90 (p, /= 7.5 Hz,
4H, N-CH»-CH>), 1.35-1.21 (m, 60H, (CH2)1s), 0.89 (t, J = 4.0 Hz, 6H, CH3). *C NMR (101
MHz, CDCl3) é/ppm 137.2 (Im-C(2)), 134.7 (Ar-C(1,3)), 130.5 (Ar-C(2)), 129.9 (Ar-C(4, 5,
6)), 123.4 (Im-C(5)), 121.5 (Im-C(4)), 52.7 (CHz), 50.3 (N-CH2), 31.9-22.7 ((CH2)15), 14.1
(CH3). IR v max ATR/ecm™: 2918 (S, Asym. Aliph. C-H stretch), 2849 (S, Sym. Aliph. C-H
stretch), 1562 (M, Aliph. C-H scissor), 1470 (M, Aliph. C-H bend).

2.7. References
1. F. Dumoulin, M. Durmus, V. Ahsen and T. Nyokong, Coord. Chem. Rev., 2010, 254, 2792

—2847.
2. D. B. Berezin, V. V. Makarov, S. A. Znoyko, V. E. Mayzlish, A. V. Kustov, Mendeleev
Commun., 2020, 30, 621 — 623.
H. Isago, H. Fujita, J. Porp. Phthalocyanines, 2018, 22, 1 — 10.
K. Palewska. J. Sworakowski, J. Lipinski, Opt. Mater., 2012, 34, 1717 — 1724.
J. R. Kanofsky, J. Photochem. Photobiol., 2010, 87, 14 — 17.
O. Mollins-Molina, R. Brescoli-Obach, G. Garcia-Lainez, I. Andreu, S. Nonell, M. A.
Miranda, M. C. Jiménez, J. Phys. Org. Chem., 2017, 30, €e3722.
7. D. Beri, M. Jakoby, D. Busko, B. S. Richards, A. Turshatov, Front. Chem., 2020, 8, 567.

S

63




8.
9.

10.

1.

12.

13.

14.

15.
16.

17.
18.

19.

20.
21.

22.
23.
24.
25.
26.

27.

28.
29.

R. S. Bodannes, P. C. Chan, FEBS Lett., 1979, 105, 195 — 196.

M. Schaefer, R. Hardeland, J. Pineal Res., 2009, 46, 40 — 52.

B. Sharma, A. Jain, L. Pérez-Garcia, J. A. Watts, F. J. Rawson, G. R. Chaudhary, G. Kaur,
J. Mat. Chem. B, 2022, 10, 2160 —2170.

N. A. Kuznetsova, N. S. Gretsova, O. A. Yuzhakova, V. M. Negrimovskii, O. L. Kaliya,
E. A. Lukyanets, Russ. J. Gen. Chem., 2001, 71, 36 — 41.

I. S. Mfouo-Tynga, L. D. Dias, N. M. Inada, C. Kurachi, Photodiagnosis Photodyn. Ther.,
2021, 34, 102091.

C. R. Fontana, D. S. dos Santos Jr, J. M. Bosco, D. M. Spolidorio, R. A. C. Marcantonio,
Drug Deliv., 2008, 15, 417 —422.

H. Chen, H. Zhang, J. Wang, X. Zhu, J. Mater. Res., 2023, DOI: 10.1557/s43578-023-
01256-7.

M. Samperi, L. Pérez-Garcia, D. B. Amabilino, Chem. Sci., 2019, 10, 10256 — 10266.

M. Rodrigues, A. C. Calpena, D. B. Amabilino, M. L. Gardufio-Ramirez, L. Pérez-Garcia,
J. Mat. Chem. B, 2014, 2, 5419 — 5429.

M. Samperi, D. Limo6n, D. B. Amabilino, L. Pérez-Garcia, Cell Rep., 2020, 1, 100030.

J. Griffiths, J. Cruse-Sawyer, S. R. Wood, J. Schofield, S. B. Brown, B. Dixon, J.
Photochem. Photobiol. B, 1994, 24, 195 — 199.

N. A. Kuznetsova, N. S. Gretsova, V. M. Derkacheva, O. L. Kaliya, E. A. Lukyanets, J.
Porp. Phthalocyanines, 2003, 7, 147 — 154.

K. Bernauer, S. Fallab, Helv. Chim. Acta, 1961, 44, 1287 — 1292.

H. Dong, H. Du, S. R. Wickramasinghe, X. Qian, J. Phys. Chem. B, 2009, 113, 14094 —
14101.

J. P. Guthrie, Can. J. Chem., 1977, 56, 2342 — 2354.

L. Howe, J. Z. Zhang, J. Phys. Chem. A, 1997, 101, 3207 — 3213.

X. Li, X. He, A. C. H. Ng, C. Wu, D. K. P. Ng, Macromolecules, 2000, 33, 2119 — 2123.
T. Wolft, Ber. Bunsenges. Phys. Chem., 1982, 86, 1132 — 1134.

M. Samperi, B. Bdiri, C. D. Sleet, R. Markus, A. R. Mallia, L. Pérez-Garcia, D. B.
Amabilino, Nat. Chem., 2021, 13, 1200 — 1206.

S. M. Smith, T. F. Abelha, D. Limén, M. Samperi, B. Sharma, K. Plaetzer, F. Dumoulin,
D. B. Amabilino, L. Pérez-Garcia, J. Porp. Phthalocyanines, 2023, 27, 434 — 443.

N. Kobayashi, K. Nakai, Chem. Comm., 2007, 4077 — 4092.

H. Isago, in Optical Spectra of Phthalocyanines and Related Compounds, ed. 1, Springer
Tokyo, pp 41 — 106.

64




30. R. D. Shannon, Acta Cryst., 1976, 32, 751 — 767.
31. P. B. Merkel, D. R. Kearns, J. Am. Chem. Soc., 1972, 94, 1029 — 1030.

32. U. Isci, M. Beyreis, N. Tortik, S. Z. Topal, M. Glueck, V. Ahsen, F. Dumoulin, T. Kiesslich,

K. Plaetzer, Photodiagnosis Photodyn. Ther., 2016, 13, 40 — 47.

65




Chapter 3

Investigation into confined molecular

diffusion of fluorophores along gel fibres




3.1. Background

Total internal reflection fluorescence (TIRF) microscopy is a type of fluorescence microscopy
developed in the early years of the 1980°s.!* TIRF microscopy is widely used in bioimaging
as aresult of its intrinsically high signal-to-noise ratio along with its ability to excite a relatively
thin section of a given sample. TIRF microscopy differs from conventional epifluorescence
microscopy techniques, where excitation light is shone straight through a sample. In
epifluorescence mode, excitation of the entirety of the sample often leads to a low
signal-to-noise ratio as fluorescence emission arises from each point in the sample which can
dramatically lower contrast.® TIRF relies on total internal reflection, an optical phenomenon
that occurs when light propagating in a material with refractive index (RI) of n; hits a material

with a different RI (n2) at or above the critical angle (6.) (Eq. 3.1) as governed by Snell’s Law.

Equation 3.1 0, = arcsin (%)
1

Within a TIRF microscope, incident excitation light is passed through immersion oil and onto
a cover slip. Upon total internal reflection, an evanescent wave propagates perpendicular to the
coverslip and into the sample. As the evanescent wave is exponentially decaying, the wave
only penetrates into a thin subsection of the sample before completely dissipating. This type of
excitation results in surface selectivity for fluorophores close to the interface between sample
and coverslip as shown in Fig. 3.1. The penetration depth of the evanescent wave (usually
between 35 —300 nm) is dependent on the wavelength of light, respective RI’s of the immersion
oil and coverslip, and the angle at which the excitation light is incident upon the coverslip. The
penetration depth (d) for light of wavelength Ae. incident upon a coverslip with RI 7> at an

angle 6 can be calculated mathematically by use of Eg. 3.2.*

Aexc

47N,/ Sin%(0)—sin2(0,)

Equation 3.2 d=
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Figure 3.1. Diagram of a typical TIRF microscope set-up. Excitation light of wavelength Zx. is directed
at angle 6 (where 6 > 0.) to the coverslip and undergoes total internal reflection. An evanescent wave
propagates perpendicular to the normal to a penetration depth of length d. Fluorophores localized
within distance d to the coverslip undergo fluorescence emission whilst those above distance d remain

in the ground state.

In addition to bioimaging, where TIRF finds its predominant usage, TIRF microscopy has been
employed to characterize supramolecular fibrous systems. A supramolecular structure was
developed by Magana et al. where cationic cyanine derivatives, fluorescent in their monomer
form, form polyaminated fibres which act as supramolecular scaffolds for silicic acid
condensation when undergoing self-assembly in water.” In this polyaminated form, the
fluorescence of the cyanine dyes is quenched, though silicic acid condensation leads to partial
recovery of the cyanine fluorescence. TIRF microscopy assisted in monitoring this
condensation through the gradual increase in fluorescence intensity over time to reveal a range
of fibrous structures. A further example of TIRF-aided characterisation of fibrous systems was
in a polycaprolactone-coated polysulfone/poly(ether sulfone) material developed by Xue et al.®
When fluorescent oxygen-sensitive porphyrinoid derivatives were incorporated into the
nanofibres of such a system (formed through electrospinning), imaging of these composite
fibres was carried out. The modulation of fluorescence brought about by changing of oxygen

content in the system was seen in individual fibres under TIRF conditions.

TIRF microscopy has also been used to measure microscale and nanoscale diffusion of
fluorescent compounds.’!® Diffusion refers to the net movement over a period of time often
through a concentration gradient. Specifically, the movement of ions is essential in energy

generation and storage, chemical signalling, and information processing. In biological systems,
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the preeminent case of ionic diffusion concerns the movement of cations and anions through
ion channels, which govern cell signalling, dictate action potential, and are therefore critical
for a vast number of biological functions.!'"!* In synthetic systems, the harnessing of ionic
diffusion has been undertaken to advance photovoltaic and energy storage devices.'*!” The
development of synthetic materials that provide channels through which anions can permeate
has been notable in the improvement of microbial fuel cells, with novel anion exchange
membrane configurations enabling high power densities.!®!” Ionic conductivity is also
important in polymer hydrogels that are used in a number of materials.?® The complete
understanding of different types of ion diffusion in these and other systems is still being
understood from a fundamental level.?! In natural and synthetic systems, diffusion can be
investigated by mean-square displacement analysis and consequently can lead to classifications
of diffusion as directed, random (Brownian), or confined.???* This chapter describes results
that may help to comprehend some of these processes at the molecular level by providing an

essentially one-dimensional path for diffusion.

In this chapter, a supramolecular system is described where zinc(II) phthalocyanine
tetrasulfonic acid (ZnPcTS), a fluorescent compound containing four peripheral sulfonic acid
groups diffuses along a pathway formed by the bis-imidazolium gelator compound
1,3-bis[(3-octadecyl-1-imidazolio)methyl]benzene di-bromide (1.2Br), which forms fibres
that encapsulate the fluorophore. The motion of the anionic phthalocyanine was monitored by
TIRF microscopy at both ensemble and single molecule level. A ZnPcTS concentration
of 10 uM within the gel made possible the clear imaging of fibre morphology whilst still
allowing observation of molecular diffusion. Using a lower ZnPcTS concentration of 0.1 uM
allowed for the monitoring of individual phthalocyanines shuttling along gel fibres.
Furthermore, tracking analysis was used to quantify movement in terms of average velocity
and diffusion coefficients. Modulation of excitation laser intensity was performed to
investigate the relationship between irradiance and average fluorophore speed. Further
modulation of movement behaviour was induced by the presence of two acids within
the gel: camphorsulfonic acid (CSA) and 4-toluenesulfonic acid (PTSA). This chemical
modulation influenced both the movement characteristics and encapsulation of the

phthalocyanine fluorophores.

3.2. Zinc(Il) phthalocyanine tetrasulfonic acid (ZnPcTS)

As discussed in chapter 2, zinc(Il) phthalocyanine tetrasulfonic acid is a water-soluble

fluorophore. In this work it has been discovered that, in aqueous solution, aggregation of this
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fluorophore leads to quenched fluorescence. Incorporation into a 1.2Br gel to an extent limits
this aggregation resulting in greater fluorescence emission, presumably by blocking dimer
formation within the dimensions of the fibres. The sulfonic acid groups present at the peripheral
positions of ZnPcTS render the compound soluble in aqueous media because of ionisation.
The ionisation provides the driving force for ZnPcTS to be encapsulated within the cationic

gel fibres (Fig. 3.2).

1.2Br Hydrogel 1.2Br Molecule

Cy &3

N* 2Br *N

ZnPcTS
HO,S
SO5H
N
~N
N ‘Zn N
N/ N
4 y -
o~ N / \
HO,S =~Xg OH

Figure 3.2. Representation of 1.2Br gelator scaffold and the position of the fluorophore ZnPcTS.

&

Q47 O

ZnPcTS is electrostatically confined between cationic imidazolium heads. Note: Bromide charges are

illustrative and therefore to not match the cationic charge.

To understand the nature of the anionic ZnP¢TS when incorporated into the cationic gel fibres,
the newly formed material was characterized spectroscopically. Infrared spectroscopy of the
ZnPcTS@Gel xerogels indicates that ZnPcTS exists in its deprotonated form in the gel fibres
(Fig. 3.3). This situation might be expected, given the low pK, of ZnPcTS (-2 approximately).
The presence of ethanol within the gel has been shown to lower the pK. of functional groups
including sulfonic acids.?* Scanning electron microscopy (SEM) (Fig. 3.4) and atomic force
microscopy (AFM) (Fig. 3.5) show a gel morphology that is fibrillar, and similar in general

features to the pure gelator and other composite gels of this type.?>%’
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Figure 3.3. Magnified infrared spectra of ZnPcTS and ZnPcTS@Gel xerogels. Solid state ZnPcTS
(black). Pristine 1.2Br xerogel (red), [1.2Br] = 12 mM, 1:1 water ethanol. ZnPcTS@Gel xerogel
containing 4 equivalents of NaOH (blue), [1.2Br] = 12 mM, 1:1 water ethanol, [ZnPcTS] = 100 uM,
[NaOH] = 400 uM. ZnPcTS@Gel xerogel (green), [1.2Br] = 12 mM, 1:1 water ethanol,

[ZnPcTS] = 100 uM. All concentrations are the final concentrations within each dried gel.
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ZnPcTS@Gel

[ZnPcTS] = 0.1 pM

[ZnPcTS] =1 uM
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Figure 3.4. SEM images of ZnPcTS@Gel xerogels containing different ZnPcTS concentrations. (A-B)
[ZnPcTS] = 0.1 uM. (C-D) [ZnPcTS] = 1 uM. (E-F) [ZnPcTS] = 10 uM.
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Figure 3.5. AFM images of ZnPcTS@Gel xerogels containing different ZnPcTS concentrations.
(A) [ZnPcTS] = 0.1 uM. (B) [ZnPcTS] = 10 uM.

Given the phthalocyanine in the gel is fluorescent (Fig. 3.6), the system can be imaged using
TIRF microscopy. TIRF can locate the approximate positions of fluorophores within the
structure under investigation, and in real time.?® Therefore, while SEM/AFM image the surface
of dry samples here, TIRF allows dynamic measurement of the gel in its solvated form,

typically within 150 nm of the base of the sample at its interface with the glass slide.?%*
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Figure 3.6. Absorption (solid line) and emission (dotted line) spectra of ZnPcTS@Gel,
[ZnPcTS] = 100 uM, [1.2Br] = 12 mM, 1:1 water ethanol.

3.2.1. High-loading morphology and dynamics
TIRF samples were prepared directly in a 10-well compartmentalisation block, which allowed

for the formation of the gel in situ and to perform the imaging directly without any further
sample manipulation. To capture images, a laser wavelength of 642 nm was used to excite the
Q-band of ZnPcTS within the hydrated gel. Emission beyond 650 nm was observed using a
low pass (LP) filter. Ata ZnPcTS concentration of 10 uM (Fig. 3.7), gel fibres can be identified
in both individual frames and the average projection. This average projection indicates that
ZnPcTS is wholly confined to the gel fibres, negligibly in interstices, and that most gel fibres
appear relatively straight with little bending. The most noteworthy feature of this system is the
observation of movement of the fluorophore travellers along gel fibres, seen as flickering of
the linear features. The phthalocyanine displayed consistent fluorescence intensity with
minimal photobleaching over the course of the experiments, even at 100% laser power. This
precluded the use of stochastic optical reconstruction microscopy (STORM), though
movement of fluorophores allowed for the imaging of morphology by use of maximum and
average projections as described above. Previously, a tetracarboxylate porphyrin was

incorporated in the fibres, no dynamics were observed under similar conditions.?®?° The
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movement observed in the present case is attributed to motion of the fluorophore within the
fibres that is possible because of the relatively weak electrostatic interactions between the
sulfonate groups of ZnPcTS with the cationic gelator (sulfonates are readily displaced by
carboxylates in these systems), although these interactions still ensure that the phthalocyanine

is retained in the fibres.>°

10 uM ZnPcTS@Gel

Frame from video  Average Image

Figure 3.7. Single-frame and average projection of 10 uM ZnPcTS@Gel. (A) A single frame from the
raw video captured at a ZnPcTS concentration of 10 uM. (B) Average projection of a full video over

600 frames. Imaging details: laser 642 nm, emission filter LP 650 nm.

Lowering the ZnPcTS concentration to 1 uM has a significant effect on the TIRF appearance
of the gels and movement of fluorophores (Fig. 3.8). In isolation, the fluorophores appear to
move randomly throughout the region analysed over the course of the video and it is not
possible to readily identify the presence of gel fibres as easily as in the sample with a greater
concentration of ZnPcTS. However, the average projections from the videos reveal acicular
objects and thereby confirms that the fluorophores are indeed confined to the gel fibres in the

same manner as in the 10 uM ZnPcTS sample.
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1 UM ZnPcTS@Gel

Frame from video  Average Image

Figure 3.8. Single-frame and average projection of 1 uM ZnPcTS@Gel. (A) A single frame from the
raw video captured at a ZnPcTS concentration of 1 uM. (B) Average projection of a full video over
600 frames. Imaging details: laser 642 nm, emission filter LP 650 nm.

Whilst gel morphology is largely homogenous across the samples analysed ata 10 uM ZnPcTS
concentration, there exist areas (mostly towards the edge of the sample wells) that exhibit a
reduced density of gel fibres. In these areas, labelled as ‘low-density’ areas, gel fibres tend to
twist to a greater extent, which contrasts with the ‘high-density’ areas where gel fibres are
typically straight. Fluorophore movement is also seen through the fibres in the low-density
areas. A phenomenon not observed in the high-density area of fibres is the apparent movement
of the fibres themselves. This movement is characterised as the swaying of the fibre parallel to
its position. This side-to-side movement results in the fibres appearing wider in the average
and maximum projections. More significant movement is observed more rarely with whole

fibres repositioning themselves over the course of several frames (Fig. 3.9).
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Figure 3.9. Single-frame, average projection, and max projection of low-density area of 10 uM
ZnPcTS@Gel along with representation of fibre movement. (A) A single frame from a raw video
captured at a ZnPcTS concentration of 10 uM which is intended to represent the 600-frame video.
(B) Maximum projection of the 600-frame video. (C) Average projection of the 600-frame video.
(D-J) Images show displacement of fibre from its original position as a function of time. The yellow
line is drawn as a reference to the starting position of the fibre. In less than a second, the fibre moves
slightly (tracked by arrow) to the right before its lower section moves out of the focal plane in a
movement resembling a whipping motion. Imaging details: laser 642 nm, emission filter LP 650, Laser

Power 100%.

3.2.2. Low loading fluorophore dynamics
Lowering further the ZnPcTS concentration to 0.1 puM results in an average image gel

morphology when extending the duration of the acquired videos albeit not to the same level of
detail as the 1 uM or 10 uM ZnPcTS gels (Fig. 3.10). Clearly, the decreased number of
ZnPcTS fluorophores in the 0.1 uM sample cannot travel through enough of the fibre structure
to reveal its true morphology. SEM confirmed, however, that the external xerogel morphology
is very similar between gels containing 10 uM, 1 uM and 0.1 pM ZnPcTS (Fig. 3.4). Powder
X-ray diffraction (PXRD) analysis of xerogels containing fluorophore concentrations 10 pM

and 0.1 pM also show an indistinguishable gel structure (Fig. 3.11).
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0.1 pM ZnPcTS@Gel

Frame from video Average Image

Figure 3.10. TIRF micrographs of a ZnPcTS@Gel sample containing a ZnPcTS concentration of
0.1 uM. (A) TIRF micrograph of a single frame (of 600) where individual fluorophores can be clearly
observed though fibre morphology not easily discerned. (B) TIRF micrograph of the average projection
over the 600 frames referenced in A shows very little detail of the gel morphology. All images taken
with 642 nm laser and LP filter at 650 nm. Laser power 100%.
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Figure 3.11. Powder X-ray diffractograms of ZnPcTS@Gel xerogels containing a fluorophore loading
of 10 uM (red line) and 0.1 uM (blue line).
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To obtain the optimal view of fibre morphology at a concentration of 0.1 uM ZnPcTS,
extended videos (3000 frames) were acquired. Figure 3.12(A-C) show the gradual building up
of the TIRF image (average projection) of a 0.1 uM ZnPcTS gel over the course of
3000 frames. This gradual building up of the image over time suggests that the fluorophores
are confined to small sections of any individual fibre, and that they tend not to move between
fibres at least on the timescale of these experiments (54 s). This observation could be indicative
of fluorophores being located between the lamellae that form the fibres rather than on the fibre
surface. In the latter case, fluorophore movement between fibres would be expected by
desorption and re-adsorption. Also, importantly, there is no net movement of the fluorophores
away from the region where they are encapsulated and the movement is robust, meaning it
continues apparently the same throughout the measurements, unlike our previous work
concerning a carboxylated fluorophore.”’ This observation is further evidence of the
non-disruptive electrostatic interaction between the sulfonate and imidazolium groups in these

composite gels.

[ZnPcTS] = 0.1 uM

Average projections
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Figure 3.12. (A-C) Average projections of gel containing 0.1 uM ZnPcTS show morphology being
‘built up’ by fluorophore diffusion along fibres. All images taken with 642 nm laser and LP filter at
650 nm. Laser power 100%.

Fluorophore dynamics can be characterized by tracking the z-axis intensity as a function of
time for a given region of interest (ROI) along a gel fibre shown in Fig. 3.13A.
Figure 3.13(B-C) display these z-profile plots where clear maxima can be seen which
correspond to a fluorophore residing in the given ROI. In frames where the z-axis intensity is

considerably higher than the background, it can be assumed that a fluorophore is residing in
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the ROI and that the ROI is therefore in an ‘on state’. Conversely, a ROI being in the ‘off state’
for a specific frame means that z-axis intensity is close to background levels and a fluorophore
is not residing in the ROI. On/off plots are useful tools for analysing the movement
characteristics of fluorophores in this system. The principle of microscopic reversibility is
exemplified in some on/off plots, in that fluorophores do not travel in any particular direction,
other than being confined to the one-dimensional scaffold of the gel fibre. This non-preference
for directional movement (beyond the constrained path provided by the scaffold) leads to
instances where a fluorophore remains within a ROI for an extended period of time (Fig. 3.14).
To achieve a robust analysis, however, it is desirable to measure the speed of individual
fluorophores, whose overlapping behaviour cannot be analysed quantitatively with on/off plots,

using particle tracking.
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Figure 3.13. (A) A magnified average projection showing four ROI’s in a fibre. (B-C) Z-profile intensity
versus time plots for the four ROI’s show maxima corresponding to a fluorophore being present in the

given ROl in A. All images laser wavelength of 642 nm, observation with 650 nm LP filter.
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Figure 3.14. TIRF micrograph containing a ROI and subsequent z-profile intensity plot. (A) TIRF
micrograph of an average projection of a 600-frame video of ZnPcTS@Gel with a [ZnPcTS] of
0.1 uM. A ROI was placed over a section of a fibre. Laser wavelength of 642 nm, observation with 650
nm LP filter. (B) Z-profile intensity plot over 600 frames indicates a fluorophore resided in the ROI for
~150 frames (~ 2.7 s).

3.2.3. Light and acid-controlled speed/encapsulation modulation
In the case of the 0.1 uM ZnPcTS@Gel, individual fluorophore movement is clear enough

that particle tracking algorithms may be used. A versatile tool for single particle tracking is
TrackMate, an ImageJ plugin.’! Particle tracking was performed using the Linear Assignment
Problem (LAP) tracker along with the Difference of Gaussians (DoG) detector. The LAP
tracker creates track segments on a frame-by-frame basis, linking particles between frames
whilst the DoG detector is one of several options available on the Trackmate plugin and is
optimal for objects of pixel size 5 — 10 pixels. Typically, several thousand instantaneous
velocity measurements were taken from the tracks produced. These tracks appeared as straight
or slightly curved lines, suggesting fluorophore trajectories were along single fibres and that
the fluorophores are present inside rather than on top of the fibres because significant
directional deviation between fibres would be observed in the case of the latter. The mean
values of the velocity measurements were then calculated to yield average instantaneous

velocities.

It was reasoned that if photothermal events give rise to molecular movement, varying the laser
power of the excitation light source (and consequently the irradiance) may influence the rate
of fluorophore movement. Varying the level of laser power does not alter the energy of
incoming photons (with the excitation wavelength being kept at a constant 642 nm), but simply

increases the light flux. A greater number of fluorophore excitations conceivably would result
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in a greater extent of local heating, leading to increased rate of traveller diffusion. Laser powers
were raised from 30% of the maximum power to 100% in increments of 10%. Typically, a
600 frame movie was collected of a 25.6 x 25.6 um area of the gel sample at each laser power,

upon which particle tracking analysis was conducted after denoising of the video.

Calculating mean instantaneous velocities (MIV’s) for each laser power revealed that traveller
diffusion rate increases linearly with increasing laser power (Fig. 3.15A). These measurements
imply that under no light irradiation, ZnPcTS is mobile despite the lack of photothermal
heating; room temperature thermal energy is sufficient to move the phthalocyanine along the
fibres. This mobility is likely a consequence of the relatively weak electrostatic interactions
between the ZnPcTS travellers and gelator, with photothermal heating during irradiation
providing extra energy for the rate of traveller diffusion. Figure 3.15B displays the straight
tracks (referenced to in a previous paragraph) of the mobile fluorophores, indicating

fluorophore diffusion is occurring along the lengths of fibres.
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Figure 3.15. Quantitative analysis of fluorophore movement with particle tracks. (A) Plot of Mean
Instantaneous Velocity (MIV) against irradiance for several areas of 0.1 uM ZnPcTS@Gel samples.
(B) Recorded tracks from a video of 0.1 uM ZnPcTS. Track colours do not refer to any parameter and

are for distinguishing between tracks.

The chemistry of the medium can also be used to modulate fluorophore velocity, so the addition
of acids into the gel system was explored. The introduction of camphorsulfonic acid (CSA)
into 0.1 uM ZnPcTS@Gel (to a final concentration of 1.2 mM) was made in the aqueous
solution containing the ZnPcTS before gel formation. CSA is a sterically hindered acid

(pKa ~ 1.2 in water), that would be incorporated into the gel fibres by displacing bromide ions
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between gel lamellae because of its hydrophobic character. Gel formation and its subsequent
macroscopic appearance did not appear altered macroscopically by the presence of CSA and
as characterized by SEM (Fig. 3.16), though rheological analysis indicates the presence of
structural differences (Fig. 3.17).
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Figure 3.16. (A) SEM image showing fibre morphology of ZnPcTS@Gel xerogel with [ZnPcTS] of
0.1 uM and [CSA] of 1.2 mM. (B) SEM image showing fibre morphology of ZnPcTS@Gel xerogel with
[ZnPcTS] of 0.1 uM and no CSA.
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Figure 3.17. Shear stress profiles showing storage (G’, black curve) and loss (G, red curve) moduli
obtained of ZnPcTS@Gel at with [1.2Br] = 12 mM in water-ethanol ratio 1:1 with varying CSA
concentrations. (A) [ZnPcTS] = 0.1 uM, no CSA. (B) [ZnPcTS] = 0.1 uM, [CSA] = 1.2 mM.

In the three control samples containing no CSA (shown in Fig. 3.15A), at maximum irradiance
(1.01 kWem™), the MIV was measured to be 5.23 + 0.09 ums™, 5.50 + 0.13 pms™!, and
5.04 £ 0.09 ums™'. As laser power was lowered, the rate of decrease of MIV in these samples

(assuming a linear relationship based on the data acquired) was calculated to be
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0.62 £ 0.17 pms'kW-'lecm?, 0.55 £ 0.16 pms'kW'lcm?, and 0.90 = 0.23 pums'kW-'cm?,
respectively. MIV at zero irradiance was estimated by extrapolating a linear fit to the data
points collected and noting the y-intercept for this fit. Zero irradiance MIV’s for the three
control samples were 4.58 £ 0.12 ums™!, 4.48 £0.12 ums™', and 4.51 + 0.18 ums™!, respectively.
These slope values along with the extrapolated MIV values at zero irradiance indicate that
delivering an irradiance of 1 kWem™ to the sample raises the average speed of the fluorophores

by approximately 15%.

Imaging the CSA-containing gel under identical TIRF conditions to the samples previously
shown, traveller movement was once again observed. Particle tracking analysis of the video
TIRF micrographs reveals a greater traveller velocity in comparison with the gel containing no
CSA (Fig. 3.18A). MIV values calculated for the four CSA samples at maximum irradiance
(1.01 kWem?) were 8.24 + 0.14 ums™!, 842 £ 0.14 ums!, 7.75 + 0.12 pms' and
7.86 + 0.13 ums’, respectively. These MIV values are an average of 61% greater than in the
sample containing no CSA, indicating a significant effect on the interaction between the
traveller and the path brought about by its presence. At maximum irradiance, two samples of
0.1 uM ZnPcTS@Gel containing CSA were shown to exhibit slightly higher MIV values than
two others outside the margin of error. Inhomogeneities within the supramolecular structure of
the gel (for example, the number of bilayers in the particular fibre or the precise packing within
them) likely contribute to the varying MIV values measured for separate areas of the same
macroscopic gel sample. Local ZnP¢eTS concentration differences and solvent composition
variations could also influence fluorophore movement. Zero irradiance (dark) MIV values of
the CSA samples are significantly higher than the control samples, with values of were
6.25 £ 0.17 ums™!, 6.33 £ 0.18 ums™, 6.61 £ 0.16 ums™', and 6.60 + 0.17 pms™!, respectively.
Another significant deviation of the CSA samples from the controls was in their greater
measured change in mean velocity with laser power. Note that the two CSA samples with
higher calculated MIV at maximum irradiance exhibit significantly steeper slopes
(1.77 £ 023 pms'kW'lem? and, 1.86 + 0.24 pms'kW-'cm?) than the two others
(1.19 £ 0.22 pums'kW-'em? and 1.23 £ 0.23 ums'kW-'cm?). Again, these differences are
likely a result of local variations in structure and/or composition of the gel material.
Figure 3.18B displays the straight tracks of the mobile fluorophores, indicating fluorophore

diffusion is occurring along the lengths of fibres.
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Figure 3.18. (4) Plot of M1V against irradiance for several areas of 0.1 uM ZnPcTS@Gel samples
with and without CSA (1.2 mM, structure included). (B) Recorded tracks from a video of 0.1 uM

ZnPcTS@Gel containing no CSA. Track colours do not refer to any parameter and are for

distinguishing between tracks.
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The greater average rate of traveller diffusion observed in the CSA samples could be attributed
to two complementary factors. The CSA encapsulated into gel fibres generates a different
chemical environment to the pure bromide gelator. This structural change, as identified in the
rheological measurements and powder X-ray diffraction experiments (Fig. 3.17, Fig. 3.19),
weakens the electrostatic interactions between ZnPcTS and gelator, promoting the elevated
velocity under irradiation. Weakening of the electrostatic interactions could also have resulted
in the fluorophores being more susceptible to the photothermal heating brought about by
irradiation, which would therefore account for the steeper slopes measured for the CSA

samples with respect to the control samples.
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Figure 3.19. Powder X-ray diffractograms of ZnPcTS@Gel xerogels containing a fluorophore loading
of 0.1 uM (blue line) and containing a fluorophore loading of 0.1 uM with CSA (1.2 mM) (orange line).

In addition to MIV analysis, standard mean square displacement (MSD) analysis (that
quantifies the deviation from an original position over a period of time) was also performed.
This analysis results in a diffusion coefficient (D) which can be used to compare diffusion rates
between systems. Along with the quantification of movement, MSD can also explain the
manner in which diffusion occurs, whether it be directed, Brownian, or confined.?>*>3* The
MSD analysis (Fig. 3.20A) yielded plots that confirmed that diffusion was confined in the case
of ZnPcTS@Gel both with and without CSA, validating the observation of fluorophore
diffusion along fibres. A significant increase in ZnPc¢TS D values was observed between

no-CSA and CSA containing ZnPcTS@Gel gels with a ~ 90% increase between the former
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and the latter (0.22 = 0.02 um?s™! to 0.41 £ 0.03 pm?s™") under an irradiance of 1.01 kWem™,

corroborating the MIV analysis (Fig. 3.20B). A decrease in D is seen with the lowering of

irradiance with both the CSA/No-CSA systems. The zero irradiance D values for both systems

are non-zero, also supporting the MIV analysis.
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Figure 3.20. (A) MSD plot for ZnPcTS within a ZnPcTS@Gel system containing 1.2 mM CSA
displaying confined diffusion. (B) Plot of calculated diffusion coefficients for ZnPcTS as part of the gel

system containing 1.2 mM CSA (red) and containing no CSA (blue) over a range of irradiances.

To test the effect of sulfonate protonation on the traveller movement, an analogous gel system

containing 0.1 pM ZnPcTS@Gel along with 4-toluene sulfonic acid (PTSA, 1.2 mM) was

also prepared. Again, gel formation occurred no differently to those discussed previously and

SEM characterisation of the xerogel reveals a fibre morphology indistinguishable from those

previously discussed (Fig. 3.21), though rheological analysis and PXRD indicate the presence

of microscopic structural differences brought about relatively high loading of PTSA relative

to the fluorophore (Fig. 3.22, Fig. 3.23).
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Figure 3.21. (A) SEM image showing fibre morphology of ZnPcTS@Gel xerogel with [ZnPcTS] of
0.1 uM and [PTSA] of 1.2 mM. (B) SEM image showing fibre morphology of ZnPcTS@Gel xerogel
with [ZnPcTS] of 0.1 uM and no PTSA. Scale bars correspond to 2 um.
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Figure 3.22. Shear stress profiles showing storage (G’, black curve) and loss (G, red curve) moduli
obtained of ZnPcTS@Gel at 12 mM (1.2Br concentration) in water-ethanol ratio 1:1 with varying
ZnPcTS and PTSA concentrations. (A) [ZnPcTS] = 0.1 uM, no PTSA. (B) [ZnPcTS] = 0.1 uM,

[PTSA] = 1.2 mM.
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Figure 3.23. Powder X-ray diffractograms of ZnPcTS@Gel xerogels containing a fluorophore loading
of 0.1 uM with no added PTSA or CSA (blue line), 0.1 uM with 1.2 mM PTSA (green line), and
0.1 uM with 1.2 mM CSA (orange line).

As analysed in the TIRF microscope, the movement dynamics were greatly changed compared
with both the gels with and without added CSA. Rather than directional movement of
fluorophores through straight fibres, fluorophores look to exhibit ‘random walk’ motion,
presumably in the interstitial liquid outside of the fibres. The excess of PTSA (pKa. = -2.8)
protonates the sulfonate groups of the ZnPcTS (pK. = ~ -2) to an extent.>* The lack of an
electrostatic driving force for encapsulation of the traveller within gel fibres means it stays in
the liquid component of the gel. The average projection (Fig. 3.24) therefore does not display
fibres as before, but only single spots of high intensity, possibly owing to some fluorophores
sticking to points on gel fibres. MSD analysis on these non-confined fluorophores still resulted
in MSD plots that displayed confined diffusion (Fig. 3.25). Despite their presence in the
interstitial liquid between fibres, the MSD plots suggest that the fibres in the vicinity of
ZnPcTS provide a barrier to pure Brownian diffusion. Despite the confined nature of the
diffusion, the D value obtained at 1.01 kWem™ is an order of magnitude greater than that of

ZnPcTS in the presence of CSA (10.2 + 0.2 pm’s™ PTSA to 0.41 = 0.03 um’s' CSA).
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0.1 uM ZnPcTS@Gel w 1.2mM PTSA

Frame from video Average projection

Figure 3.24. TIRF micrographs of a ZnPcTS@Gel sample containing a ZnPcTS concentration of
0.1 uM and PTSA concentration of 1.2 mM. (A) TIRF micrograph of a single frame (of 600) where
individual fluorophores can be observed and fibre morphology not discernible. (B) TIRF micrograph
of the average projection over the 600 frames referenced in A highlights no fibre morphology as the
fluorophores are not confined to the fibres. All images taken with 642 nm laser and LP filter at 650 nm.
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Figure 3.25. MSD plot for unencapsulated ZnPcTS within a ZnPcTS@Gel system containing
1.2 mM PTSA displaying confined diffusion.
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Therefore, addition of PTSA gives the opportunity to monitor the effect of gradually increasing
protonation state upon fluorophore movement and encapsulation. Gel samples containing
2,4, 8, and 16 eq. of PTSA with respect to ZnPcTS were prepared; no deviation from normal
gel formation was observed macroscopically and as characterized by SEM. When these gel
samples were analysed using TIRF microscopy, the fluorophores are mostly encapsulated
within gel fibres (Fig. 3.26B), even at 16 eq. PTSA. The presence of apparently solvent-
incorporated fluorophores is seen but not to the same extent as within gels containing 1.2 mM
PTSA. The movement dynamics in these samples were measured in an identical fashion to that
described above. Figure 3.26A shows the relationship between PTSA concentration within the
gel and mean instantaneous velocity at various laser powers corresponding to different
irradiance levels. From 0 to 8 eq. of PTSA, the mean speed of fluorophores gradually increases.
This effect is presumably a consequence of the increased protonation state and lower anionic
character of the phthalocyanine resulting in weaker electrostatic attraction between the
fluorophores and the gelator path. However, moving to a PTSA concentration of 16 eq., the
mean speed of the fluorophores decreases. We interpret this effect as PTSA replacing the
bromide anions in the gel fibres and providing a physical obstacle to fluorophore movement.
MSD analysis resulted in a similar trend to that seen in Fig. 3.26A (Fig. 3.27). A doubling of
[PTSA] from 4 equivalents to 8 equivalents resulted in a ~ 60% increase in D
(026 £ 0.01 pum?s! to 0.41 + 0.03 um?s!). The same decrease in D from 8 eq. to
16 eq. of PTSA is also seen, matching the MIV analysis.
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Figure 3.26. (A) A plot of MIV at different laser powers (100% = 1.01 kWem™) versus PTSA
concentration where an increase in [PTSA] results in increased rate of fluorophore movement up until
gel containing 1.6 eq. PTSA. (B) Recorded tracks from a video of 0.1 uM ZnPcTS 1.6 eq. of PTSA

where some unencapsulated tracks can be seen. Colours do not refer to any parameter and are for

distinguishing between tracks.
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Figure 3.27. Plot of calculated diffusion coefficients for ZnPcTS as part of the gel system containing
almost equimolar amounts (with respect to ZnPcTS) of PTSA.
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The solvent system chosen for the gel has a critical effect on the fluorophore behaviour in the
material. In the samples analysed here, the 1:1 water-ethanol ratio has been discussed. The
TIRF microscopy of gels prepared at 6:4 and 7:3 water-ethanol ratios resulted in a significant

amount of unencapsulated ZnPcTS.

Overall, the imidazolium gels containing ZnPcTS fluorophores in varying concentrations
reveal full encapsulation within gel fibres, but the included molecules are dynamic even in the
absence of light irradiation. The rate of movement of these molecules is controlled by the
irradiance acting on the system, and by the presence of molecules that can influence their
ionisation. This control of molecular diffusion in a confined pathway is a step towards artificial
movement along robust fibres, as the system described here has essentially no degradation over
the timescale of the experiments.

3.3. 5,10,15,20-(Tetra-4-sulfonatophenyl)porphyrin (TPPS)

The observation of free diffusion of single ZnPcTS molecules shown in the previous work
when compared with the stationary carboxylated porphyrin can be attributed to weaker
electrostatic interactions between the cationic gelator and sulfonate groups on the periphery of
the phthalocyanine compared with those of the carboxylate groups and the gelator.?’ To
investigate this further, a sulfonated porphyrin 5,10,15,20-(tetra-4-sulfonatophenyl)porphyrin
(TPPS) was incorporated into the same 1.2Br gel system.

0,8 SOy

QL A

4NH,*

(o = O

“0,8 SOy
TPPS

TPPS is a water-soluble fluorophore that has been studied in relation to its potential as a PDT
photosensitizer though photoinactivation of bacteria using this compound has produced largely
poor results.®37 As a porphyrin, the photophysical properties are different compared

phthalocyanines in general and ZnPcTS specifically (Fig. 3.28). In both aqueous solution and
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in 1:1 water-ethanol, the Soret band of TPPS is the major absorption maximum at ~ 405 nm,

with Q-bands of decreasing intensity between ~ 450 nm to 600 nm. Unlike in the case of

ZnPcTS, the absorption maximum of TPPS is diminished in 1:1 water-ethanol compared with

in water (Fig. 3.28). Whilst the fluorescence emission intensity of TPPS is not considerably

diminished in water compared to 1:1 water-ethanol, the emission profile does differ in that an

additional peak is present in the water sample (Fig. 3.29). This extra peak is potentially

indicative of increased aggregation in the solely aqueous environment. As with ZnPcTS,

incorporation of the TPPS fluorophore into the 1.2Br gel led to a significant decrease in

fluorescence intensity, though the emission peaks remained in the same positions as those of

TPPS in 1:1 water-ethanol.
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Figure 3.28. Absorption spectra of TPPS in water (ved) and in 1:1 water-ethanol (blue) both at a

concentration of 20 uM.
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Figure 3.29. Fluorescence emission spectra of TPPS in water (red) at a TPPS concentration of 10 uM,
in 1:1 water-ethanol (blue) with a TPPS concentration of 10 uM, and in a 1.2Br gel (green) with a

TPPS concentration of 100 uM. Lexe = 420 nm for these fluorescence measurements.

3.3.1. Fibre morphology and fluorophore dynamics
Curiously, irradiation with a 405 nm laser did not result in any considerable fluorescence signal

from the TPPS@Gel sample used in the TIRF study. The photophysical studies on TPPS
shown in the previous figures indicate that the main absorption peak (Soret band) is significant
and results in a substantial fluorescence signal that should be captured by the EMCCD camera
utilized in conjunction with the TIRF microscope. Further to this, excitation at 642 nm does
indeed result in measurable fluorescence which can be used to image the TPPS@Gel fibres.
Whilst the Q-band of TPPS does exhibit a small peak at ~ 640 nm, it was expected that the
405 nm excitation would result in a much stronger signal. As imaging with excitation at
642 nm did lead to adequate signal-to-noise ratio and resolution, the 642 nm irradiation was

carried out for the duration of these experiments with TPPS.

1.2Br gel morphology is only marginally altered in the presence of 10 uM TPPS when
compared with 10 pM ZnPcTS. Figure 3.30 shows a comparison of the two gel systems and
the morphology they possess. In the case of ZnPcTS@Gel, fibres are all relatively straight in
areas of high fibre density. However, fibres in the TPPS@Gel system seem to be more
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disturbed. This disruption of morphology could be a consequence of the relatively high laser
power used to irradiate the porphyrin fluorophores and subsequent photothermal heating.
Fluorescence intensity arising from between the fibres seem to indicate that TPPS is not fully

encapsulated within the gel fibres to the same extent as ZnPcTS.

Figure 3.30. Comparison of TIRF micrographs of TPPS@Gel and ZnPcTS@Gel. (A) TPPS@Gel,
[TPPS] = 10 uM. (B) ZnPcTS@Gel, [ZnPcTS] = 10 uM. All images taken with 642 nm laser and LP
filter at 650 nm. Laser power 100%.

It was not possible to conclude from these videos whether fluorophore movement was
occurring as the low signal-to-noise ratio meant that any flickering that characterized
fluorophore movement in the ZnPcTS@Gel system was not discernible from the background
noise. In addition to the low signal-to-noise ratio, photobleaching of TPPS took place over the
course of the recorded videos which presented itself as a decrease in average fluorescence

intensity over time (Fig. 3.31).
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Figure 3.31. Fluorescence intensity photobleaching of TPPS when irradiated with 642 nm laser light

over the course of ~ 10 s.

Reducing the TPPS concentration to 0.1 uM resulted in the loss of visibility of the gel fibres
in the raw video much like in the case of 0.1 uM ZnPcTS@Gel. Unlike the ZnPcTS@Gel
system, there was no diffusion of the TPPS fluorophores within the gel fibres. Though some
unencapsulated TPPS fluorophores exhibited Brownian diffusion between gel fibres, most of
the TPPS molecules imaged remained stationary presumably upon or within the gel fibres with
occasional photo-blinking. Figure 3.32 displays both the average and maximum projection of
a 600-frame video. This lack of movement suggests that fluorophore diffusion cannot be
explained solely by the electrostatic interactions between ionic groups on the periphery of the
fluorophore and the cationic gelator as it would be expected that TPPS should act largely the

same as ZnPcTS.
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Figure 3.32. Comparison of TIRF micrographs of TPPS@Gel average and maximum projections.
(A) Average projection of TPPS@Gel video, [TPPS] = 0.1 uM. (B) Maximum projection of TPPS@Gel
video, [TPPS] = 0.1 uM. All images taken with 642 nm laser and LP filter at 650 nm. Laser power
50%.

3.4. Mixed system (TCPP and ZnPcTS)
The compound 5,10,15,20-tetrakis(4-carboxyphenyl)porphyrin (TCPP) is a tetracarboxylated

porphyrin that has been studied as an incorporated fluorophore in 1.2Br gel systems.?*?° As a
carboxylate when deprotonated by base in solution, it differs from the previous two studied

fluorophores.

HO,C CO,H
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It was shown by Samperi et al. that TCPP exhibits no dynamics within gel fibres without the
presence of an azobenzene (Azo) molecular switch. In the study, fluorophore movement was
promoted by the photoisomerisation of a water-soluble azobenzene derivative. Upon

irradiation of the TCPP@Azo@Gel with 405 nm light, cis-trans isomerisation of Azo results
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in a structural deformation of the gel fibres which allows for TCPP movement. TCPP
movement occurs when irradiating with various excitation wavelengths, though movement is
more pronounced at 405 nm owing to the overlap of both the TCPP and Azo absorption bands.
As it has been shown that ZnPcTS is able to diffuse through gel fibres without the need for a
molecular switch such as Azo. Combining both ZnPcTS and TCPP may provide the impetus
for TCPP the diffuse without a molecular switch.

Initial measurements focused on ZnPcTS@TCPP@Gel systems with both fluorophores at a
concentration of 60 uM. This concentration was chosen to gain a view of the overall fibre
morphology. When irradiating the system at 642 nm (so as to excite ZnPcTS), it is immediately
clear that the resolution is much lower than in the case of ZnPcTS. This could either be a
consequence of TCPP quenching ZnPcTS fluorescence or incomplete encapsulation of
fluorophores into the fibres, meaning fluorescence arising from fluorophores present in the
interstitial liquid between fibres is clouding the view of those encapsulated. Figure 3.33 shows
an average projection of a 600-frame video collected of ZnPcTS@TCPP@Gel with a
fluorophore concentration of 60 uM. It is apparent that fibre morphology looks to be altered by
the presence of TCPP. In addition, randomly positioned blobs of fluorescence intensity are

present, which may correspond to aggregates of ZnPcTS.

Figure 3.33. Average projection TIRF micrograph of ZnPcTS@TCPP@Gel [ZnPcTS] = 60 uM,
[TCPP] = 60 uM. Image taken with 642 nm laser and LP filter at 650 nm. Laser power 50%.

When exciting at 405 nm (and intermittently at 642 nm between frames), TCPP fluorescence
is obtained. It was hypothesized that providing the ZnPc¢TS with irradiation between frames

whilst irradiating TCPP continuously may promote movement of the latter. Figure 3.34A is
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solely ZnPcTS, whilst 3.34B shows the fluorescence arising mainly from TCPP, as it is
possible that the tail end of the Soret band of ZnPcTS is excited at this wavelength.

Figure 3.34. (A) Average projection TIRF micrograph of ZnPcTS@TCPP@Gel, [ZnPcTS] = 60 uM,
[TCPP] = 60 uM, image taken with 642 nm laser and LP filter at 650 nm. Laser power 50%. (B)
Average projection TIRF micrograph of ZnPcTS@TCPP@Gel, [ZnPcTS] = 60 uM, [TCPP] = 60 uM,
image taken with 405 nm laser and LP filter at 650 nm, laser power 5%, intermittent 642 nm pulse

between frames.

Gel morphology in each of the projections in Fig. 3.34 is aligned, meaning that TCPP and
ZnPcTS occupy the same fibres. TCPP movement is still not observed with irradiation at
405 nm and 642 nm intermittent pulses, meaning that ZnPc¢TS has little-to-no effect on the

behaviour of TCPP within the gel fibres.

At a fluorophore (ZnPcTS and TCPP) concentration of 0.1 puM, irradiation with the
405 nm laser results does not allow for any visualisation of fluorophores or fibres with just a

cloudy haze seen at multiple laser powers (Fig. 3.35).
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Figure 3.35. Average projection TIRF micrograph of ZnPcTS@TCPP@Gel, [ZnPcTS] = 0.1 uM,
[TCPP] = 0.1 uM, image taken with 405 nm laser and LP filter at 650 nm. Laser power 50%.

When imaging ZnPcTS with a 642 nm laser, it is observed that the directional movement of
the fluorophores is similar to that seen in the ZnPcTS@Gel system. However, the number of
individual directional fluorophore movements is considerably reduced. In addition to this,
many ZnPcTS fluorophores are unencapsulated and diffuse freely in the interstitial liquid,
which may explain the poor resolution of fibres in the 60 uM fluorophore samples. MIV
measurements (Fig. 3.36) conducted upon the ZnPcTS diffusion in the 0.1 uM ZnPcTS/TCPP
samples show an average speed which is considerably higher than the gel sample containing
only ZnPcTS. This increase in MIV of ZnPcTS in the presence of TCPP is likely a
consequence of the high number of unencapsulated ZnP¢TS fluorophores, which diffuse more

quickly throughout the interstitial liquid.
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Figure 3.36. Plot of M1V against irradiance for two areas of 0.1 uM ZnPcTS@TCPP@Gel (green and
blue) and ZnPcTS@Gel (black and red).

3.5. Zinc(Il) phthalocyanine tetrasulfonatomethyl (ZnPcSO:Me)
The compound zinc(II) tetrasulfonatomethyl phthalocyanine (ZnPcSO2Me) is a fluorescent

compound similar in structure to ZnPcTS though possessing four sulfonatomethyl groups
instead of sulfonic acid groups as in the case of ZnPcTS. This compound therefore provides a
unique opportunity to investigate the electrostatic interactions between the peripheral groups
of the phthalocyanine fluorophores and the cationic supramolecular gelator network. As a
neutral compound, ZnPe¢SO2Me would still be expected to be at least partially incorporated
into the gel fibres, though the lack of ionic character should result similar diffusion behaviour

to that seen with ZnPcTS.
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As a non-water soluble compound and unlike ZnPcTS, ZnPc¢SO:Me had to be solvated in the

ethanolic phase containing 1.2Br prior to gel preparation. Macroscopically, gel formation was

not observably altered by this change. The absorption profile of ZnPcSO2Me indicated that

most of the fluorophore was encapsulated within the gel fibres (Fig. 3.37). In 1:1 water-ethanol

solution, the absorption spectrum of ZnPcSO:2Me suggests a considerable degree

aggregation brought about by the interaction of hydrophobic phthalocyanine with the partia

of
lly

aqueous environment. In the 1.2Br gel, however, the absorption profile of ZnPcSO2Me

appears significantly non-aggregated.
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Figure 3.37. UV-Visible absorption spectrum of ZnPcSO:Me@Gel with [ZnPcSO-Me] = 100 uM.
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Under imaging with a 642 nm laser, ZnPcSO:2Me fluorophores can be seen to be largely
confined to the gel fibres as with ZnPcTS (Fig. 3.38). The signal-to-noise ratio in this system
appears lower than that of ZnPcTS@Gel, which could be a consequence of some
unencapsulated ZnPcSO2Me fluorophores residing in the interstitial liquid between gel fibres.
Notably, there is fluorophore diffusion occurring along fibre pathways. This finding supports
the claim that the electrostatic interaction between fluorophore and the cationic gelator

molecules that constitute the fibres is responsible for fluorophore diffusion.

Figure 3.38. TIRF micrographs of a ZnPcSO.Me@Gel sample containing a ZnPcSO:Me
concentration of 0.1 uM. (A) TIRF micrograph of a single frame (of 600) where some individual
fluorophores can be observed, and fibre morphology is discernible. (B) TIRF micrograph of the average
projection over the 600 frames referenced in A highlights the gel fibre morphology. All images taken
with 642 nm laser and LP filter at 650 nm. Laser power 100%.

Despite being only at a concentration of 0.1 uM, individual ZnPcSO2Me fluorophores are not
discernible enough for movement to be quantifiable through single particle tracking. It is
possible for the fluorophore movement to be represented as an ‘on/off” plot as seen in Fig. 3.39.
Like with ZnPcTS, along particular fibres, specific regions of interest fluctuate with

fluorescence intensity as fluorophores move in and out.
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Figure 3.39. Z-profile intensity plot over 600 frames (11.82 s) shows fluorescence intensity fluctuations
which represents ZnPcSO:Me fluorophore movement within the 1.2Br gel.

3.6. Conclusion
ZnPcTS has been found, through TIRF microscopy, to diffuse through the fibres of a hydrated

1.2Br gel. At a ZnPcTS concentration of 10 uM, diffusion is observable by eye and average
projections gathered over several hundred video frames shows gel morphology. When the
ZnPcTS concentration is lowered to 0.1 uM, individual fluorophore molecule diffusion can be
observed. This individual fluorophore motion allowed for the quantification of such movement
using both MIV and MSD analysis. Through analysis of MSD curves, it was found that the
diffusion observed was confined in nature. Both MIV and MSD analysis a linear relationship
between the irradiance experienced by the sample and the resulting speed of fluorophores. The
introduction of the bulky acid CSA at a concentration of 1.2 mM into the gel system resulted
in an approximately twofold increase in both the MIV and diffusion coefficient compared to
the control without CSA, at almost any irradiance value. The addition of PTSA at a
concentration of 1.2 mM into the gel system resulted in ZnPcTS not being taken up into the
gel fibres and were diffusing in the interstitial liquid between them. When the PTSA
concentration was reduced to roughly equimolar values relative to ZnP¢TS, the fluorophores

were largely present in gel fibres though some expelled fluorophores were seen. Increasing
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PTSA concentration gradually increased ZnPcTS speed through the weakening of electrostatic
interactions between the sulfonate anions of the fluorophore and the cationic heads of the

lamellae as a result protonation.

When a sulfonated porphyrin (TPPS) was incorporated into the gel system at a concentration
of 10 uM, gel morphology could be observed and differed from that seen in the ZnPcTS@ Gel
system. Fluorescence arising from between fibres indicated that TPPS was not entirely taken

up by the gel fibres. Significant photobleaching of TPPS in the gel was also observed.

When a mixed system containing ZnP¢TS and the tetracarboxylated porphyrin TCPP was
analysed using TIRF microscopy, the signal-to-noise seen for the emission arising from 642 nm
excitation was lower than in the case of ZnPc¢TS alone. This decrease in signal was either a
result of fluorescence quenching by TCPP or by noise being caused by unencapsulated
fluorophores between gel fibres. Stationary spots corresponding to ZnPc¢TS/TCPP aggregates
were also observed. Excitation at 405 nm and 642 nm laser light resulting in emission from the
same fibres, meaning that ZnPcTS and TCPP occupied the same fibres. When fluorophore
concentration was dropped for diffusion analysis, 405 nm irradiation resulted in a haze where
no individual fluorophores or fibres could be seen. 642 nm irradiation did allow for ZnPc¢TS
diffusion analysis, and it was found that their average speed was higher in the presence of
TCPP than without. This speed increase could be a consequence of interactions between the

porphyrin and phthalocyanine, or a result of unencapsulated ZnPcTS.

A sulfonatomethyl phthalocyanine (ZnPcSO2Me), when incorporated into the imidazolium
gel, showed a gel morphology that differed from that of ZnPcTS@Gel. Diffusion of this
fluorophore was also observed though could not be quantified. The z-profile plot over a fibre
region of interest displayed this movement, with regular peaks and troughs referring to the

movement of ZnPcSO2Me fluorophores.

In summary, this chapter provides an opportunity to study confined diffusion at the microscale,
allowing us to gain insights into the local environment of gel fibres and the impact of added
molecules on their properties. Additionally, it serves as a valuable means to investigate the
behaviour of fluorophores and how their dynamics can be influenced by the presence of

additional species such as acids.
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3.7. [Experimental

3.7.1. General procedures
Solvents and reagents used in this study were of an analytical grade. Zinc(Il) phthalocyanine

tetrasulfonic acid was purchased from PorphyChem. The gels described in this study were
mostly prepared at a 1:1 water-ethanol ratio (though 6:4 and 7:3 water-ethanol ratio control
samples were used once) though always with a final 1.2Br gelator concentration of 12 mM.
For experiments with ZnPcTS/TPPS/TCPP fluorophores, a 2.4 mM stock solution of the
fluorophore in Milli-Q water (either with or without 4 equivalents of NaOH) was prepared and
subsequently diluted in a glass vial to achieve the desired concentration of fluorophore in the
final gel. TIRF samples were prepared by mixing the diluted fluorophore solution with an equal
volume of an ethanolic 24 mM 1.2Br gelator solution. Rapid and thorough mixing of the
ethanolic and aqueous solutions was carried out to ensure homogeneity before transferring the
gelating mixture into a compartment well of the sample holder which was then left undisturbed
at room temperature to allow gel formation. A small amount of Blu Tak was fitted over the top
of the well to limit ethanol evaporation. For solid-state fluorescence and absorption
measurements, the gelating mixture (still in the micropipette) was quickly transferred to a
cuvette of path length 1 mm. For FTIR measurements, gels were formed in the glass vials and
were then dried overnight under vacuum desiccation to form xerogels. The gelation time of the
gels prepared in this study were always below one minute, and gel formation was deemed to

have occurred when no flow was exhibited during a vial-inversion test.

Fluorescence imaging was performed on a Zeiss Elyra PS1 super resolution microscope
equipped with Zen 2012 acquisition and processing software, fitted with an alpha
Plan-Apochromat 100x/1.46 Oil DIC M27 Elyra objective lens operating in TIRF (Total
internal reflection fluorescence), using either a 642 nm (150 mW at 100% LP) or 405 nm
(4.3 mW / cm?) laser and emission filters LP 650 nm for ZnPcTS, TPPS, and TCPP. A droplet
of 30 °C oil (Zeiss, Immersol™ 518F/30°) was cast on the objective before imaging. The TIRF
angle used was 68°. Automatic focusing was always adopted to keep constant the desired focal
plane during the acquisition. Image acquisition was performed in the TIRF modality. Videos
recorded in TIRF were generally acquired with an EM-CCD (Andor EM-CCD camera iXon
Du 897) with 200 gain and 18 ms exposure time per frame over 600 frames. For visualisation
purposes, 600 images of the recording were collapsed into single image (Z project in Fiji) using
either average or maximum intensity projections. Maximum projections displayed all

maximum intensity values (signals from single molecules) cumulatively, therefore resulting in
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an image revealing the fibres scaffolds along which the fluorophores diffused. Average
projections calculated the average intensity for each pixel, and therefore results in a view of
the morphology with a significant amount of noise removed. Samples were prepared directly
into CELLview™ Microscopic Slides with Glass Bottoms by Greiner Bio-One GmbH that
have a 10 well compartmentalisation block allowing to form the gel in situ and perform the
imaging directly without any further sample manipulation. Image processing was carried out
with Fiji image analysis software. Particle tracking was carried out on the videos of the 0.1 uM
Fluorophore@Gel samples using the TrackMate (v6.0.3) plugin within Fiji. Denoising of the
raw videos was achieved by the consecutive subtracting of the average projection. A median
filter was then applied to the videos before particle tracking analysis to further limit the noise.
This denoising process shown in Fig. 3.40. The built-in DoG detector was used to identify
spots corresponding to fluorophores, whilst the LAP tracker was employed to track the
individual fluorophores. The instantaneous velocity measurements produced for each video,
typically numbering in the thousands, were averaged to yield a mean instantaneous velocity for
each video collected. MSD analysis was carried out through the ‘msdanalyzer’ toolkit on

MATLAB developed by Tinevez et al.

108




D K

Median filter

: T i10pm
Denoised video

Figure 3.40. Process for denoising raw videos. (A) TIRF micrograph of a single frame from the raw
video captured at a ZnPcTS concentration of 0.1 uM which is intended to represent the 600 frame
video. (B) First average projection of the video represented by A. (C) Result of the subtraction of the
average projection from each frame of the video, with subsequent lowered noise level. Steps A-B
repeated two further times. (D) Result of applying a median filter (radius 1 micron) to the denoised
video represented by C, which further reduces level of noise. Imaging details: laser 642 nm, emission

filter LP 650 nm, laser power 100%.

UV-Visible extinction spectroscopy was performed using a Cary 5000 UV-Visible
spectrophotometer (Agilent). Fluorescence spectroscopy and absolute fluorescence quantum

yield measurements were carried out on a FLS 980 spectrometer (Edinburgh Instruments)
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equipped with a front face sample holder or integrating sphere. The fluorescence and
fluorescence quantum yield measurements were carried out using quartz cuvette of path length

I mm and 10 mm, respectively.

Powder X-ray diffraction patterns were acquired with a PANalytical MPD X-ray powder
diffractometer in Bragg-Brentano geometry, using Cu Ka radiation (Kol = 1.540560 A and
Ka2 = 1.544390 A) with a voltage and current of 40 kV and 40 mA, respectively. Each sample
was prepared from 1.5 mL of gel and was dried under reduced pressure for three days to obtain
the xerogel. The powder was collected and placed on a brass sample holder for data acquisition
over the 20 range between 2 and 30°, with a step size of 0.013°. Rheological measurements
were taken using an Anton Paar Physica MCR 301 rheometer. Infra-red spectra were recorded
on a Bruker Tensor 27 instrument equipped with a Pike GladiATR attachment with a diamond

crystal.
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Chapter 4

Synthesis of galactose glycopolymers and
preparation of gel-polymer hybrid

materials containing photosensitizer




4.1. Background

As discussed in the introduction, polymers, which encompass two main types of
polymerisations, step-growth (SG) and chain-growth (CG), are ubiquitous in the research
surrounding hydrogels and soft materials more generally. Recent advances in synthesis

techniques have facilitated the production of highly specialized and functional polymers. !~

SG polymerisation is a fundamental process where monomers with multiple reactive sites come
together to create polymers (Fig. 4.1). As these monomers react, they form bonds, either by
condensation or addition reactions. Understanding SG polymerisation is crucial for
customising polymer properties and developing advanced materials, making it a prominent

subject in polymer chemistry and materials research.>-
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Figure 4.1. General representation of SG polymerisation.

A famous example of a polymer prepared using SG polymerisations is Nylon 66 (Scheme 4.1),

which is produced through condensation of hexamethylenediamine with adipic acid.
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Scheme 4.1. Reaction for the step-growth polymerisation of Nylon 66 through the condensation of

hexamethylenediamine with adipic acid.

SG can also be carried out with starting reagents which possess three or more functionalisation
sites and can be used to form branched and crosslinked structures, a technique that has been
utilized for preparing various types of materials including coatings, network polymers, and

hydrogels.*¢

CG polymerisations, on the other hand, often employ radical initiators to begin the growth of
polymer chains. Mechanistically, CG polymerisation differs from SG polymerisation as the
former displays a somewhat linear increase in chain length over time whereas the latter only
forms the long chains towards the very end of the reaction. Also, there are specific initiation
and termination steps which need to occur for polymerisation to be complete.” Within CG
polymerisation techniques, there are several different classes which possess their own
advantages and drawbacks. Free-radical polymerisation is a CG technique whereby an
activated radical initiator (often itself activated thermally or through photolysis) attacks a
monomer, which then goes on to attack another monomer creating a propagating polymer chain

(Fig. 4.2).

Initiator Monomer

* *
. + . — ‘ Propagating chain
‘0000 - 00
n

Figure 4.2. General representation of CG polymerisation.

In radical polymerisation, initiators are activated through dissociation of the molecule by an
external stimulus. Ideally, radical initiators should be stable at room temperature and ambient

conditions though be quick to dissociate given the intended stimulus. An example of a
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commonly used initiator is the azo compound azobisisobutyronitrile (AIBN) shown in Fig. 4.3.
When exposed to temperatures above 40 °C, the molecule decomposes forming nitrogen gas

and two cyanoprop-2-yl radicals which can begin the process of polymerisation.

_N A .
N= CN

Figure 4.3. Under thermal activation, the radical initiator AIBN dissociates resulting in the formation

of nitrogen gas and two cyanoprop-2-yl radicals.

Once the initiator is converted to an active radical, the propagation process occurs. During
propagation, the activate initiator groups attack the monomer leaving an active centre now upon
the monomer. This activated monomer is then able to attack other monomer units, resulting in
a propagating chain. Finally, chain termination occurs whereby the active site of one monomer

reacts with that of another forming a covalent bond resulting in a completed polymer chain.

Within CG polymerisations, more generally, are further class of polymerisations known as
reversible-deactivation radical polymerisations (RDRP’s). Often described as ‘living’ or
‘controlled’ polymerisations, RDRP’s are versatile techniques that can be used on a wide array
of monomers. Atom-transfer radical polymerisation (ATRP) is an example of an RDRP which
utilizes transition metal catalysts to form carbon-carbon bonds. Such transition metal catalysts
are often copper based containing a functionalized ligand. ATRP has been used to form
branched copolymers which, upon modulation of reaction conditions, can form different of
gels.® Nitroxide-mediated radical polymerisation (NMP) is another type of RDRP which uses
nitroxide initiators and shows promise for the preparation of a broad range of supramolecular

architectures.’

Reversible addition-fragmentation chain-transfer (RAFT) polymerisation is further class of
RDRP which makes use of a chain-transfer agent (CTA) to govern the propagation of the
polymer chains. Discovered towards the turning of the 21% century, RAFT allows for the
formation of polymers with reliable molecular weights, robust end-group functionality, and

low mass dispersity.'°

Mechanistically, RAFT polymerisation differs to the approach taken with ATRP and NMP
where the persistent radical effect is relied upon and no radical initiator is required.!'! RAFT

polymerisation makes use of degenerative transfer, where a source of radicals from an initiator
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is required.'> As mentioned, the presence of a CTA is required for the polymerisation to occur.
RAFT CTAs typically possess a thiocarbonylthio group which can react with a radical
species.'> CTA’s containing various attached groups can be used to modulate reactivity and
can also contain groups that can be functionalized post-polymerisation. The general mechanism

for RAFT polymerisation is shown in Scheme 4.2.

Radical Initiator ——
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P, P, —— Radical Termination

Scheme 4.2. Mechanism for RAFT polymerisation. Image adapted from Ref. 6 with permission from
the ACS Publications.

The first step as seen in Scheme 4.2A is radical initiation which can be carried out depending
on the activation requirement of the specific initiator to form radical I'. Step B involves the
propagation of radical chains caused the reaction of I' with the monomer M to form the
propagating polymeric radical Pn®, which enters an equilibrium between active and dormant
species via the CTA as seen in step C-E. Step D is the re-initiation of the monomer by the
leaving group radical from the CTA, R’, to form the propagating chain Pm’. Pm® then enters the
main RAFT equilibrium in step E. Here, the existing radicals (and, consequently, possibilities
for polymer chain expansion) are distributed across all species that have not undergone

termination. Ideally, these radicals are evenly distributed, ensuring that chains have uniform
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growth opportunities and a narrow polydispersity. Finally, termination occurs between the

radical species still left in the reaction shown in step F.

In practice, RAFT polymerisation is largely conducted upon monomers containing vinyl
groups which provide the backbone for the final polymer. Within this class of vinyl
compounds, the vinyl groups themselves are often conjugated (Fig. 4.4) to other double bonds,
to an aromatic ring (as in the case of styrene), or to a carbonyl groups (in the cases of acrylates
or acrylamides).'*!> This conjugation renders the monomer more reactive towards
polymerisation, though less reactive vinyl compounds are able to undergo RAFT

polymerisation.

Vinyl group conjugated to

Double-bond Aromatic group Carbonyl

Figure 4.4. Vinyl groups are made more reactive by conjugation to either double bonds, aromatic

groups, or carbonyl groups.

Glycopolymers are synthetic polymers containing pendant sugar groups as the repeating unit.
They have found myriad uses in different applications ranging from being employed as
biomaterials for biomedical applications to acting as sensors.'®!” In addition, the preparation
of nanomaterials such as unimolecular carriers and nanoparticles has been shown by use of
certain glycopolymers.'®!® In practice, glycopolymers can be prepared through the
polymerisation of monomers containing sugar groups or by post-polymerisation
functionalisation using sugar-based reagents. When synthesized through RAFT
polymerisation, it is the former approach of polymerising sugar-based monomers that is often
chosen, as it allows for homogenous distribution of sugar units throughout each polymer

chain.?’

Hydrogels can also be accessed through the preparation of glycopolymers.?! A hydrogel
prepared by Deng et al. used collagen and a galactopyranose-based glycopolymer and has
shown promise for corneal applications.’? It was also shown that incorporation of the

glycopolymer enhanced the tensile strength and stability of the composite gel compared with
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that of the collagen gel control sample. A lactobionate-based glycopolymer hydrogel was
prepared by coupling a boronic acid to the diol present in the lactobionate.?* This glycopolymer
system exhibited high insulin loading into its porous structure along with sensitivity to glucose,

rendering the hydrogel an attractive system for controlled insulin delivery.

In this chapter, the synthesis of galactose glycopolymers will be described along with their
incorporation within the 1,3-bis[(3-octadecyl-1-imidazolio)methyl]benzene di-bromide gel
(1.2Br@Gel) system to produce a low molecular weight (LMW) gelator-glycopolymer hybrid
system. Being a partially anionic species, it is anticipated that the targeted galactose
glycopolymer might interact with the cationic groups on the gel, potentially disrupting the
system. Given its nature as a multicomponent system, co-assembly is conceivable and could
contribute to enhanced rheological properties, along with alterations to the behaviour of
encapsulated fluorophores with respect to the work carried out in the previous chapters. The
synthesis of the CTA used in the polymerisation will also be discussed. This novel hybrid gel

material will then be characterized and analysed using a range of techniques.

4.2. Glycopolymer and chain-transfer agent synthesis

4.2.1. CTA synthesis (sodium 3-{[(1-0x0-1-prop-2-yn-1-ylamino-propan-2-yl-
thio)carbonothioyl]thio} propane-1-sulfonate)

RAFT polymerisation requires a CTA to control the final molecular weight and polydispersity

when free-radical mechanism is employed. The chosen CTA must possess a reactive group
which can be easily broken by a monomer radical. This group is typically a thiocarbonylthio-
type moiety, which are present in dithioesters, dithiocarbamates, and trithiocarbonates. %2423
The choice of CTA is dependent upon the reaction conditions and crucially upon the choice of
monomer. Trithiocarbonate CTAs are commonly used as a result of their relatively high
stability to hydrolysis, high transfer constants (measure of the extent to which the CTA can
control rates of propagation/transfer) and synthetic accessibility. Given the monomers and final
polymers are water soluble, the target CTA should contain an ionic group to confer aqueous
solubility. The chosen CTA was therefore sodium 3-{[(1-oxo-1-prop-2-yn-1-ylamino-propan-
2-yl-thio)carbonothioyl]thio} propane-1-sulfonate (CTA1) (Fig. 4.5). CTA1 possesses the
core trithiocarbonate group at the centre of the molecule along with an anionic sulfonate group
at one end, and propargyl group at the other. The presence of this propargyl group allowed for

potential post-polymerisation functionalisation through click chemistry. Fluorescent moieties

have been attached to such polymers using this approach.?®

118




0 o Na*
@]

Figure 4.5. Scheme of the retrosynthesis of CTAI to compounds A and B. The retrosynthesis of these

precursor compounds (A and B) to commercially available starting reagents are also shown.

Figure 4.5 also shows a retrosynthetic scheme whereby the CTA1 product is formed through
the reaction of 2-bromo-N-(prop-2-yn-1-yl)propenamide (Fig. 4.5A) with sodium
3-(dithiocarboxylatothio)propyl sulfonate (Fig. 4.5B). As A and B are not commercially
available, these compounds must be synthesized as shown from the further retrosynthesis in

Fig. 4.5.

The synthesis of 2-bromo-N-(prop-2-yn-1-yl)propenamide (A) was carried out through the
reaction of 2-bromopropionyl bromide with propargylamine in THF. After stirring at room
temperature for 2 hours, an acidic workup was carried out upon the crude mixture before being
purified by column chromatography. The final product A was obtained in 60% yield. Sodium
3-(dithiocarboxylatothio)propyl sulfonate was synthesized through the reaction of sodium
3-mercaptopropyl sulfonate with carbon disulfide in methanol under basic conditions. In the
presence of NaOH, the thiol group is deprotonated, allowing it to attack into the carbon
disulfide resulting in a trithiocarbonate compound. Early attempts of this reaction led to low
conversions of around 40 — 50%. The solubility of sodium 3-mercaptopropyl sulfonate in
methanol is relatively low owing to its sulfonate group, so in later attempts this starting material
was milled in a pestle and mortar beforehand to aid solubilisation. Also, sonication was
employed to maximise the amount of sodium 3-mercaptopropyl sulfonate in solution and the
duration of this sonication was lengthened in response to the initial poor conversions. In
addition to these considerations, considerable degassing of the methanol solvent was carried
out by injecting a steady stream of argon gas for around one hour in order to limit the amount
of oxygen in the solvent which could affect the reaction. With these considerations in place,
conversion was only improved by ~ 10% over 24 hours. The duration of reaction was then
increased to 48 hours. This increase in reaction duration led to a conversion of > 90%. It is

clear from the conversion seen that the further 24 hours of reaction time was necessary to reach
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completion. The yellow solid obtained from the reaction was washed with diethyl ether to

remove impurities and was characterized as the product B obtained in 75% yield.

The final reaction to form CTA1 required the reaction of product A and B in acetone. The poor
solubility of the B dianion in acetone necessitated the use of 15-crown-5, which forms a
complex with the sodium cations and increases the solubility of B. Upon reaction completion
and workup, a significant amount of crown ether co-eluted along with the product. Precipitation
of the product in diethyl ether removed a considerable amount of the co-eluted crown ether,
though trace amounts remained which could not be removed using this method. To remove the
trace crown ether from the product, Amberlite sodium ion exchange resin was used. This resin
consists of beads containing a polymer matrix with sodium cations on its exterior. When mixed
with crown ether and product in water, the crown ether is preferentially bound to these beads
which can be simply filtered out of the mix. After stirring with this resin in water, the product
was filtered and attempted to be freeze-dried. Issues with freeze-dryer equipment rendered the
technique unviable, and the water removed instead by vacuum distillation. Removing the water
using vacuum distillation required relatively elevated temperatures and contributed to CTA1
product degradation observable using 'H nuclear magnetic resonance (NMR) spectroscopy
(Fig. 4.6). In addition, multiple Amberlite mixings were required to remove the majority of the
crown ether, exacerbating the degradation. 'H NMR spectroscopy suggests the degradation was
likely hydrolysis of the trithiocarbonate group. This degradation required a second column
chromatography purification step to remove the hydrolysed product, with the degradation

resulting in a significant diminishing of yield.
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Figure 4.6. 'H NMR of the methyl group present on CTAI. (A) Subsection of the 'H NMR spectrum of
CTAI after the first flash column purification where the impurity peak at ~ 1.28 ppm is minor compared
with the product methyl group doublet at 1.48 ppm. (B) Subsection of the 'H NMR spectrum of CTAI
after several Amberlite washings and subsequent rotary evaporations where the degradation product

peak at ~ 1.38 ppm can be seen to have grown significantly.

4.2.2. Galactose monomer synthesis (B-D-galactopyranosyloxyethyl acrylamide)
Galactose is a monosaccharide sugar that is often found in nature combined with other sugars,
as in the case of lactose, which consists of a glucose unit combined with a galactose unit.?’
Galactose more generally can exist in four isomeric forms (Fig. 4.7), with these isomers being

based on the pyranose (six-membered ring) or furanose (five-membered ring) varieties.

O O .OH O 0. OH

HO "OH HO "OH
OH OH
alpha-D-galactopyranose beta-D-galactopyranose

HO “OH
HO
alpha-D-galactofuranose beta-D-galactofuranose

Figure 4.7. Structures of the 6-membered (top) and 5-membered (bottom) isomers of galactose along

with the two anomers alpha (left) and beta (right).

To build a suitable galactose-based monomer for RAFT polymerisation, a group must be

incorporated which would become the backbone of the final polymer. Acrylamide derivatives
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are commonly utilized in RAFT polymerisations.?®3! As discussed, conjugation of the vinyl
group to a carbonyl group as is the case in acrylamide renders the vinyl group reactive towards

polymerisation. The synthetic scheme for the preparation of GalMon is shown in Fig. 4.8.

1 2
0
OAc__OAc \)LN/\/OH OAc OAc
AOM " AcO )
c OAc > AC o HN
OAc BF3; OEt, OAc — o
Anh. CH,Cl,
KOH
MeOH
3 (GalMon)

OH

HO o HN‘Q

Figure 4.8. p-D-Galactopyranose pentaacetate (1) undergoes the Lewis acid-promoted glycosylation
with N-hydroxyethyl acrylamide to form intermediate 2 followed by the hydrolysis of the acetate groups
to form the final monomer 3 (GalMon).

The pentaacetate starting material (f-D-galactopyranose pentaacetate) was required for the
glycosylation step, as the peracetylated derivative acts as an accessible glycosyl donor allowing
the acrylamide group to be easily attached.*? After the Lewis acid-promoted glycosylation
reaction to form intermediate 2 and subsequent purification through flash chromatography, a
hydrolysis step was carried out on 2 by use of KOH in methanol to yield the final monomer 3

(GalMon).

4.2.3. Glycopolymer synthesis
Three different glycopolymers based on the GalMon monomer were chosen for further study

for their incorporation into 1.2Br@Gels (Fig. 4.9). These three glycopolymers were prepared
with differing molecular weights, so as to provide some insight into how the final weight of
the polymer could influenced polymer-gel properties. Molecular weight can be tuned in RAFT
polymerisation by altering the ratio of CTA to monomer, and this approach was used to achieve
the three different molecular weights. In addition, the weights of the prepared polymers would
be over a wide range to magnify any morphological change brought about by greater molecular

weight.
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HO GalPol2: n=~30, M, =~ 8 kDa
OH GalPol3: n =~ 180, M, =~ 50 kDa

Figure 4.9. Molecular structure of the GalPol polymer with the n corresponding to the degree of
polymerisation. Three polymers were targeted with M,, values ranging from ~ 8 kDa to ~ 50 kDa.

The polymerisation itself was tracked using 'H NMR spectroscopy, with aliquots of
polymerisation mixture taken at hourly intervals. The NMR spectra exhibited a significant
decrease in the intensity of the vinyl peaks, indicating the successful conversion of the
monomer into the desired polymer products (Fig. 4.10). Furthermore, there were observable

peaks at lower ppm values, which corresponded to the polymer backbone formation.

However, when attempting to determine the degree of polymerisation through NMR analysis,
certain limitations were encountered. Specifically, a challenge arose due to the overlapping of
a reference methyl peak present adjacent to the trithiocarbonate group with another peak in the
spectrum. This overlap posed difficulties in accurately integrating the peaks and obtaining

reliable quantitative data.
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Figure 4.10. (A) 'H NMR spectrum of the initial polymerisation mixture containing chain-transfer

agent (CTAI), monomer (GalMon), and initiator (VA-044) with the vinyl proton peaks at

~ 6.3 — 5.5 ppm labelled with a red marker. (B) 'H NMR spectrum of same mixture after being heated

at 70 °C for ~ 90 minutes showing the disappearance of the vinyl peaks and formation of peaks between

~ 2 — I ppm corresponding to the protons on the polymer backbone labelled with a blue marker.

(C) Reaction scheme for the polymerisation of GalMon with the vinyl protons of GalMon and aliphatic

protons of the polymer backbone labelled red and blue, respectively.
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After completion of the polymerisations and subsequent workups, three waxy off-white solids
were obtained. Whilst degree of polymerisation could be ascertained (for only two of the
polymers) through integrating the "H NMR spectra, size-exclusion chromatography (SEC) was
required to obtain a molecular weight distribution. SEC is a chromatographic technique
whereby molecules can be separated by size, and therefore by molecular weight. SEC columns
commonly consist of porous beads that enable the separation of molecules with varied sizes
(or a single polymer with varying chain lengths). As the molecules pass through the column,
they spend different durations within the pores, resulting in differing flow rates for disparate
polymers. This flow rate difference effectively separates the molecules based on their
respective sizes. The observed molecular weight values of the products differed from
expectations based on the calculated reaction stoichiometries, and the corresponding

chromatograms can be seen in Fig. 4.11.
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Figure 4.11. Molecular weight distribution plots for GalPoll (blue), GalPol2 (red), and GalPol3
(black), with the [monomer] : [CTA] ratios labelled above each respective peak.

However, the goal of obtaining polymers with varying molecular weights was successfully

achieved. The molecular weight distributions of GalPoll and GalPol3 were noticeably broad,
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and not centred around values consistent with the calculations, though it is true that deviation
from calculated values should be expected. It is important, however, to investigate the potential
reasons behind this. One possibility is that the precise amount of monomer was not accurately
measured, especially considering the challenging nature of handling the highly viscous
GalMon material. It is possible that not all of it was included in the reaction as the monomer
was solvated in a separate vial prior to addition into the reaction tube. Additionally, the amount
of initiator used has been known to contribute to broad distributions, which is undesirable when
aiming for narrower molecular weight distributions. When calculating potential molecular
weight values for the polymers, the ratio of initiator to monomer was kept constant, though the
ratio of CTA to initiator would necessarily change to achieve this. When there is an excess of
initiators compared to CTA, it becomes possible for a higher rate of initiation reactions to
occur, potentially leading to a greater concentration of actively growing polymer chains. This
increased concentration, in turn, raises the likelihood of chain transfer and termination
reactions taking place. It should be noted that the polymer with the lowest dispersity (D)
(GalPol2) also possessed the lowest ratio of initiator to CTA, and increasing this ratio increased
the D in the case of GalPoll and GalPol3. This trend supports the notion that initiator to CTA

ratio influenced the molecular weight distributions of the polymers.

Despite the molecular weight values and distribution of the polymers not being perfect
according to the calculations, they were deemed satisfactory to proceed with the next phase of

the study.

4.3. Characterisation of Glycopolymer@Gel system

4.3.1. Macroscopic and SEM characterisation of Glycopolymer@Gel system
Initially, gelation tests were conducted on the systems under investigation. Additionally,

multiple concentrations of the same polymer were explored to assess their impact on the
properties of the materials. The determination of the exact concentration of the polymer can be
challenging given the molecular weight distributions, so the monomer equivalent concentration
was used as a proxy. While this approach yielded satisfactory results, there is a slight variation
in charge between samples due to larger polymers containing fewer end-chain CTA units. This

variation is illustrated in the example image (Fig. 4.12).
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Figure 4.12. Representation of the difference between polymers of varying molecular weight
distributions but the same monomer concentration. At high molecular weights, the ratio of CTA end
chains (red spots) to polymer backbone (blue lines) is low and therefore the average charge on the
polymer system is low. At medium molecular weights at the same monomer concentration, the same
amount of polymer backbone is present but the ratio of CTA end chains to the polymer backbone is
higher resulting in a greater average charge. Finally in the case of the low molecular weights at the
same monomer concentration, the same amount of polymer backbone is present but the ratio of CTA

end chains to polymer backbone is much higher resulting in a much greater average charge.

Gelation tests using GalPoll at a concentration of 1.2 mM (using monomer molecular weight,
10% with respect to 1.2Br) were carried out using a fixed 1:1 water-ethanol ratio and gelator
concentration (12 mM) and demonstrated little difference in gel formation compared to the
control sample without polymer, with the gel taking approximately 25 — 30 seconds to form.
Similar results were observed for the 12 mM concentration of GalPoll (100% with respect to
1.2Br) sample, although slightly more turbidity was observed upon addition of the aqueous
phase. However, with the 60 mM GalPoll sample (500% with respect to 1.2Br), extreme
turbidity was observed upon addition of the aqueous phase, and gel formation occurred within
15 seconds. This decrease in gelation time was also observed for GalPol2 and GalPol3 and
could be caused by the polymer providing a nucleation point onto which fibres can grow,
resulting in faster network formation. A study of the morphological properties of the
Glycopolymer@Gel samples was carried out using scanning electron microscopy (SEM) to
see if the differences seen in gelation time and macroscopic appearance is translated into a
change in microscopic gel morphology. The SEM micrographs (Fig. 4.13) show a change in
gel morphology with increasing polymer concentration (measured using monomer
concentration). In the case of GalPol2, which happens to be the polymer with the lowest

average molecular weight, little difference is seen in terms of morphology between

127




GalPol2@Gel and the control 1.2Br@Gel at a polymer concentration of 1.2 mM. This
similarity is supported by the fact that gel formation does not appear to be influenced at least
at the macroscopic scale by the presence of the polymer. Long thin fibres are observed and can
be seen in both low and high magnification micrographs. When the polymer concentration is
increased to 12 mM (equimolar with 1.2Br), some change is seen with fibres looking more
distorted, though this interpretation is complicated by the drying artifacts (surface crumpling)
seen especially in the low magnification micrograph. A significant distortion of the gel
morphology is seen when the polymer concentration is increased to 60 mM, with fibres barely
being visible either at low or high magnifications. It is also important to note that the gels
containing varying concentrations of GalPoll and GalPol3 were not characterized using SEM
microscopy, and the greater molecular weight of those polymers could have an amplified effect

upon the distortion of gel morphology.
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Figure 4.13. SEM micrographs of Glycopolymer@Gel samples collected at various (1.2 mM, 12 mM,
60 mM) polymer (GalPol2) concentrations (as measured by monomer concentration).

[1.2Br] = 12 mM, 1:1 water-ethanol for all images.

Overall, inclusion of the prepared galactose based glycopolymers into the pristine imidazolium
gels does influence gel morphology, especially at higher polymer concentrations. The effect of
the inclusion of these polymers in conjunction with other added species will be further

investigated here.

4.3.2. ZnPcTS@PolymerGel
In preparation for total internal reflection fluorescence (TIRF) microscopy on a

Glycopolymer@Gel containing incorporated zinc phthalocyanine tetrasulfonic acid

(ZnPcTS), photophysical measurements were carried out upon ZnPcTS@GalPol2@Gel. It
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was possible that the presence of GalPol2 could influence the aggregation properties within
the gel, and therefore affect the fluorophore’s behaviour as seen using the TIRF microscope.
Absorption and fluorescence spectra of ZnPcTS@GalPol2@Gel are shown in Fig. 4.14.
Deviation from the standard ZnPcTS@Gel absorption spectrum is seen at all concentrations
(1.2 mM, 12 mM, 60 mM) of GalPol2. The Q-band is smoother in the presence of GalPol2,
indicating that the number of aggregation states of ZnPcTS is lower than in the absence of the
polymer. The general shape of the Q-band does, however, indicate that ZnPcTS is largely
present in its aggregated form when incorporated into the gel as the aggregate peak at
~ 635 nm is predominant over the unaggregated ~ 675 nm peak. The absorption maximum also
increases in intensity with increased GalPol2 concentration, probably as a result of light
scattering. The fluorescence behaviour of ZnPcTS is generally unchanged with the addition of
GalPol2, with a single emission peak at ~ 700 nm. The intensity of these fluorescence peaks
between polymer concentrations parallels that of the absorption spectra, with the higher
polymer concentrations resulting in greater fluorescence emission. The fact that ZnPcTS
retained its photophysical properties in the presence of GalPol2 allowed for the continuation

to the TIRF studies.
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Figure 4.14. Absorption (solid line) and emission (dotted line) spectra of ZnPcTS@GalPol2@Gel
samples, [ZnPcTS] = 150 uM, [1.2Br] = 12 mM, 1:1 water ethanol. [GalPol2] = 1.2 mM (green),
[GalPol2] = 12 mM (blue), [GalPol2] = 60 mM (red). Lexe = 630 nm for all fluorescence measurements.

4.3.3. ZnPcTS@PolymerGel TIRF study
Similar studies to those conducted in Chapter 3 were carried out on the 1.2Br gel containing

both ZnPcTS as a fluorophore and containing varying concentrations of a synthesized
galactose polymer. The initial study was conducted on the polymer GalPol2, as that
Glycopolymer@Gel had been characterized using photophysical and morphological
techniques. As with the SEM study, the monomer concentration of GalPol2 was varied from
1.2 mM to 12 mM and 60 mM whilst the 1.2Br and ZnPcTS concentration were kept the same
at 12 mM and 10 puM, respectively. Similarly to the SEM study, TIRF micrographs taken of
ZnPcTS@GalPol2@Gel with a GalPol2 concentration of 1.2 mM showed little change from
micrographs of ZnPcTS@Gel alone, indicating that even the hydrated state gel morphology is
not significantly altered by the inclusion of 1.2 mM GalPol2 (Fig. 4.15). Gel fibres are largely
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straight with little curvature and the length of fibres tend to be easily identifiable over the course

of the image.

Figure 4.15. TIRF micrographs of a ZnPcTS@GalPol2@Gel sample containing a ZnPcTS
concentration of 10 uM and GalPol2 concentration of 1.2 mM. (A) TIRF micrograph of a single frame
(of 600) where gel fibres can be discerned. (B) TIRF micrograph of the average projection over the
600 frames referenced in A shows detail of the gel morphology. All images taken with 642 nm laser and
LP filter at 650 nm. Laser power 100%.

The fluorophore diffusion described in Chapter 3 was also observable in the
ZnPcTS@GalPol2@Gel system and represented in Fig. 4.16. As the concentration of
ZnPcTS was 10 uM (so as to observe fibre morphology), single molecule diffusion analysis

such as MSD analysis could not be carried out on these collected videos.
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Figure 4.16. TIRF micrograph containing a ROI and subsequent z-profile intensity plot. (A) TIRF
micrograph of an average projection of a 600-frame video of ZnPcTS@GalPol2@Gel with a [ZnPcTS]
of 10 uM and a [GalPol2] of 1.2 mM. A ROI was placed over a section of a fibre. Laser wavelength of
642 nm, observation with 650 nm LP filter. (B) Zoomed in selection containing the fibre and ROI with
which the z-profile intensity was plotted. (C) Z-profile intensity plot over 600 frames indicated that

fluorophores moved in and out of the ROI over the duration of the collected video.
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As the GalPol2 concentration was increased from 1.2 mM to 12 mM, fibre morphology began
to change considerably (Fig. 4.17), though fluorophore movement was still observed as before.
Whilst long and straight fibres are still observable on both the raw video and average projection,
the majority of fibres appear fragmented and relatively short. The appearance of these
apparently broken fibres could be a mixture of a morphological change brought about by
polymer addition, or by fluorophores not being able to diffuse freely through the fibres. If the
added GalPol2 was providing an obstacle to diffusion, only certain sections of each fibre would
be fluorescently ‘labelled’ over the course of the TIRF videos, resulting in the observed
fragmented fibre structure. However, given that SEM analysis does show considerable
morphological change upon the addition of 12 mM GalPol2, it is likely that morphology is

also contributing to this effect.

Figure 4.17. TIRF micrographs of a ZnPcTS@GalPol2@Gel sample containing a ZnPcTS
concentration of 10 uM and GalPol2 concentration of 12 mM. (A) TIRF micrograph of a single frame
(of 600) where gel fibres can be discerned. (B) TIRF micrograph of the average projection over the
600 frames referenced in A shows detail of the gel morphology. All images taken with 642 nm laser and
LP filter at 650 nm. Laser power 100%.

Increasing the GalPol2 concentration to 60 mM had a similarly noticeable effect on the
apparent morphology of the gel fibres observed in the average projection TIRF micrographs
(Fig. 4.18). No fibres can be discerned in the raw video, though the ZnPcTS fluorophore
motion is still observed. When examining GalPol2@Gel through SEM at a polymer

concentration of 60 mM, noticeable deformations in the fibre structure were observed, reaching
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an extent to where individual fibres became indistinguishable. This strongly suggests that the
high concentration of GalPol2 hampers the formation of the gel morphology typically observed

in pristine 1.2Br gel samples and samples containing lower concentrations of GalPol2.

Figure 4.18. TIRF micrographs of a ZnPcTS@GalPol2@Gel sample containing a ZnPcTS
concentration of 10 uM and GalPol2 concentration of 60 mM. (A) TIRF micrograph of a single frame
(of 600) where gel fibres cannot be identified. (B) TIRF micrograph of the average projection over the
600 frames referenced in A shows some detail of the gel morphology. All images taken with 642 nm
laser and LP filter at 650 nm. Laser power 100%.

Another noticeable difference between gel samples containing glycopolymer and those that do
not is the change in intensity of the fluorescence signal arising from irradiation with the
642 nm excitation light. It was found that even with the inclusion of 12 mM GalPol2,
fluorescence signal dropped by around a factor of 4 (Fig. 4.19). When GalPol2 concentration
was increased to 60 mM, a further marginal decrease in fluorescence signal was also observed.
This decrease in fluorescence signal could be caused by heightened aggregation caused by the
polymer, though the UV-Visible absorption spectra do not suggest a substantial change in
aggregation state. It is also possible, however, that a greater percentage of ZnPcTS is present

in the interstitial space solubilised by the polymer.

135




25000 4

20000 ~

15000

10000 -

5000 - i

Fluorescence Intensity (A.U.)

0 T T T T T T T T T T T T T
0 10 20 30 40 50 60

[GalPol2] / mM

Figure 4.19. Plot of fluorescence signal arising from the average projection of ZnPcTS@GalPol2@Gel
at a [ZnPcTS] concentration of 10 uM against the concentration of incorporated GalPol2.

Considering the significant impact of glycopolymer concentration on gel morphology, it is
worthwhile to explore the potential influence on the diffusion of fluorophores. In Chapter 3, it
was determined that fluorophore diffusion predominantly takes place within the fibres rather
than along their surfaces. This conclusion was drawn based on the observation that if
fluorophores were located on the outer surface of the fibres, it would be more likely for their
transfer to occur between fibres in non-parallel orientations. Considering that the majority of
the computed fluorophore trajectories were straight (accounting for the curvature of individual
fibres), it can be inferred that observed fluorophore diffusion primarily occurs through the
fibres. It is likely that the glycopolymers would reside on the outside of fibres, meaning any

influence of fluorophore diffusion would be indirect through the modification of fibres.

GalPol3 was chosen for these experiments due to its broader molecular weight distribution,
which is expected to have a more significant impact on fluorophore diffusion. This choice
enables the possibility of detecting larger effects through MSD analysis. Again, the
concentration of GalPol3 was increased stepwise from 0 mM to 12 mM to 60 mM (by

monomer concentration). Unlike with the experiments on TIRF fibre morphology, the ZnPc¢TS
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concentration was kept at a constant 0.1 uM to compare with the previous diffusion analysis

without glycopolymers.

Figure 4.20 displays a frame from raw video and an average projection over 600 frames of
GalPol3@ZnPcTS@Gel with a GalPol3 concentration of 12 mM. ZnPcTS diffusion occurs
in an apparently identical fashion in the presence of glycopolymer to without. An increase in
the number of fluorophores that remain still in a given location for an extended period is
observed relative to that seen without glycopolymer, which is likely a consequence of
morphological disruption brought about by the presence of GalPol3. For fluorophore speed

analysis, laser power was kept at a constant 100% and GalPol3 concentration was varied.

Figure 4.20. TIRF micrographs of a ZnPcTS@GalPol3@Gel sample containing a ZnPcTS
concentration of 0.1 uM and GalPol3 concentration of 12 mM. (A) TIRF micrograph of a single frame
(of 600) where gel fibres can be discerned. (B) TIRF micrograph of the average projection over the
600 frames referenced in A shows detail of the gel morphology. All images taken with 642 nm laser and
LP filter at 650 nm. Laser power 100%.

Analysis on the fluorophore motion showed a measured increase in MIV with increasing
GalPol3 concentration (Fig. 4.21). When GalPol3 was not present, MIV was calculated to be
around 5.26 + 0.23 ums™'. Increasing the GalPol3 concentration to 12 mM has a noticeable
effect on the speed of the fluorophores with a rise to 6.74 = 0.39 ums™'. Increasing GalPol3
concentration further to 60 mM increases the MIV to 7.61 £ 0.25 pums™'. This data shows a
clear trend to higher MIV values with increasing GalPol3 concentration. This could be in part

a consequence of the distortion of fibres by the glycopolymer resulting in weaker electrostatic
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interactions between the cationic lamellae units and anionic sulfonate groups. Another
possibility is a direct interaction between the glycopolymer units and the phthalocyanine
sulfonate groups. Such an interaction could explain the fluorescence intensity decrease with
increasing glycopolymer concentration, with excitation being dissipated through heat through
aggregation rather than fluorescence emission. Despite this, no fluorescence intensity decrease
was observed in the previous study with ZnPcTS@Gel containing camphorsulfonic acid
(CSA). The enhancement of fluorophore speed in the presence of glycopolymer could therefore
be attributed to an alternative mechanism of interaction between the glycopolymer and
fluorophore, distinct from the fibre structural changes induced by CSA observed in the

previous chapter.
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Figure 4.21. Quantitative analysis of fluorophore movement with particle tracks. Plot of MIV against
[GalPol3] for several areas of a ZnPcTS@GalPol3@Gel sample, [ZnPcTS] = 0.1 uM.

4.4. Conclusion
Three galactose based glycopolymers were synthesized with differing molecular weights. The

precursors for these polymerisations were also synthesized including the CTA. Whilst two of

the glycopolymers prepared had a larger dispersity than would be expected given RAFT
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conditions, it was possible to investigate the influence of these glycopolymers on the physical
properties of a 1.2Br imidazolium gel as well as how incorporated fluorophore behaviour could
be affected by the presence of such polymers. It was found that the inclusion of each of the
prepared glycopolymers does not have a significant effect upon the macroscopic properties of
the gel, at least at the polymer concentrations used in this study. Gelation time was shortened
to approximately 15 seconds at a glycopolymer concentration of 60 mM. At the microscale,
fibre morphology was shown to be distorted heavily at glycopolymer concentrations of 60 mM,
though some fibre disruption could be seen at 12 mM as observed through conventional SEM
imaging. Whilst not having a significant effect on the photophysical properties of ZnPcTS as
measured using UV-Visible absorption and fluorescence spectroscopy, TIRF imaging showed
a similar disruption in hydrated fibre morphology. A decrease in ZnPcTS fluorescence
intensity in the presence of glycopolymer was also found, hinting at potential interactions
between fluorophore and polymer. Along with this, the speed of ZnPcTS fluorophores as
measured using MIV analysis was shown to increase with increasing glycopolymer
concentration. Overall, this study highlights how the macroscopic and microscopic properties

of a supramolecular gel can be influenced by the presence of a polymeric additive.

4.5. Experimental

4.5.1. General procedures
The gels described in this chapter were prepared at a 1:1 water-ethanol ratio always with a final

1.2Br gelator concentration of 12 mM. For experiments with ZnPcTS fluorophores, a 2.4 mM
stock solution of the fluorophore in Milli-Q water was prepared and subsequently diluted in a
glass vial to achieve the desired concentration of fluorophore in the final gel. TIRF samples
were prepared by mixing the diluted fluorophore solution with an equal volume of an ethanolic
24 mM 1.2Br gelator solution. Rapid and thorough mixing of the ethanolic and aqueous
solutions was carried out to ensure homogeneity before transferring the gelating mixture into a
compartment well of the sample holder which was then left undisturbed at room temperature
to allow gel formation. A small amount of Blu Tak was fitted over the top of the well to limit
ethanol evaporation. For solid-state fluorescence and absorption measurements, the gelating
mixture (still in the micropipette) was quickly transferred to a cuvette of path length 1 mm. For
SEM measurements, gels were formed in the glass vials and were then dried overnight under
vacuum desiccation to form xerogels. SEM images were acquired with a JEOL 7100F
FEG-SEM system on samples cast on aluminium stubs, dried under vacuum and coated with a

5 nm thick layer of iridium. Image acquisition was performed using a working distance of 6
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mm and 10 kV accelerating voltage. The gelation time of the gels prepared in this study were
always below one minute (though times varied with glycopolymer concentration), and gel
formation was deemed to have occurred when no flow was exhibited during a vial-inversion

test.

Fluorescence imaging was performed on a Zeiss Elyra PS1 super resolution microscope
equipped with Zen 2012 acquisition and processing software, fitted with an alpha Plan-
Apochromat 100%/1.46 Oil DIC M27 Elyra objective lens operating in TIRF (Total internal
reflection fluorescence), using a 642 nm (150 mW at 100% LP) laser and emission filters LP
650 nm for ZnPcTS. A droplet of 30 °C oil (Zeiss, Immersol™ 518F/30°) was cast on the
objective before imaging. The TIRF angle used was 68°. Automatic focusing was always
adopted to keep constant the desired focal plane during the acquisition. Image acquisition was
performed in the TIRF modality. Videos recorded in TIRF were generally acquired with an
EM-CCD (Andor EM-CCD camera iXon Du 897) with 200 gain and 18 ms exposure time per
frame over 600 frames. For visualisation purposes, 600 images of the recording were collapsed
into single image (Z project in Fiji) using either average or maximum intensity projections.
Maximum projections displayed all maximum intensity values (signals from single molecules)
cumulatively, therefore resulting in an image revealing the fibres scaffolds along which the
fluorophores diffused. Average projections calculated the average intensity for each pixel, and
therefore results in a view of the morphology with a significant amount of noise removed.
Samples were prepared directly into CELLview™ Microscopic Slides with Glass Bottoms by
Greiner Bio-One GmbH that have a 10-well compartmentalisation block allowing to form the
gel in situ and perform the imaging directly without any further sample manipulation. Image
processing was carried out with Fiji image analysis software. Particle tracking was carried out
on the videos of the 0.1 pM ZnPcTS@Glycopolymer@Gel samples using the TrackMate
(v6.0.3) plugin within Fiji. Denoising of the raw videos was achieved by the consecutive
subtracting of the average projection. A median filter was then applied to the videos before
particle tracking analysis to further limit the noise. The built-in difference of gaussians (DoG)
detector was used to identify spots corresponding to fluorophores, whilst the linear assignment
problem (LAP) tracker was employed to track the individual fluorophores. The instantaneous
velocity measurements produced for each video, typically numbering in the thousands, were

averaged to yield a mean instantaneous velocity for each video collected.

UV-Visible extinction spectroscopy was performed using a Cary 5000 UV-Visible

spectrophotometer (Agilent). Fluorescence spectroscopy and absolute fluorescence quantum
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yield measurements were carried out on a FLS 980 spectrometer (Edinburgh Instruments)
equipped with a front face sample holder or integrating sphere. The fluorescence and
fluorescence quantum yield measurements were carried out using quartz cuvette of path length

I mm and 10 mm, respectively.

4.5.2. Synthetic procedures
Solvents and reagents used in this study were of an analytical grade. Zinc(Il) phthalocyanine

tetrasulfonic acid was purchased from PorphyChem. Mass Spectra were obtained using Bruker
Compass MicroTOF, using electron spray ionisation (ESI). Chromatography purifications
were performed using Sigma-Aldrich Silica Gel (pore size 60A, particle size 40 — 63 um) and
thin-layer chromatography was carried out on E. Merck silica gel plates irradiated using
365 nm UV light. NMR spectra were acquired on a Bruker AV400 spectrometer and NMR
spectra were recorded at room temperature. All chemical shifts are reported in & parts per
million (ppm), using the solvent residual signal as an internal standard and the coupling
constant values (J) are reported in Hertz (Hz). The following abbreviations are used for signal

multiplicities: s, singlet; d, doublet; t, triplet; m, multiplet; and b, broad.
2-Bromo-N-(prop-2-yn-1-yl)propenamide

O

Br
/”J\(

Bromopropionyl bromide (8.62 g, 39.93 mmol) was dissolved in THF (50 mL) and cooled to
0 °C. Propargylamine (2.00 g, 36.31 mmol) and Et;N (5.51 g, 54.45 mmol) were added to THF
(50 mL) in separate flask. Propargylamine/Et;N solution were added dropwise to the 0 °C
bromopropionyl bromide solution under stirring and a beige suspension was yielded. After
1 h, water (100 mL) added to flask to yield a clear orange solution. The mixture was separated
with Et,O and washed with H>SO4 solution (0.2 M) twice and washed with DI water once. The
solvent was removed in vacuo to yield a crude brown oil. The oil was purified by column
chromatography (Silica gel 60 A, particle size 35-70 um, gradient elution from 100%
petroleum ether to 100% Et>0O) to yield an off-white solid characterized as 2-bromo-N-(prop-
2-yn-1-yl)propenamide (4.14 g, 60%). 'H NMR (400 MHz, CDCls) &/ppm 6.57 (m, 1H,
CONH), 4.43 (q,J="7.1 Hz, 1H, CHCH3), 4.10 (dd, J= 7.1 Hz, J= 2.6 Hz, 2H, CH:N), 2.30
(t,J=2.6 Hz, 1H, HC=C-), 1.91 (d, J = 7.1 Hz, 3H, CHCH3). *C NMR (101 MHz, CDCl3)
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8/ppm 168.9 (CONH), 78.7 (HC=C), 72.2 (HC=C), 44.6 (CHBr), 30.0 (CHa), 23.1 (CH3). IR
v max ATR/cm’': 3279, 3066, 2129, 1643, 1539, 1190.

Sodium 3-(dithiocarboxylatothio)propyl sulfonate

Sodium 3-mercaptosulfonate (4.00 g, 22.45 mmol) was finely ground in pestle and mortar
before being added to methanol (50 mL). NaOH (0.94 g, 23.57 mmol) was dissolved in a
separate flask of methanol (20 mL) and added dropwise to the methanolic sodium
3-mercaptosulfonate suspension. The mixture was sonicated for 30 min before degassing at
room temperature for further 1 h. Carbon disulfide (5.39 mL, 89.78 mmol) was added dropwise
to the degassed mixture at 0 °C which turned the mixture bright yellow. The mixture was stirred
at room temperature under inert atmosphere for 48 h. The mixture was then poured into diethyl
ether (200 mL) to yield a yellow solid after filtration which was then washed with further
diethyl ether and the resulting yellow solid was characterized as sodium
3-(dithiocarboxylatothio)propyl sulfonate (3.84 g, 75%). 'H NMR (400 MHz, D>0) &/ppm 3.25
(t,J=7.3 Hz, 2H, "03SCH>), 2.95 (m, 2H, C(S)SCH>), 2.06 (m, 2H, CH,CH>CH,). 1*C NMR
(101 MHz, D20) 8/ppm 49.9 (OsSCH>), 39.5 (C(S)SCH>), 23.4 (CH2CH2CH). IR v max
ATR/cm': 3400, 1634, 1446, 1397, 1188, 1045, 1017, 990, 841, 735.

Sodium 3-{[(1-0x0-1-prop-2-yn-1-ylamino-propan-2-yl-thio)carbonothioyl|thio}
propane-1-sulfonate (CTA1)

0 o Na

S__S 50
NP
WYY o

Sodium 3-(dithiocarboxylatothio)propyl sulfonate (1.78 g, 6.09 mmol) was added to acetone
(40 mL) before the addition of 15-crown-5 (2.46 g, 11.18 mmol) to the mixture.
2-Bromo-N-(prop-2-yn-1-yl)propenamide (0.97 g, 5.08 mmol) was dissolved in separate flask
of acetone and this was added dropwise to the previous acetone mixture cooled to 0 °C. The
mixture was left stirring at room temperature for 18 h. The solvent was removed in vacuo and
the residue was purified by flash chromatography (Silica gel 60 A, particle size 35-70 um,
gradient elution from 100% ethyl acetate to 100% methanol) to yield the product containing
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co-eluted

15-crown-5. 15-Crown-5 was removed by precipitation of product in diethyl ether. Trace
amounts of 15-crown-5 was further removed by repeated product washings with Amberlite™
IR-120(Na) ion exchange resin in water. The product was then purified further to remove
hydrolysis products using flash chromatography (Silica gel 60 A, particle size 35-70 um, 20%
methanol in ethyl acetate) to yield a yellow solid characterized as CTA1 (0.26 g, 15 %).
"H NMR (400 MHz, D,0) &/ppm 4.58 (m, 1H, SCHCH3), 3.90 (d, J = 2.5 Hz, 2H, NHCH,),
3.47 (t,J=7.2 Hz, 2H, OsSCH>), 2.93 (m, 2H, C(S)SCH>), 2.52 (t, J = 2.5 Hz, 1H, C=CH),
2.03 - 2.12 (m, 2H, CHa), 1.48 (d, J = 7.4 Hz, 3H, CH3). 3C NMR (101 MHz, D;0) §/ppm
223.4 (C(S)S), 173.7 (CONH), 79.9 (C=CH), 72.1 (C=CH), 49.6 (SCHCH3), 49.3 (C(S)SCH»),
35.1 (OsSCH>), 29.2 (NHCHz), 23.2 (CH3), 15.6 (CH2CH,CH>). IR v max ATR/cm™': 3464,
3407, 3265, 1641, 1539, 1446, 1215, 1170, 1055, 827. ESI-TOF mass spectrometry: expected
m/z [M-H]— 339.9811, found 339.9814.

Precursor 2,3,4,6-tetra-O-acetyl-p-D-galactopyranosyloxyethyl acrylamide (GalMonPre)
OAc OAc
ACO o HN«?
OAc —/
B-D-galactose pentaacetate (50.37 g, 128.9 mmol) was dissolved in dry
dichloromethane (100 mL) and N-hydroxyethyl acrylamide (22.4 g, 196 mmol) was added
under stirring. The mixture was then cooled to 0 °C and boron trifluoride dietherate
(27.4 g, 194 mmol) was added dropwise. Upon addition of all the boron trifluoride dietherate,
the mixture was stirred at room temperature. The reaction progress was tracked by movement
of anomeric carbon peak in the 3C NMR spectra. After 6 days, starting material anomeric
carbon (~ 92 ppm) was completely diminished and product peak (~ 100 ppm) indicated reaction
completion. Triethylamine (Et3N) (21.6 g, 213 mmol) was added to dichloromethane (50 mL)
and the mixture was cooled to 0 °C. The crude reaction mixture was added dropwise to this
Et3N solution before all being added into an aqueous NaHCOs3 (65 g, 778 mmol) solution. The
organic phase was washed twice with NaHCOs, three times with deionised water before being
dried over magnesium sulfate. The organic solvent was removed in vacuo to yield a crude
brown oil. Flash chromatography (Silica gel 60 A, particle size 35-70 pm, 20% ethyl acetate

in diethyl ether) was carried out on multiple batches of crude product to yield a crystalline solid

characterized as GalMonPre (23.5 g, 41%). '"H NMR (400 MHz, DMSO-de) 8/ppm 8.12 (t, J
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= 5.6 Hz, 1H, NH), 6.23 (dd, J=17.2 Hz, J=10.2 Hz, 1H, CH=CH,), 6.08 (dd, J=17.1 Hz,
J=2.3Hz, 1H, CH=CHH), 5.58 (dd, J=10.1 Hz, J=2.3 Hz, 1H, CH=CHH), 5.59 — 5.23 (m,
1H, CH), 5.16 (dd, J = 10.4 Hz, J = 3.6 Hz, 1H, CH), 4.94 (dd, J=10.4 Hz, J = 8.0 Hz, 1H,
CH), 4.73 (d, J = 8.0 Hz, 1H, CH (anomeric)), 4.24 — 4.16 (m, 1H, CH), 4.09 — 3.99 (m, 2H,
CH>OCOCH3), 3.78 — 3.56 (m, 2H, COCH>,CH>NH), 3.33 — 3.22 (m, 2H, COCH,CH>NH),
2.11 (s, 3H, CH3), 2.00 (s, 3H, CHs), 1.98 (s, 3H, CHs), 1.91 (s, 3H, CH3). *C NMR (101
MHz, DMSO-ds) 8/ppm 170.8 (C(O)CH3), 170.4 (C(O)CHs), 170.0 (C(O)CH3)), 169.6
(C(O)CH3), 165.2 (NHCO), 132.1 (CH=CH>), 125.6 (CH=CH,), 100.5 (CH(anomeric)), 70.8
(CHCH20Ac), 70.4 (CHOAc), 69.0 (CHOAc), 68.1 (CHOAc), 67.8 (CH.CH,NH), 61.8
(CHCH20ACc), 39.1 (CH2NH), 21.2 (CH3), 20.9 (CH3), 20.9 (CH3). IR v max ATR/cm’': 3256,
1743, 1645, 1612, 1548, 1364, 1214.

B-D-galactopyranosyloxyethyl acrylamide (GalMon)

HO O HN
OH 0

KOH (0.056 g, 1.0 mmol) was dissolved in methanol (50 mL). GalMonPre
(4.45 g, 10.0 mmol) was added to this basic solution and stirred at room temperature for 20 h.
The mixture was then passed through a pad of silica pre-packed with methanol
(Silica gel 60 A, particle size 3570 pm, 100% methanol) to yield a viscous oil characterized
as B-D-galactopyranosyloxyethyl acrylamide (2.09 g, 92%). '"H NMR (400 MHz, DMSO-de)
d/ppm 8.10 (t, J = 5.7 Hz, 1H, NH), 6.25 (dd, J=17.1 Hz, J = 10.1Hz, 1H, CH=CH»), 6.09
(dd,J=17.1 Hz,J=2.3 Hz, 1H, CH=CHH), 5.59 (dd,J=10.1 Hz,J=2.3 Hz, I|H, CH=CHH),
4.86 (s, 1H, OH), 4.74 (s, J= 1H, OH), 4.61 (t, J= 5.7 Hz, 1H, OH), 4.38 (d, /= 4.5 Hz, 1H,
CH(anomeric)), 4.14 — 4.06 (m, 1H, OH), 3.81 — 3.71 (m, 1H, CHOH), 3.56 — 3.46 (m, 1H,
CHOH), 3.39 — 3.17 (m, 8H, OCH>CH>NH, CHOH, CHOH, CH>OH). '*C NMR (101 MHz,
DMSO-ds) 6/ppm 165.1 (NHCO), 132.2 (CH=CH>), 125.7 (CH=CH>), 104.2 (CH(anomeric)),
75.8 (CHCH:0OH), 73.8 (CHOH), 71.0 (CHOH), 68.6 (CHOH), 68.2 (CH.CH:NH), 61.0
(CHCH20H). IR v max ATR/cm-1: 3294, 2886, 1655, 1620, 1547, 1411, 1039.
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GalPoll Glycopolymer

O o)
S S S
z N T

Ho S~ L0~
OH

B-D-galactopyranosyloxyethyl acrylamide (GalMon, 208 mg, 0.751 mmol), sodium
3-{[(1-0x0-1-prop-2-yn-1-ylamino-propan-2-yl-thio)carbonothioyl]thio} propane- 1 -sulfonate)
CTA1 (3.2 mg, 0.0094 mmol) and VA-044 (0.243 mg, 0.751 umol, from stock solution) were
dissolved in 429 pL of DI water in a glass tube equipped with a magnetic bar. The tube was
sealed with a rubber septum, cooled in an ice bath, and degassed by nitrogen bubbling over
45 min. The polymerisation was started by placing the tube in an oil bath set at 70 °C and was
left to proceed for 1 h under stirring. The conversion was monitored by 'H NMR analysis of
aliquots withdrawn from the reaction mixture every 1 h. The reaction was stopped at a
monomer conversion of at least 90% by opening the tube to the air. The solution was diluted
with water and then transferred into a dialysis bag with a molecular weight cut-off (MWCO)
of 3 kDa. The polymer was dialysed against DI water for 3 days with frequent water changes

and then the water was removed in vacuo to yield a waxy off-white solid GalPoll.
Conversion: 95%; Mn,», =21.3 kDa; Mn,sgc = 63.4 kDa; D: 1.53.

GalPol2 Glycopolymer

Q S S W ,O' Na+
///\H n \[S( ~ N2
HO O\)

B-D-galactopyranosyloxyethyl acrylamide (GalMon, 354 mg, 1.28 mmol), sodium
3-{[(1-0x0-1-prop-2-yn-1-ylamino-propan-2-yl-thio)carbonothioyl]thio } propane- 1 -sulfonate)
CTAI1 (14.5 mg, 0.043 mmol) and VA-044 (0.41 mg, 1.28 pmol, from stock solution) were

dissolved in 730 puL of DI water in a glass tube equipped with a magnetic bar. The tube was
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sealed with a rubber septum, cooled in an ice bath, and degassed by nitrogen bubbling
over 45 min. The polymerisation was started by placing the tube in an oil bath set at 70 °C and
was left to proceed for 1 h under stirring. The conversion was monitored by '"H NMR analysis
of aliquots withdrawn from the reaction mixture every 1 h. The reaction was stopped at a
monomer conversion of at least 90% by opening the tube to the air. The solution was diluted
with water and then transferred into a dialysis bag with a molecular weight cut-off (MWCO)
of 3 kDa. The polymer was dialysed against DI water for 3 days with frequent water changes

and then the water was removed in vacuo to yield a waxy off-white solid GalPol2.
Conversion: 95%; Mn,n = 7.8 kDa; Mn,sec = 11.6 kDa; D: 1.28.
GalPol3 Glycopolymer

O o)
S__S S
z N T

o SO
OH

B-D-galactopyranosyloxyethyl acrylamide (GalMon, 573 mg, 2.07 mmol), sodium 3-{[(1-oxo-
1-prop-2-yn-1-ylamino-propan-2-yl-thio)carbonothioyl]thio} propane-1-sulfonate), CTA1
(3.55mg, 0.0104 mmol) and VA-044 (0.67 mg, 2.08 umol, from stock solution) were dissolved
in 1182 pL of DI water in a glass tube equipped with a magnetic bar. The tube was sealed with
a rubber septum, cooled in an ice bath, and degassed by nitrogen bubbling over 45 min. The
polymerisation was started by placing the tube in an oil bath set at 70 °C and was left to proceed
for 1 h under stirring. The conversion was monitored by 'H NMR analysis of aliquots
withdrawn from the reaction mixture every 1 h. The reaction was stopped at a monomer
conversion of at least 90% by opening the tube to the air. The solution was diluted with water
and then transferred into a dialysis bag with a molecular weight cut-off (MWCO) of 3 kDa.
The polymer was dialysed against DI water for 3 days with frequent water changes and then

the water was removed in vacuo to yield a waxy off-white solid GalPol3.

Conversion: 95%; Mn,s = 50.0 kDa; Mn,sgc = 80.2 kDa; D: 1.9.
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Chapter 5

Confocal imaging of fluorophore-

containing imidazolium hydrogels




5.1. Background

Confocal microscopy is a type of fluorescence microscopy offering increased contrast and
resolution when compared to conventional epifluorescence microscopy techniques. This
increased contrast and resolution is achieved by employing a spatial pinhole to remove
out-of-focus light.! Confocal microscopy, therefore, allows the imaging of a specific focal
plane within a sample, along with the potential for three-dimensional imaging with the collation
of these individual layers (Z-stack). The general set-up for a confocal microscope can be seen

in Fig. 5.1.

Excitation light

Sample
Focal plane ---———-—-—-¢ J& AL

Filtered
excitation
light

Microscope objective
Filtered
excitation

Dichroic mirror Q light
Focussing lens In-focus
light

Pinhole

A
Detector V V

Figure 5.1. A confocal microscope irradiates a sample with excitation light which then passes through

Out-of-
focus light

an objective. In-focus light passes through the pinhole (left) whilst out-of-focus light (right) is largely
prevented from passing through the pinhole. The detector therefore picks up only in-focus light leading

to greater contrast and resolution.

Whilst there are several methods to carry out horizontal scanning using a confocal microscope,
the most prevalent is the approach used by confocal laser scanning microscopes (CLSMs).
CLSMs use a series of mirrors to direct a laser linearly across the x- and y- axes of the samples
to build up a micrograph. CLSM finds much of its use in the bioimaging of cells.? Bioimaging

involves staining cells with various fluorescent compounds, including a wide range of staining
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fluorophores developed for diverse purposes. The compound 4',6-diamidino-2-phenylindole
(DAPI) is a commonly used fluorophore that binds strongly to DNA, rendering it an effective

nuclear staining agent.’

Despite its numerous advantages in fluorescence imaging, confocal microscopy is not
commonly used in materials analysis. The ability of CLSM to gain cross-sectional information
of certain samples grants a non-destructive view into the internal properties of a given material,
which conventional scanning electron microscopy (SEM) or atomic force microscopy (AFM)
techniques cannot achieve. The relatively simple sample preparation is also an important
consideration when comparing to types of electron microscopy or AFM, with the latter
techniques generally requiring dry samples that potentially require further preparation steps
involving coating or embedding into a matrix. On the other hand, material samples that are to
be analysed through CLSM need to either possess an inherent fluorescent moiety or have an
added fluorescent additive for imaging. Whilst an extra preparation step is not terminal to the
use of CLSM for materials analysis, it is vital to understand how any fluorescent additive may
influence the structure of a given material. This consideration indicates that CLSM is most
powerful when used in conjunction with higher-resolution techniques such as SEM and AFM
(which are not restricted by the Abbe limit), which together can result in a more robust and

reliable view of a material’s properties.

Confocal microscopy is particularly well-suited for imaging supramolecular hydrogels because
it allows for a detailed examination of their internal morphology, which is often more critical
than surface characteristics. An early example of hydrogel characterisation through confocal
microscopy was carried out on a supramolecular hydrogel formed through the self-assembly of
glycosylated amino acid gelators.* In this context, a nitrobenzoxadiazole fluorophore was
introduced into the gel, preferentially binding to the hydrophobic domains of the
supramolecular structure and enabling the visualisation of contrasts between hydrophilic and

hydrophobic regions (Fig. 5.2).
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Figure 5.2. (A) A glycosylated amino acid hydrogelator self-assembles into a supramolecular hydrogel
into which a nitrobenzoxadiazole fluorescent probe was inserted. (B) CLSM micrograph of the hydrogel

with green fluorescence arising from the probe. Image adapted from Ref. 5 with permission from Wiley.

Recent studies, exemplified by the work of Onogi et al., explore the self-sorting behaviour of
a composite hydrogel using confocal microscopy.® Here, the formation of a supramolecular
structure (through the heating/cooling method) was tracked in situ with confocal microscopy.
The study observed and tracked the formation of fibres resulting from the interaction between
a peptide and an amphiphilic phosphate hydrogelator, along with the use of two specific
fluorescent staining compounds (Fig. 5.3). Additionally, a cross-sectional view was obtained,

enabling the visualisation of a three-dimensional network.
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Figure 5.3. CLSM micrographs of a four-component hydrogel mixture. (A) Micrograph of stained
peptide gelator fibres. (B) Micrograph of stained amphiphilic phosphate gelator fibres. (C) Micrograph
of the merging of the channels of A and B reveals the full fibre morphology. (D) Z-stack of micrographs
seen in C. Scale bars correspond to 5 um. Image adapted from Ref. 6 with permission from Springer

Nature.

In another example of CLSM hydrogel imaging, Kotlarchyk et al. employed laser tweezers and
confocal reflection microscopy to visualize fibrin hydrogels. They successfully integrated
microrheology and imaging to establish a method for investigating the relationship between
mechanical characteristics and microenvironmental factors.” CLSM has also found application

in characterising multiresponsive dynamic hydrogels and measuring hydrogel elasticity.®1°

The objective of this project was to image bis-imidazolium hydrogels containing fluorescent
compounds using CLSM and establish correlations between these micrographs and those
obtained using total internal reflection fluorescence (TIRF) microscopy. Various fluorophores
would be employed to emphasise the gel morphology and potentially investigate the specific

behaviour of individual fluorophores within gel fibres.
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5.2. Zinc(II) phthalocyanine tetrasulfonic acid (ZnPcTS) and 5,10,15,20-
(Tetra-4-sulfonatophenyl)porphyrin

Imaging with the confocal microscope involved placing a portion of a pre-formed gel sample
onto a glass coverslip. In certain experiments, a second glass slide was used to compress the
gel sample, facilitating the imaging of relatively weak fluorophores. Imaging was first carried
out on a sample of 1,3-bis[(3-octadecyl-1-imidazolio)methyl]benzene di-bromide gelator gel
containing zinc phthalocyanine tetrasulfonic acid (ZnPcTS@Gel). This material was
previously studied using TIRF microscopy (Chapter 3), where gel morphology was analysed
along with fluorophore dynamics at low fluorophore loading (0.1 uM). To conduct CLSM
measurements, a minimum ZnPcTS loading of 150 uM was necessary for viable imaging. As
compressing the gel between two glass slides was necessary for imaging, many parts of the gel
were broken (Fig. 5.4). This can be most clearly seen in Fig. 5.4B, where two sections of a gel
are separated by ~ 25 microns with fibres in between. Images containing broken areas of the
gel (Figs 5.4B,D) enable the visualisation of individual fibres, while the resolution does not

permit this in images of a homogeneous gel area (Figs 5.4A,C).
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Figure 5.4. Snapshots of ZnPcTS@Gel at various scales. (A) Snapshot of a bubble present in a
ZnPcTS@Gel sample. (B) Snapshot of an area where the ZnPcTS@Gel has been pulled apart when
compressed. (C) Snapshot of an unbroken area of ZnPcTS@Gel. (D) Snapshot of a partially broken
area of ZnPcTS@Gel. Imaging details: laser 650 nm, emission LP filter 650 nm, laser power 100%.

Increasing the ZnPcTS loading still further did not yield an appreciable increase to the
resolution of images acquired and lowering the concentration to the point of being able to image
single  molecules was not viable. Gels  containing  5,10,15,20-(tetra-4-
sulfonatophenyl)porphyrin tetraammonium (TPPS) (Fig. 5.5) were then prepared for CLSM
analysis. TPPS has a higher fluorescence quantum yield than ZnP¢TS, so it was conceivable
that higher-resolution images could be obtained. Structurally, TPPS is similar to ZnPcTS, with
four peripheral sulfonate units and their subsequent interactions with the positively charged
heads of the 1.2Br gelator allowing potentially for movement along gel fibres as seen with

TIRF microscopy of ZnPcTS@Gel samples.

155




Figure 5.5. Snapshots of TPPS@Gel. (4) Structure of TPPS. (B-E) Snapshots of TPPS@Gel displaying
more resolved fibre morphology than ZnPcTS@Gel. [TPPS] = 150 uM. Imaging details: laser
405 nm, emission LP filter 650 nm, laser power 100%

TPPS@Gel with the same fluorophore concentration as ZnPcTS@Gel (150 uM) (Fig. 5.5)
displayed fibres that were much more resolved than the latter. This increase in resolution can
be attributed to more intense fluorescence of TPPS. Despite requiring the compression of the
gel between glass slides, fibres could be seen throughout the sample rather than exclusively in
areas of gel breakage. TPPS@Gel exhibited clustering of fibre density around specific areas.
Fibres also tend to curve and twist in random directions in a manner that matches previous
SEM and TIRF imaging of a porphyrin encapsulated within this gel system. Fibre width could
not be accurately measured as the measured fluorescence are made up of individual airy disks

that correspond to a distribution.
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As with ZnPcTS@Gel, it was not possible to observe any potential fluorophore movement in
the TPPS@Gel sample. When TPPS@Gel was studied under TIRF conditions (Chapter 3),
no fluorophore diffusion could be observed. Again, single molecule imaging proved unviable

as the lowering of TPPS concentration resulted in very low signal-to-noise.

5.3. DPP@Gels
Whilst gel morphology was observable using both ZnPcTS and TPPS, an increase in

resolution was required to effectively image the gels. Whilst ZnPcTS and TPPS are both
fluorescent enough to image, porphyrins and phthalocyanines generally have relatively low
quantum yields compared with commercial fluorophores. A class of synthetic fluorophores of
major recent interest are derivatives of diketopyrrolopyrrole (DPP), a heterocyclic

dilactam-based dye (Fig. 5.6).

Figure 5.6. The core of a DPP is 2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione, which can be

functionalized either on the lactam nitrogens (blue) or the 3 and 6 positions of the core (red).

Accidentally discovered in the 1970’s, DPPs are versatile dyes that are easily functionalized.!
Functionalisation of the DPP core with aromatic units such as pyridyl, phenyl, or thiophene
units results in significant m-conjugation between the electron rich (aromatic) and electron poor
(DPP core) sections of the molecule. The physical and chemical properties of DPPs can be
modulated through functionalisation and this has rendered them attractive for optoelectronic
applications.'>!* The high fluorescence quantum yield and photostability of DPPs also makes

them reliable for use in bioimaging.'®

Though the preparation of hydrogels formed through the self-assembly of DPPs containing
gelator moieties has been demonstrated, no research as of yet has concerned the use of DPPs
for investigating hydrogel morphology using fluorescence microscopy.!” DPPs are therefore
an attractive fluorescent probe to use in the bis-imidazolium gel system under investigation

here.
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5.3.1. PyranDPP
An N-hexyl DPP containing ether linked phenyltetrahydropyran groups (PyranDPP) was

chosen as the first DPP fluorophore candidate. Whilst the previous fluorophores (ZnPcTS and
TPPS) were at least partially anionic within the imidazolium gel, which is an important
contributor to encapsulation, PyranDPP is neutral compound and though encapsulation of
neutral compounds in this imidazolium gel has been demonstrated, it was unknown whether
encapsulation and fluorescence in gel fibres viable.'® Gel preparation was carried out with
PyranDPP in the ethanolic phase along with 1.2Br, and gel formation occurred within twenty
seconds. Fig. 5.7 displays both the absorption and fluorescence emission spectra of PyranDPP

in solution and PyranDPP@Gel, respectively.
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Figure 5.7. Plot displaying the absorption spectrum of PyranDPP in 1:1 water-ethanol solution,
[PyranDPP] = 100 uM (blue solid line), absorption spectrum of PyranDPP@Gel,
[PyranDPP] = 200 uM (red solid line), fluorescence emission spectrum of PyranDPP in 1:1]
water-ethanol, [PyranDPP] = 100 uM (blue dotted line), and fluorescence emission spectrum of
PyranDPP@Gel, [PyranDPP] = 200 uM (red dotted line). Aexe = 480 nm for both fluorescence emission

measurements.

As with ZnPcTS, incorporation of PyranDPP into 1.2Br gels alters the magnitude of the
absorption peak at 478 nm, though the position of this peak is unchanged by the gel. The shape
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of the absorption profile matches those of six-membered DPPs more generally.'*?° Likewise
to the absorption, there is no difference in the position or shape of the fluorescence emission
maxima between the PyranDPP in solution or in the gel with the emission maximum falling

at 532 nm with a shoulder at 568 nm.

It is immediately apparent that the resolution and signal-to-noise acquired using PyranDPP
qualitatively far exceeds that of ZnPcTS and TPPS (Fig. 5.8). Additionally, compression of
the gel between glass slides was not necessary to yield its effective imaging. This allowed for
the gel’s visualisation without significant disturbance to both its macrostructure and
microstructure. Though little difference can be observed between the compressed and
non-compressed gel images, repeating cyclical local domains can be seen in the
non-compressed sample (Fig. 5.8B,C). Fluorescent spots corresponding to PyranDPP
aggregates could also be observed at random points along gel fibres. These spots tended to
grow over the course of imaging and could be a result of solvent evaporation with the

water-ethanol ratio increasing and the non-water soluble PyranDPP precipitating.

A Cc

20 pm

Figure 5.8. Snapshots of PyranDPP@Gel, [PyranDPP] = 100 uM. (A) Structure of PyranDPP.
(B) Snapshot of the gel morphology of a compressed sample of PyranDPP@Gel. (C) Snapshot of the
gel morphology of an uncompressed sample of PyranDPP@Gel. Imaging details: laser 488 nm,

emission range 500-700 nm, laser power 55%.

To further investigate the encapsulation behaviour of the gel system, a gel containing both
TPPS and PyranDPP was prepared. Dual-fluorophore gel systems have been shown to self-
sort into separate fibre structures, although in this study there is only one supramolecular

component.® As before, gel formation occurred after around 20 seconds.

As the fluorescence quantum yield of TPPS is lower than that of PyranDPP, the fluorescence

signal from the latter dominates the micrographs and only a faint signal can be seen of TPPS.
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There was no separation of PyranDPP and TPPS into separate fibre domains, with the

fluorophores largely occupying the same fibres.

PyranDPP —=wm— | PyranDPP

Figure 5.9. CLSM micrographs of PyranDPP@TPPS@Gel [PyranDPP] 100 uM,
[TPPS] = 100 uM. (4-C) One area of PyranDPP@TPPS@Gel showing the individual fluorescence
signal from TPPS and PyranDPP individually, along with a merged channel micrograph. (D-F) A
second area of PyranDPP@TPPS@Gel showing the individual fluorescence signal from TPPS and
PyranDPP individually, along with a merged channel micrograph. (G-I) A final area of
PyranDPP@TPPS@Gel showing the individual fluorescence signal from TPPS and PyranDPP
individually, along with a merged channel micrograph. Imaging details: [PyranDPP] : laser 488 nm,
emission range 500-700 nm, laser power 30%. [TPPS] : laser 405 nm, emission LP filter 650 nm, laser
power 100%.
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Figure 5.9A,C shows one area towards the bottom of the sample where PyranDPP and TPPS
resides largely in the same fibres. The same can be seen in micrographs (D-F), with a specific
fibre to the right of centre in F clearly showing the presence of both fluorophores. However,
micrographs G-I do show TPPS signal arising along lines that do not correspond fully to fibres
in the PyranDPP micrograph in H.

5.3.2. COHDPP
With a reliable method for gel imaging using CLSM being developed, the DPP fluorophore

library was extended by incorporating a water-soluble derivative into the 1.2Br gel system.
CO:HDPP is a DPP functionalized on the dilactam nitrogens with carboxylic acid groups.
These groups render the compound soluble in aqueous media. In addition, the DPP core is
functionalized with thiophene groups which alter the conjugation and subsequently change the
position of the absorption and fluorescence emission maxima with respect to PyranDPP as
can be seen in Fig. 5.10, meaning 560 nm excitation light was chosen to be used instead of

488 nm.

H02C Br

Br COQH

CO.HDPP
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Figure 5.10. Plot displaying the absorption spectrum of CO.HDPP in 1:1 water-ethanol solution,
[COHDPP] = 100 uM (blue solid line), absorption spectrum of CO-HDPP@Gel,
[COHDPP] = 200 uM (red solid line), fluorescence emission spectrum of COHDPP in 1:1
water-ethanol, [CO:HDPP] = 100 uM (blue dotted line), and fluorescence emission spectrum of
CO.HDPP@Gel, [CO:HDPP] =200 uM (red dotted line). Aexc = 530 nm for both fluorescence emission

measurements.

As with PyranDPP, CO:HDPP yielded significantly improved resolution compared with the
porphyrin and phthalocyanine fluorophores. Figure 5.11 shows CLSM micrographs displaying
1.2Br gel fibres containing CO2HDPP, which closely resemble those containing PyranDPP.
By altering the microscope focus, different focal planes could be accessed. This manipulation
of focus allowed for the imaging of both the bulk morphology and the fibre morphology at the
position where the gel samples is in contact with the glass coverslip. It can be seen that fibre
morphology in the bulk of the gel is more continuous and homogenous than that in contact with
the coverslip. Additionally, the fibre density diminishes near the interface between the gel and

the coverslip.
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Figure 5.11. CLSM micrographs of CO:HDPP@Gel, [COHDPP] = 100 uM. (A) Micrograph of the
bulk fibre morphology of CO:HDPP@Gel. (B) Micrograph of the fibre morphology of CO:HDPP@Gel
where the gel sample is in contact with the glass coverslip. Imaging details: laser 560 nm, emission

range 565 — 700 nm, laser power 30%.

There was significant photobleaching of CO:HDPP over the course of these experiments, an
example of which can be seen in Fig. 5.12. The photobleaching led to a deterioration of
resolution over the duration of laser irradiation. After an area of sample was irradiated for

10 minutes, the z-profile intensity decreased by ~ 60%.
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Figure 5.12. (A) Micrograph of CO.HDPP@Gel containing areas of high intensity (left) not touched
by laser irradiation and low intensity (vight) which was subjected to 10 minutes of continuous
irradiation of 560 nm light. (B) Intensity profile of the yellow line in A shows a sharp decrease in the
area irradiated with 560 nm light for 10 minutes. Imaging details: laser 560 nm, emission range

565 — 700 nm, laser power 100%.
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In spite of the photobleaching issue, CO2HDPP remained an appealing choice for exploring
the three-dimensional fibrous structure through z-stack experiments. In contrast to PyranDPP,
CO:HDPP does not exhibit the aggregates that result in spots in the micrographs. Initial
z-stack experiments were carried out within the bulk of the material where fibre density was
high. This high fibre density made it difficult to visualize individual fibres in the 3D stack
(Fig. 5.13). Z-stacks were also collected from images located near the gel-coverslip interface.
Here, the fibre density was slightly lower meaning that individual fibres could be better
resolved. As seen in Fig. 5.13B, the gel morphology at the gel-coverslip interface consists of
loosely adhered fibres followed by the bulk of the sample which is better represented by
Fig. 5.13A.

Figure 5.13. (A) Three-dimensional view of a z-stack of x-y slice images collected of CO:HDPP@Gel
in an area of high fibre density. (B) Three-dimensional view of a z-stack of x-y slice images collected
of CO;:HDPP@Gel in an area of low fibre density near the gel-coverslip interface. Units of boundary

boxes are um. Imaging details: laser 560 nm, emission range 565 — 700 nm, laser power 30%.

5.3.3. Pyridine/PyridiniumDPPs
Further non-ionic water-soluble DPPs were also incorporated into this gel system. PEG3DPP

is a DPP functionalized on the dilactam nitrogens with a polyethylene glycol chain possessing

three such units. Pyridine groups are also present on the core of the DPP.
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PEG3DPP

As with PyranDPP and CO:HDPP, the absorption profile of PEG3DPP is largely unchanged
with incorporation into the 1.2Br gel compared to its shape in 1:1 water-ethanol solution
(Fig. 5.14). PEG3DPP possesses an absorption maximum of ~ 467 nm in 1:1 water-ethanol
and ~ 476 nm in PEG3DPP@Gel, with a significantly decreased magnitude in the case of the
latter. There i1s a considerable difference in the fluorescence profile of PEG3DPP in 1:1
water-ethanol solution and in the 1.2Br gel. Although both fluorescence profiles display a
maximum at ~ 545 nm, PEG3DPP@Gel possesses a shoulder at ~ 578 nm which is not present
in the case of PEG3DPP in 1:1 water-ethanol. This shoulder could be evidence of excimer

emission brought about by aggregation within the 1.2Br gel system.
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Figure 5.14. Plot displaying the absorption spectrum of PEG3DPP in 1:1 water-ethanol solution,
[PEG3DPP] = 50 uM (blue solid line), absorption spectrum of PEG3DPP@Gel,
[PEG3DPP] = 200 uM (red solid line), fluorescence emission spectrum of PEG3DPP in 1:1
water-ethanol, [PEG3DPP] = 50 uM (blue dotted line), and fluorescence emission spectrum of
PEG3DPP@Gel, [PEG3DPP] =200 uM (red dotted line). Aexc = 480 nm for both fluorescence emission

measurements.

CLSM imaging of PEG3DPP@Gel revealed an unexpected phenomenon. Rather than the gel
fibres encapsulating the PEG3DPP fluorophores and showing little fluorescence from the
interstitial liquid, the fluorescence signal originated solely from the interstitial liquid. As a
result, the fibres appeared as dark silhouettes against a bright background (Fig. 5.15). This lack
of encapsulation preference was hypothesised to be a consequence of the hydrophilicity of the

fluorophore.
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Figure 5.15. (A-C) CLSM micrographs of PEG3DPP@Gel, [PEG3DPP] = 150 uM, where
fluorophores are not encapsulated by fibres and therefore fibres appear as silhouettes against the

Sfluorescent background. Imaging details: laser 488 nm, emission range 500-700 nm, laser power 30%.

After roughly 5 minutes, however, the bright background dissipated, and the fibre silhouettes
seemed to gain fluorescence intensity (Fig. 5.16). This change indicated the movement of
fluorophores from the interstitial liquid into the fibres. Between 4 to 8 minutes, the background
fluorescence mostly disappeared, and the fluorescence intensity within the fibres began to
dominate. Concurrently, the gel sample underwent positional changes over time. This
movement resulted from the gel sample shrinking as the solvent evaporated during the
experiment. Consequently, it appears as though the fibres themselves are in motion. In reality,
the focal plane remains constant, and the fibres move within it as the gel contracts due to
shrinking. This shrinking process makes it impossible to track an individual fibre silhouette

encapsulating fluorophores over time, and only an ensemble view of migration can be obtained.
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4 min 23 s D 13 min 10.'s

Figure 5.16. CLSM micrographs of PEG3DPP@Gel, [PEG3DPP] = 150 uM, showing the migration
of PEG3DPP into 1.2Br fibres. (A) Micrograph of PEG3DPP@Gel showing fibre silhouettes
att = 0s. (B) Micrograph of PEG3DPP@Gel showing the initial migration of PEG3DPP into fibres,
with some fluorescence signal still in the interstitial areas at t = 4 min 23 5. (C) Micrograph of
PEG3DPP@Gel showing the significant migration of PEG3DPP into fibres, with little fluorescence
signal still in the interstitial areas at t = 8 min 46 s. (D) Micrograph of PEG3DPP@Gel showing the
completion of PEG3DPP migration into fibres, with little-to-no fluorescence signal still in the
interstitial areas att = 13 min 10 s. Imaging details : laser 488 nm, emission range 500-700 nm, laser

power 30%.

It was hypothesized that the evaporation of solvent (water and ethanol) over the course of the
imaging process contributed to the migration of the DPP fluorophores into the gel fibres. To

test this hypothesis, a control experiment was carried out where another glass plate was gently
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placed over the top of the gel sample. This glass plate would limit the extent to which the
solvent was removed. Over the course of 15 minutes, both the PEG3DPP migration and the
shrinking of the gel sample were not observed, with the same black fibre silhouettes remaining

relatively stationary over the timeframe of the movie (Fig. 5.17).

11 min15s

3mindss|D 15min0s

Figure 5.17. CLSM micrographs of PEG3DPP@Gel with a glass plate preventing solvent evaporation,
[PEG3DPP] = 150 uM, showing no migration of PEG3DPP into 1.2Br fibres. (A) Micrograph of
PEG3DPP@Gel showing fibre silhouettes at t = 0 s. (B) Micrograph of PEG3DPP@Gel showing no
migration of PEG3DPP into fibres at t = 3 min 45 s. (C) Micrograph of PEG3DPP@Gel showing still
no migration of PEG3DPP into fibres, with a slight photobleaching of fluorescence at t = 11 min 15 s.
(D) Micrograph of PEG3DPP@Gel showing no migration of PEG3DPP into fibres with further
photobleaching of fluorescence at t = 15 min 0 s. Imaging details : laser 488 nm, emission

range 500-700 nm, laser power 30%.
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It was not immediately clear what was causing the fluorophore both not to be encapsulated nor
why solvent evaporation promoted their encapsulation during imaging. As a more hydrophilic
compound than the previous DPPs which were effectively encapsulated upon gel formation,
PEG3DPP may have preferred to reside in the interstitial liquid. Evaporation of the ethanol
component of the solvent system would occur faster than that of water, meaning the solvent
environment around the fibres would contain an increasing proportion of water over time. As
mentioned, this increase in solvent hydrophilicity should have the opposite effect of causing

the PEG3DPP to remain in the interstitial liquid upon ethanol evaporation.

To test this hydrophilicity hypothesis further, a DPP identical to PEG3DPP but possessing a
polyethylene glycol chain length of 2 instead of 3 (PEG2DPP) was imaged as part of the 1.2Br
gel. PEG2DPP should be marginally less hydrophilic than PEG3DPP, which may influence

its encapsulation behaviour.

PEG2DPP

As with all of the previous DPPs studied here, the absorption profile of PEG2DPP is largely
unchanged with incorporation into the 1.2Br gel compared to its shape in 1:1 water-ethanol
solution (Fig. 5.18). PEG2DPP possesses an absorption maximum of ~ 467 nm in 1:1
water-ethanol and ~ 471 nm in PEG2DPP@Gel, with a significantly decreased magnitude in
the case of the latter. Unlike in the case of PEG3DPP, the fluorescence profile is also largely
unchanged between the gel and solution phase, with a fluorescence emission maximum

at ~ 547 nm.
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Figure 5.18. Plot displaying the absorption spectrum of PEG2DPP in 1:1 water-ethanol solution,
[PEG2DPP] = 50 uM (blue solid line), absorption spectrum of PEG2DPP@Gel,
[PEG2DPP] = 200 uM (red solid line), fluorescence emission spectrum of PEG2DPP in 1:1
water-ethanol, [PEG2DPP] = 50 uM (blue dotted line), and fluorescence emission spectrum of
PEG2DPP@Gel, [PEG2DPP] = 200 uM (red dotted line). Aexc = 480 nm for both fluorescence emission

measurements.

CLSM imaging of PEG2DPP@Gel displayed fluorophore behaviour similar to that seen in
PEG3DPP@Gel. Fibre silhouettes are more clearly seen with PEG2DPP@Gel, indicating
that there is greater preference for the fluorophore to reside in the interstitial liquid (Fig. 5.19).
However, a significant increase in the time taken for encapsulation to finally occur upon solvent
evaporation with PEG2DPP requiring ~ 20 minutes for encapsulation to occur whereas
PEG3DPP encapsulation occurred after only 4-6 minutes. This increase in encapsulation time
suggests that hydrophilicity is not the main factor influencing encapsulation during confocal

imaging.
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Figure 5.19. CLSM micrographs of PEG2DPP@Gel, [PEG2DPP] = 150 uM, showing the migration
of PEG2DPP into 1.2Br fibres. (A) Micrograph of PEG2DPP@Gel showing fibre silhouettes
at t = 0 s. (B) Micrograph of PEG2DPP@Gel showing the completion of PEG2DPP migration into

ibres. Imaging details : laser 488 nm, emission range 500-700 nm, laser power 30%.
Ji ging , g p

As it became clear that the PEG groups may not have been the main contributing factor to the
migration behaviour observed in the previous DPPs, a DPP containing the core pyridine groups
as before but with hexyl groups on the dilactam nitrogens was chosen to be studied as part of
the 1.2Br gel. PyrHexDPP provides a method of testing whether the PEG groups were

required for the DPP migration, or if the pyridine groups were involved.

PyrHexDPP
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As with the previous pyridine-flanked DPPs, the absorption and fluorescence profiles of
PyrHexDPP are not greatly changed with incorporation into the 1.2Br gel compared with the
solution phase (Fig. 5.20). The absorption maximum of PyrHexDPP is located at ~ 473 nm in
both 1:1 water-ethanol and in the 1.2Br gel. The fluorescence emission maxima lie

at ~ 548 nm and ~ 550 nm for PyrHexDPP in 1:1 water-ethanol and in 1.2Br gel, respectively.
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Figure 5.20. Plot displaying the absorption spectrum of PyrHexDPP in 1:1 water-ethanol solution,
[PyrHexDPP] = 50 uM (blue solid line), absorption spectrum of PyrHexDPP@Gel,
[PyrHexDPP] = 200 uM (red solid line), fluorescence emission spectrum of PyrHexDPP in
1:1 water-ethanol, [PyrHexDPP] = 50 uM (blue dotted line), and fluorescence emission spectrum of
PyrHexDPP@Gel, [PyrHexDPP] = 200 uM (red dotted line). Aexe = 480 nm for both fluorescence

emission measurements.

As with PEG2DPP and PEG3DPP, PyrHexDPP was initially located in the interstitial liquid
between fibres when imaged using CLSM, as indicated by the presence of black fibre
silhouettes (Fig. 5.21). Upon solvent evaporation, PyrHexDPP began to migrate into the
fibres, with the process taking roughly 7-10 minutes to occur. The fact that this DPP migration
phenomenon occurred without the presence of the PEG units strongly indicates the pyridine

groups on the core of the molecule is contributing to the effect.
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14 min 8 s

21 min3s

Figure 5.21. CLSM micrographs of PyrHexDPP@Gel, [PyrHexDPP] = 150 uM, showing the
migration of PyrHexDPP into 1.2Br fibres. (A) Micrograph of PyrHexDPP@Gel showing fibre
silhouettes at t = 0 s. (B) Micrograph of PyrHexDPP@Gel showing the initial migration of
PyrHexDPP into fibres, with some fluorescence signal still in the interstitial areas at t = 7 min 4 s.
(C) Micrograph of PyrHexDPP@Gel showing the significant migration of PyrHexDPP into fibres,
with little fluorescence signal still in the interstitial areas at t = 14 min 8 s. (D) Micrograph of
PyrHexDPP@Gel showing the completion of PyrHexDPP migration into fibres, with little-to-no
fluorescence signal still in the interstitial areas at t = 21 min 3 s. Imaging details : laser 488 nm,

emission range 500-700 nm, laser power 30%.

As it was established that the pyridine groups play a role in the migration of the DPPs into
1.2Br gel fibres as a consequence of solvent evaporation, experiments regarding acid-base

phenomena were designed. The basicity of the pyridyl nitrogens is heavily influenced by their
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conjugation to the DPP core. Whilst free pyridine has a pKa of ~ 5.23 in water and ~ 5.5 in
THF, the pKa of the pyridyl groups on PyrHexDPP is 0.22 in THF.?"?? This change in pK, is
expected given the conjugation to the heavily electron deficient DPP core. It is therefore
unlikely that these pyridyl groups are being protonated when incorporated into the gel.
However, a control experiment with PyrHexDPP@Gel containing an amount of base (NaOH)

was carried out.

It was found that the addition of an equimolar amount of NaOH in PyrHexDPP@Gel does not
influence the migratory behaviour of the fluorophores in the 1.2Br (Fig. 5.22).
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Figure 5.22. CLSM micrographs of PyrHexDPP@NaOH@Gel, [PyrHexDPP] = 200 uM,
[NaOH] = 200 uM, showing the migration of PyrHexDPP into 1.2Br fibres in the presence of NaOH.
(A) Micrograph of PyrHexDPP@NaOH@Gel showing fibre silhouettes at t = 0 s. (B) Micrograph of
PyrHexDPP@NaOH@Gel showing the initial migration of PyrHexDPP into fibres, with some
fluorescence signal still in the interstitial areas at t = 4 min 16 s. (C) Micrograph of
PyrHexDPP@NaOH@Gel showing the significant migration of PyrHexDPP into fibres, with little
fluorescence signal still in the interstitial areas at t = 8 min 32 s. (D) Micrograph of
PyrHexDPP@NaOH@Gel showing the completion of PyrHexDPP migration into fibres, with
little-to-no fluorescence signal still in the interstitial areas at t = 13 min 40 s. Imaging details : laser

488 nm, emission range 500-700 nm, laser power 30%.
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To purposely protonate the pyridine groups present on PyrHexDPP, a considerably strong acid
such as trifluoroacetic acid (TFA) would be required owing to the low pK, of the pyridine
nitrogens when attached to the DPP core. Gelation tests of PyrHexDPP@Gel were carried out
again with differing amounts of TFA present. However, at both a TFA concentration of
200 uM and 20 uM, gel formation was not able to occur. TFA was likely providing an obstacle

to 1.2Br self-assembly, and as a result only gelator precipitation occurred.

Rather than protonation, another route towards a pyridinium-flanked DPP was required.
PyrHexNHexDPP is a DPP compound related to PyrHexDPP in that the lactam nitrogens are
still alkylated, but instead of pyridine groups flanking the DPP core, alkylated pyridinium
groups are present. As a doubly cationic species, it was unlikely that a strong enough driving
force for PyrHexNHexDPP to be encapsulated by the also cationic 1.2Br would be present.
Another consideration is the position taken up by the anionic hexafluorophosphate counterions.
PFs anions have an ionic radius of 254 pm, slightly larger than that of bromide’s 196 pm.?>*

Therefore, distortion of fibres brought on by this size increase of anion residing between the

lamellae should be considered.

PyrHexNHexDPP

The absorption profile of PyrHexNHexDPP in 1:1 water-ethanol solution is markedly
dissimilar to most of the DPPs studied in this work in that two major absorption bands are
present at both 574 nm and 692 nm, respectively (Fig. 5.23). These peaks are likely caused by
aggregates, as PyrHexNHexDPP possesses a single absorption maximum at around 475 nm
in DMSO.%? A small absorption maximum at around 475 nm is seen in the absorption spectrum

of PyrHexNHexDPP in 1:1 water-ethanol but is small in magnitude indicating low abundance
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of disaggregated DPP in this solvent system. The fluorescence emission maximum from
PyrHexNHexDPP falls at ~ 622 nm in both 1:1 water-ethanol and when encapsulated in the
1.2Br gel.
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Figure 5.23. Plot displaying the absorption spectrum of PyrHexNHexDPP in 1:1 water-ethanol
solution, [PyrHexNHexDPP] = 200 uM (blue solid line), absorption spectrum of
PyrHexNHexDPP@Gel, [PyrHexNHexDPP] = 300 uM (red solid line), fluorescence emission
spectrum of PyrHexNHexDPP in 1: 1 water-ethanol, [PyrHexNHexDPP] = 300 uM (blue dotted line),
and fluorescence emission spectrum of PyrHexNHexDPP@Gel, [PyrHexNHexDPP] = 200 uM (red

dotted line). Aexe = 545 nm for both fluorescence emission measurements.

Despite the fluorescence characteristics of PyrHexNHexDPP being alike to those DPPs that
displayed migratory behaviour into the gel fibres, such behaviour from this DPP was not
observed (Fig. 5.24). Notably, no fibre morphology was observable indicating that
PyrHexNHexDPP was not encapsulated within the gel fibres. However, upon allowing solvent
evaporation, no migratory behaviour is observed. This is to be expected as there would be a
lack of preference for the cationic DPP to enter the cationic gel fibres. An average projection
micrograph of the PyrHexNHexDPP video shows individual fluorophores that are not mobile

nor adhere to any linear shapes resembling fibres.
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Figure 5.24. CLSM micrograph of PyrHexNHexDPP@Gel, [PyrHexNHexDPP] = 200 uM, showing
no migration of PyrHexNNHexDPP into 1.2Br fibres. Imaging details: laser 560 nm, emission range
565 — 700 nm, laser power 30%.

5.4. Conclusion
In summary, CLSM was employed to image 1.2Br gel morphology through the use of

fluorescent compounds which ‘light up’ the gel fibres under excitation. It was found that gel
imaging was heavily dependent on the fluorophore used, with ZnPcTS and TPPS not
providing an optimally detailed view of such morphology. In addition, sample preparation
either through the compression of gel between glass plates or simply situating the gel sample
upon a glass coverslip influenced the gel morphology as measured with CLSM. DPP
fluorophores were utilized to more effectively image gel morphology, with the greater
fluorescence providing significantly increased signal-to-noise and apparent resolution.
Fluorophore dynamics were also observed with the migration of certain DPPs into gel fibres in
which before solvent evaporation were excluded from the fibres. It was discovered that solvent
evaporation played a significant role in this phenomenon, as did the pyridine groups which
flanked the DPPs which exhibited this migratory behaviour though the exact reason for this
behaviour remains unclear. Overall, this work has presented a facile route to the direct imaging

of hydrated gel morphology in extensive detail.
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5.5. Experimental
CLSM imaging was carried out on a Zeiss LSM 900 with AiryScan 2 on an Observer platform

system running Zen Black software. The scanning was in unidirectional sequential line mode
with sixteen times averaging to reduce noise. Images were analysed with ImageJ. Objectives
used during this study were: Fluar 5x (N.A. = 0.25), resolution 1.33 pum, total magnification
50X, brightfield condenser. Plan Apochromat 20x (N.A. = 0.8) (DICII), resolution 0.42 um,
total magnification 200X. LD Plan-Neofluar 40x (N.A. = 0.6) (Ph2 DICII), resolution 0.56 pm,
total magnification 400X. C-Apochromat 63x (N.A. = 1.2W) (Water DICII), resolution
0.28 pm, total magnification 630X. EC Plan-Neofluar 100x (N.A. = 1.3 Oil) (DIC), resolution
0.26 pm, total magnification 1000X.

5.5.1. General procedures
To prepare a gel sample incorporating a water-soluble fluorophore, an aqueous fluorophore

solution of the desired concentration was prepared from a 2.4 mM stock solution and was
transferred and mixed with an equal volume of an ethanolic 1.2Br solution (24 mM) in a glass
vial. In the case of a non-water-soluble fluorophore, an ethanolic solution containing both
1.2Br solution (24 mM) and the fluorophore at the desired concentration must first be prepared.
An equal volume of water was then added to this and mixed, allowing for gel formation after
less than a minute. The final fluorophore concentration in the gels was varied from 50 pM to
150 uM depending on the relative fluorescence of each fluorophore. The final 1.2Br gelator
concentration was always 12 mM. Turbidity was observed upon mixing aqueous and ethanolic
solutions, and gelation generally occurred in less than one minute (as judged by vial inversion)

to give the gel materials containing the chosen fluorophore.

For imaging of compressed samples, a sample of gel around the size of the end of a spatula
was placed upon a circular glass coverslip in a holder. A plastic O-ring was placed on the glass
coverslip around the sample and another circular glass plate was placed on top of this. The
holder was then screwed which compressed the gel between the two glass plates to form a thin
section of gel. This sample was then viewed under the Zeiss LSM 900 in Brightfield mode,
before focusing on a bubble or other feature of gel under the Fluar 5x objective, the Plan
Apochromat 20x objective was then used to focus further on the chosen feature. When focused
on the sample feature, the 63x/100x immersion objectives were coated with oil/water-oil and
focused until some fibre morphology could be seen. From here, a suitable excitation laser and
filters were activated and focusing continued until sample morphology could be seen in

confocal Airyscan mode. For imaging of uncompressed samples, the same procedure as above
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was followed but the gel sample placed upon the glass coverslip was not compressed with a

further glass plate.
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Chapter 6

Cryo-SEM analysis of fluorophore-

containing imidazolium hydrogels




6.1. Background

Scanning electron microscopy (SEM) is a type of electron microscopy in which imaging is
usually performed by scanning a focused beam of electrons over a sample and measuring the
secondary electrons produced by the electron beam’s interaction with the atoms that constitute
the sample. Although significant research was carried out through the 20™ century, the first
commercial SEM instrument produced was the ‘Stereoscan’ made by the Cambridge Scientific
Instrument Company in 1965.!"* The scheme for the set-up of a typical SEM instrument is

shown in Fig. 6.1.

Electron Source

Electron Beam

O

Lenses

Back-scattered
electron
detector &

Secondary electron

detector
Sample

Figure 6.1. Schematic for a typical SEM instrument. An electron beam originating from the electron
source is deflected onto a sample which produces backscattered and secondary electrons which are

detected and used to form an image.

An electron beam is initially produced from an electron source. This electron source is often a
thermionic emitter, meaning primary electrons (PEs) are liberated from a metal (usually
tungsten) as a consequence of high temperature. However, many modern SEM instruments use
a field emission gun (FEG) to produce an electron beam. FEGs consist of a thin (~ 100 nm)

single-crystal tungsten tip spot-welded to a tungsten hairpin. When a strong negative potential

184




is applied, the electric field is highly concentrated within the small region of the tip. This
potential results in a lowering of the work function of the tip meaning PEs can be emitted
without the need for elevated temperatures. A series of anodes and lenses is then employed to
deflect the beam onto the sample. Upon hitting the sample, the PEs interact with the atoms of
the sample in three main ways (Fig. 6.2). Most commonly, beam electrons displace those in
the atoms of the sample resulting in the emission of low energy secondary electrons (SEs)
which are then collected in a detector. Additionally, electromagnetic radiation in the form on
X-rays can be produced by the expulsion of SEs. When an inner electron is removed, an outer
electron can then fill the hole created with the emission of a high energy photon. This

phenomenon is the basis for energy-dispersive X-ray spectroscopy (EDS).

A B C

PE BSE
@ O PE SE

X-Ray

Figure 6.2. Three possible phenomena upon focusing an SEM electron beam upon a sample. (A) A high
energy PE interacts with a sample atom to expel a SE. (B) A high energy PE is deflected a sample
atom’s nucleus resulting in the release of a high energy backscattered electron. (C) A high energy PE
interacts with a sample atom to expel an inner electron to result in a SE. An outer electron then fills the

inner hole and releases a photon of X-ray light.

Alternatively, the incident PEs can scatter elastically around the nuclei of the atoms of the
sample that can then be detected as high energy backscattered electrons (BSEs). Atoms with
heavier nuclei tend to deflect primary electrons more strongly, meaning the backscatter signal
will be more intense for these heavier atoms. This effect can be exploited to detect different

chemical compositions in the same sample.’
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In the field of materials chemistry, SEM provides a relatively non-invasive method of
microscale imaging. SEM also possesses versatility in terms of imaging requirements, allowing
conditions to be suited to the given material. An optically active material consisting of helical
nanofibres based on TiO> were synthesized by Che ef al. and SEM was employed to image the
material.® The low dimensions of the nanofibres were such that conventional SEM imaging did
not resolve the fine structure of the material, and high-resolution SEM (HRSEM) had to be
employed. HRSEM modulates the energy of the incoming PEs at the point of interaction with
the sample by applying a bias to the sample.” By utilising this technique, the morphological
properties of the nanofibres were able to be quantified. Gel materials have also been extensively
studied using SEM.3!? Pyridyl amide-based hydrogelators derived from isonicotinic acid were
prepared by Kumar et al. and were able to form hydrogels using the heating/cooling method.!!
Hydrogel xerogels of different weight percentages of gelator were imaged using SEM.
A three-dimensional fibrous morphology was seen with two different weight percentages. At a
low weight percentage of 0.37 wt %, fibres were extended and unbroken with a considerably
large distribution of fibre widths. At a weight percentage of 20 wt %, the morphology, whilst
still fibrous, was significantly disturbed. Fibre width distributions are also altered by the change

in weight percentage.

Cryogenic scanning electron microscopy (Cryo-SEM) is a type of SEM where a sample is
cryogenically fixed (typically using liquid nitrogen) in order to image in a pseudo-hydrated
state. Cryo-SEM is a powerful technique for imaging biological samples, as the drying required
for conventional SEM imaging can alter the structure of such samples introducing structural
artifacts. Cryo-SEM eliminates this problem and can allow a more accurate perspective on the

microstructure of biological samples of interest.!>!3

Despite its prominence in biological imaging, Cryo-SEM has been an underutilized tool for the
imaging of materials that possess a solvent phase. Hyaluronic acid-based hydrogels containing
hydrogel particles were developed by Jia ef al. and characterized using a range of analytical
techniques.!* This material was cryogenically frozen using a liquid nitrogen ‘slush’ before
being imaged using Cryo-SEM. Liquid nitrogen slushing is a technique whereby the
temperature of the nitrogen is lowered by employing a vacuum. This vacuum results in the
formation of some solid nitrogen resembling a slush. This lower overall temperature of the
nitrogen slush results in an accelerated cooling rate. The frozen hydrogel material was then

imaged under Cryo-SEM conditions. It was found that the hydrogel was made up of
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interconnected porous networks containing embedded hydrogel particles. The microstructure

was not analysed quantitatively.

An important complementary technique often used in conjunction with Cryo-SEM is focused
ion beam (FIB) analysis. FIB-SEM refers to the use of a focused beam of gallium ions to either
image or manipulate the sample surface. During sample preparation, the frozen sample is often
sputtered with platinum to prevent charging. In addition to this, a portion of the sample is
further coated with an organometallic layer via a gas injection system. This organometallic
layer is to protect the sample surface during FIB milling. FIB milling cuts away a section of
the sample through the organometallic layer exposing an open face of the sample. Water then
sublimes from the sample surface owing to an increase in temperature revealing the

microstructure underneath.

FIB has been employed to investigate the microstructure of biological samples and some
battery materials.!>!” FIB has not, however, been utilized extensively to investigate the
structure of gels. Scherman et al. made use of Cryo-FIB-SEM to characterize some
pentapeptide hydrogels.'® The stiffness of the hydrogels was able to be modulated with changes
in concentration and charge sequence (altering peptide sequence). Cryo-FIB-SEM was used to
associate this stiffening with a change in fibre morphology. A decrease in gelator concentration
led to a shortening of fibre lengths whilst changing the peptide sequence altered the general
morphology with some variants possessing platelike assemblies and others being made up of
fibrous bundles. Whilst not employing FIB, cryo-SEM was used by Kyomugasho et al. to
visualize the microstructure of pectin gels prepared with differing cations (Zn, Fe, Ca, Mg) in
combination with varying pH, pectin concentration, and cation concentration. They found that
as the pH, pectin concentration, and cation concentration increased, the density of the gel
network increased. When comparing pectin from citrus (more linear and less acetylated) to
pectin from sugar beet (more branched and more acetylated), the citrus pectin exhibited a more
tangled fibrous network.!” This study was another example of the use of cryo-SEM to visualize

gels.

Given this scarcity of cryo-FIB-SEM research upon hydrogels, the imidazolium-based gels
studied in this work were to be investigated using the technique. Cryo-FIB-SEM allowed the
gels to be imaged closer to their native hydrated state as opposed to the xerogel form in which
they have conventionally been imaged using regular SEM techniques. In addition,

corroborating gel morphology as seen in its hydrated state in both confocal and total internal
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reflection fluorescence TIRF microscopy was a major goal. Another aim was to compare the
morphology seen using Cryo-FIB-SEM and regular SEM. Any differences in morphology

could likely be a consequence of gel drying-induced artifacts.

6.2. Preliminary FIB experiments
The first step of the Cryo-FIB-SEM investigation into the imidazolium gels was to develop a

method for gel cryofixation. In relation to the freezing process, there were two potential
methods to apply for sample freezing. Metal mirror or ‘slam’ freezing refers to the process of
punching the sample against a gold-plated copper block which has been cooled by liquid
nitrogen.?® Metal mirror freezing yields high cooling rates and a freezing depth of around
15 — 25 um. Using a Leica MMS80 Metal Mirror freezer apparatus, a sample of
1,3-bis[(3-octadecyl-1-imidazolio)methyl]benzene di-bromide gel (1.2Br@Gel) was frozen.
Platinum sputtering was then carried out and the sample was ready to be manipulated and

imaged. Imaging of the surface revealed a plain structure possessing no fibrous surface

topography (Fig. 6.3).

Figure 6.3. Cryo-SEM image of the surface of a 1.2Br@Gel sample frozen by slam freezing.
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The sample was then prepared for FIB milling through the sputtering of an organometallic layer
onto the sample surface via a gas injection system. Within the area of the sample coated with

an organometallic layer, three rectangular holes were milled into the surface. These holes had

dimensions of around 22 pm x 20 pm and can be seen in Fig. 6.4.

Figure 6.4. Cryo-SEM micrograph of three rectangular holes milled by FIB beam into the surface of a
frozen 1.2Br@Gel surface.

After a sublimation stage, the visible surface within the milled cavities were imaged. Initially,
little physical structure can be seen with only a smooth surface visible. After several minutes
of being exposed, microstructural features began to emerge. Fig. 6.5 shows the process of the
cavity surface distorting and revealing the microstructure underneath. After around 7 minutes,
the face of the wall began to distort significantly. The face then detached and revealed the

obvious gel morphology underneath.
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15 Min 20 Min

Figure 6.5. Open face of a FIB-milled cavity shows the gradual emergence of gel microstructure over
time. Gel fibres become visible after ~ 7 minutes and are considerably more noticeable after

~ 15 minutes of sublimation.

Upon obtaining these promising results, a different sample preparation process was formulated.
Instead of utilising the slam freezer to carry out cryofixation upon the gel samples, a simpler
slush freezing method was employed. Here, a sample of gel was inserted into a cavity on a stub
coated with an adhesive. The stub containing the sample was then plunged into liquid nitrogen
before the formation of a nitrogen slush. This stub was then directly loaded into a preparatory
chamber before being sputtered with platinum in an argon atmosphere. The sample then
underwent sublimation for 45 minutes by increasing temperature from — 135 °C to — 100 °C.

The gel sample was then loaded into the main chamber to be imaged.

As with the previous sample, much of the surface showed little with respect to fibre
morphology, though areas existed where a fibrous structure could be seen (Fig. 6.6). The
presence of fibres exposed on the surface of the sample negated the need for FIB milling. This
method allowed for quicker sample preparation whilst giving access to larger areas of
investigable morphology as compared to the FIB milling method where the size of the area

studied was limited by time taken to coat and mill.
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Figure 6.6. Cryo-SEM micrograph of a cryofixed 1.2Br@Gel sample. (A) The plain surface seen at the
top of the feature is predominant when imaging over the sample, though areas exist such as the lower

portion which show detailed fibre morphology. (B) A magnified view of the fibre morphology.

6.3. Fibre Analysis & Drying effects / Confocal comparison

As discussed, the sample preparation process for SEM-based imaging can generally be very
involved with respect to manipulation of the given sample. In biological imaging, processing
of a sample to the point at which it can be imaged using such techniques has been shown to
significantly influence the resulting properties of the sample.?! Specifically, the need for a dry
sample in the high-vacuum environment present in most SEM microscopes presents issues for
samples in varying areas of study.?>?* There has been some debate about the extent to which
the images of dried sample of a gel can be truly compared with the pristine hydrated gel before
drying.?* On one hand, as solvent is removed through drying, the three-dimensional
supramolecular network of fibres collapses to form a two-dimensional film which is then
imaged using conventional SEM. This collapse itself should not necessarily directly result in
artifacts. However, as solvent is removed over time, the concentration of gelator increases. It
has been shown in previous work on 1.2Br gels that concentration has an effect on the gel

morphology in the dried state, so it is highly likely that the concentration increase brought
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about by drying would result in more bundling and aggregation of fibres resulting in altered

fibre widths.?

Even in the class of LMOG gels, there is a wide variety of gelators and subsequent
supramolecular architectures that can result from their self-assembly. Therefore, it is
reasonable to expect that drying would have a more substantial effect upon some materials than
others with respect to introducing drying artifacts. A quantitative comparison, therefore, of
1.2Br fibre morphology both in the dried and cryofixed state could provide valuable

information as to what extent drying influences such morphological properties.

A comprehensive study on the fibre widths of dried 1.2Br gel samples was carried out by
Samperi et al. in which an atomic force microscopy study of 1.2Br xerogels prepared in
differing water-ethanol ratios quantified the average widths of fibres.?° It was found that 1.2Br
gels formed in a 1:1 water-ethanol concentration and a gelator concentration of 12 mM as used
in the work presented here exhibited a fibre width distribution where 75% of fibres were
between 50 and 125 nm. Despite the differences in the techniques used for measuring, a similar
such distribution was also found in non-cryogenic SEM of 1.2Br xerogels (Fig. 6.7). The mean
fibre width of 1.2Br fibres as measured by SEM lied at 66 + 1.8 nm. The majority of fibres

possessed widths of between 65 — 75 nm.

If the gel sample is cryogenically frozen instead of being dried during sample preparation, the
three-dimensional supramolecular structure of fibres remains intact without collapsing. Indeed,
significant discrepancies have been found between gel fibre widths between xerogels and
native wet gels. Mears ef al. showed that supramolecular gels prepared from dipeptide gelators
exhibit considerably thicker fibres in their dried state as measured with conventional SEM
when compared with the same cryogenically frozen gel samples as measured using cryogenic
transmission electron microscopy (cryo-TEM) and single angle neutron spectroscopy.
Aggregation of fibres was seen occasionally in cryo-TEM but was more pronounced in the

dried gels, resulting in larger fibre widths.
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Figure 6.7. (A) Width distribution histogram of a 1.2Br@Gel xerogel as measured through
conventional SEM. (B) Conventional SEM micrograph of 1.2Br@Gel, scale bar corresponds to 2 um.
Gel prepared in 1:1 water-ethanol and [1.2Br] = 12 mM.

To investigate any possible differences between fibre widths of 1.2Br@Gel samples,
measurements of the fibre widths of 1.2Br in their frozen form were carried out. From these
measurements, a distribution of gel fibre widths was found which suggested thinner fibres were
a lot more prevalent in frozen gel samples than in dried gel samples (Fig. 6.8). In addition, a
potentially multimodal distribution was found with peaks at ~30 — 35 nm and at ~ 70 — 75 nm.
This may indicate the aggregation of two single fibres into an aggregate. As the mode of the
fibre widths of the dried 1.2Br sample is ~ 65 — 75 nm with few fibres exhibiting fibre widths
at around 30 — 35 nm, it can be concluded that aggregation of fibres is exacerbated by the

supramolecular collapse which occurs upon drying.
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Figure 6.8. (A) Fibre width distribution histogram of a cryogenically frozen sample of 1.2Br@Gel gel
as measured through cryo-SEM. (B) Cryo-SEM micrograph of 1.2Br@Gel, scale bar corresponds
to 2 um. Gel prepared in 1:1 water-ethanol and [1.2Br] = 12 mM.

In its pristine form, there is a quantifiable difference in 1.2Br@Gel fibre widths. The inclusion
of fluorescent compounds into these gel samples for imaging purposes has shown to also
influence the fibre morphology of dried gels as seen through conventional SEM. It was
therefore important to investigate whether the differences seen in the pristine gel in its
dried/frozen state are more or less pronounced in the presence of such incorporated
fluorophores. The diketopyrrolopyrrole (DPP) derivatives studied in the previous chapter on
confocal laser scanning microscopy (CLSM) provide a unique opportunity to compare the
imaging of gel fibres in the dried state (conventional SEM), their close-to-native wet state
(cryo-SEM), and in their truly native wet state (CLSM). CO:HDPP is a water soluble DPP
that was used in the imaging of 1.2Br gels using CLSM (Fig. 6.9). Whilst fibre width
measurements using CLSM is not possible, a view of the overall morphology as seen through
CLSM can be compared qualitatively to imaging via cryo-SEM provided a fluorescent

compound is introduced.
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Figure 6.9. (A) Molecular structure of the water-soluble CO.HDPP. (B) CLSM micrograph of the fibre
morphology of COHDPP@Gel where the gel sample is in contact with the glass coverslip,
[CO:HDPP] = 150 uM. Imaging details: laser 560 nm, emission range 565 — 700 nm, laser power
30%.

CLSM imaging of CO2HDPP@Gel displayed fibres that tended to bend and exhibit curvature,
both in the bulk of the gel and at the gel-glass interface. Very similar fibre morphology was
seen under Cryo-SEM imaging of CO:HDPP@Gel, indicating that Cryo-SEM accurately
captures the gel's native wet state morphology (Fig. 6.10).
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Figure 6.10. (A) Cryo-SEM micrograph of COHDPP@Gel, [CO,HDPP] = 150 uM, scale bar

corresponds to 10 um. (B) CLSM micrograph of CO.HDPP@Gel, [CO-HDPP] = 150 uM, scale bar

corresponds to 10 um. Imaging details: laser 560 nm, emission range 565 — 700 nm, laser power 30%.

As mentioned, the incorporation of fluorescent compounds into 1.2Br gels can significantly
alter dried gel morphology. Qualitatively, the frozen gel morphology of both 1.2Br@Gel and
CO:HDPP@Gel samples are analogous to each other, with fibres curving and often bundling
into larger aggregates. CO:HDPP@Gel, like 1.2Br@Gel, does show differences in its
cryogenically frozen state as compared to its dried state in terms of morphology. Fibres

exhibited less curvature in the dried state, and bundling is more evident (Fig. 6.11).
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Figure 6.11. (A) Cryo-SEM micrograph of COHDPP@Gel, [CO.HDPP] = 150 uM, scale bar
corresponds to 4 um. (B) Cryo-SEM micrograph of 1.2Br@Gel, scale bar corresponds to 4 um.
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The distribution of fibre widths in the case of CO2HDPP@Gel, again like 1.2Br@Gel, differs
with the gel in its frozen state compared to in its dried state. In the frozen state,
CO:HDPP@Gel fibre widths are distributed with a mean value of ~ 78 nm, with most fibres
possessing a width of between 55 — 74 nm (Fig. 6.12). This mean value is greater than the mean
fibre width of 1.2Br@Gel in its frozen state, though it is to be expected that the addition of a
non-trivial concentration (150 uM) of CO2HDPP may influence this aspect of gel morphology

by expelling the bromide anions between gel lamellae.
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Figure 6.12. (A) Fibre width distribution histogram of a cryogenically frozen sample of
COHDPP@Gel gel as measured through cryo-SEM. (B) Cryo-SEM micrograph of frozen
COHDPP@Gel, scale bar corresponds to 10 um. Gel prepared in 1:1 water-ethanol and
[1.2Br] = 12 mM, [CO:HDPP] = 150 uM.

As with 1.2Br@Gel, the morphology of CO2HDPP@Gel in its dried state as measured using
conventional SEM does differ from that of the frozen state. More bundling of fibres is seen,
and curvature of these fibres is less pronounced. Quantitatively, the fibre width distribution is
centred at ~ 98 nm, with most fibres possessing a width of between 82 — 103 nm (Fig. 6.13).
That the dried CO:HDPP@Gel average fibre width is larger than that of the pristine dried
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1.2Br@Gel is not surprising, given the already supported altering of gel morphology with the

inclusion of fluorophores.
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Figure 6.13. (A) Fibre width distribution histogram of a dried sample of COHDPP@Gel gel as
measured through conventional SEM. (B) SEM micrograph of dried COHDPP@Gel, scale bar

corresponds to 10 um. Gel prepared in 1:1 water-ethanol and [1.2Br] = 12 mM,
[CO:HDPP] = 150 uM.

An unexpected result is observed when PEG3DPP@Gel is imaged using Cryo-SEM.
PEG3DPP was previously incorporated into the 1.2Br gel during the confocal studies, where
the fluorophore was not immediately taken up into the fibres as previous fluorophores were. It
was found that upon the evaporation of gel solvent, PEG3DPP would migrate into the gel
fibres (Fig. 6.14). In the Cryo-SEM setup, it is probable that the gel would be cryogenically

fixed before any fluorophore migration occurred.
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4 min 23 s D 13 min 10.'s

Figure 6.14. CLSM micrographs of PEG3DPP@Gel, [PEG3DPP] = 150 uM, showing the migration
of PEG3DPP into 1.2Br fibres. (A) Micrograph of PEG3DPP@Gel showing fibre silhouettes at
t = 0s. (B) Micrograph of PEG3DPP@Gel showing the initial migration of PEG3DPP into fibres, with
some fluorescence signal still in the interstitial areas at t = 4 min 23 5. (C) Micrograph of
PEG3DPP@Gel showing the significant migration of PEG3DPP into fibres, with little fluorescence
signal still in the interstitial areas at t = 8 min 46 s. (D) Micrograph of PEG3DPP@Gel showing the
completion of PEG3DPP migration into fibres, with little-to-no fluorescence signal still in the
interstitial areas at t = 13 min 10 s. Imaging details : laser 488 nm, emission range 500-700 nm, laser

power 30%. Gels prepared in 1:1 water-ethanol and [1.2Br] = 12 mM.

When cryogenically fixed, the apparent gel morphology of PEG3DPP@Gel is similar to the
previous gels studied here using Cryo-SEM with fibres curving and intertwining (Fig. 6.15).
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The fibre curvature observed in the Cryo-SEM corresponds to the apparent morphology of the

silhouettes and illuminated fibres after the migration of PEG3DPP, as observed in the CLSM.

Figure 6.15. Cryo-SEM micrograph of PEG3DPP@Gel, [PEG3DPP] = 150 uM. Gels prepared in 1:1
water-ethanol and [1.2Br] = 12 mM.

Despite these apparent similarities, fibre widths were found to be significantly thicker than
those measured in 1.2Br@Gel and CO:HDPP@Gel (Fig. 6.16). Whilst the average fibre
widths of the frozen 1.2Br@Gel and CO2HDPP@Gel were measured to be around 78 nm and
50 nm, respectively, the average fibre width of frozen PEG3DPP@Gel was measured to be
196 nm. In addition to this, the width distribution is much broader, with some fibre widths
above approximately 500 nm being measured in the data collected in this study. It can be
assumed that the PEG3DPP remains outside of the fibres under these imaging conditions, and
thus presents the only sample in which a fluorophore is present in the gel but not incorporated
into the fibres. It is notable that this one outlier from the trend of thinner fibres measured in the
cryogenically frozen gels compared with the dried gels is the sample in which fluorophore
take-up into fibres was not observed. This result indicates that the PEG3DPP fluorophores are

influencing the fibre morphology from the interstitial area between fibres.
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The observed phenomenon might be a result of the interaction between PEG3DPP and the
1.2Br gelator molecules whereby the pyridyl groups of the DPP molecule interact with the

mildly acidic protons on the imidazolium ring.

80

A

704

60 -

0 100 200 300 400 500 600 700
Fibre Width / nm

Figure 6.16. (A) Fibre width distribution histogram of a cryogenically frozen sample of
PEG3DPP@Gel gel as measured through cryo-SEM. (B) Cryo-SEM micrograph of frozen
PEG3DPP@Gel, scale bar corresponds to 10 um. Gel prepared in 1:1 water-ethanol and
[1.2Br] = 12 mM, [PEG3DPP] = 150 uM.

The thickness of the PEG3DPP@Gel fibres as measured using cryo-SEM does not contrast
with the measurements made on the dried gel using conventional SEM. The average fibre width
of the dried PEG3DPP@Gel was measured to be approximately 170 nm, more than double
that of the pristine 1.2Br@Gel xerogel (Fig. 6.17). This sample is therefore the single example

of frozen gels possessing fibres that are thicker than those measured in the dried gels.
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Figure 6.17. (A) Fibre width distribution histogram of a dried sample of PEG3DPP@Gel gel as
measured through conventional SEM. (B) Conventional SEM micrograph of dried PEG3DPP@Gel,

scale bar corresponds to 2 um. Gel prepared in 1:1 water-ethanol and [1.2Br] = 12 mM,
[PEG3DPP] = 150 uM.

6.4. Phthalocyanine concentration investigation
The influence of fluorophore concentration on the hydrated gel morphology of 1.2Br gels has

been reported in literature.”> In the paper by Samperi et al., fibre widths were found by
measuring the full width at half maximum (FWHM) of an intensity cross-section over a fibre
using Super-Resolution Radial Fluctuations (SRRF) microscopy. In doing this, it was found
increasing fluorophore concentration gradually increased fibre width and that bundling at high
concentrations still occurred in the hydrated state. Despite this, it is still not fully understood is
the extent to which the concentration of the fluorophore affects the hydrated gel morphology.
SRRF provided a unique method by which hydrated fibre width could be quantified, and

cryo-SEM provides another solution for the same problem.

To investigate this problem further, it is important to note how dried gel morphology is
influenced by fluorophore concentration. Figure 6.18 shows the change in dried gel fibre
morphology as measured with conventional SEM with increasing concentrations of zinc

phthalocyanine tetrasulfonic acid (ZnPcTS).
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[ZnPcTS] =0 uM

[ZnPcTS] =100 uM

[ZnPcTS] =500 uM

Figure 6.18. ZnPcTS@Gel SEM micrographs at multiple ZnPcTS concentrations. (A)
[ZnPcTS] = 0 uM. (B) [ZnPcTS] = 100 uM. (C) [ZnPcTS] = 500 uM. Gels prepared in 1:1
water-ethanol and [1.2Br] = 12 mM.

In this study, ZnP¢TS concentrations of 0 uM (control), 100 uM, and 500 uM were looked at
using conventional SEM and cryo-SEM. As can be seen in Fig. 6.18, increasing ZnPcTS
concentration has a significant effect upon gel morphology, with fibres becoming
indistinguishable at a ZnPcTS concentration of 500 uM. It was therefore not possible to
quantify fibre lengths for the sample containing 500 uM ZnPcTS. However, the transition from
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0 to 100 uM ZnPcTS induced a change in the average fibre width, increasing it from
approximately 70 — 80 nm in the absence of ZnPcTS to a width of 100 — 110 nm
when 100 pM ZnPcTS was present. Nevertheless, even when not considering the quantifiable
aspects of the micrographs, a considerable qualitative difference in morphology can be seen
between the 100 uM and 500 uM ZnPcTS samples. Figure 6.19 shows a comparison of the
fibre width histograms of the control 1.2Br@Gel sample and the 100 uM ZnPcTS sample.
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Figure 6.19. (A) Fibre width distribution histogram of a frozen sample of 1.2Br@Gel as measured
through cryo-SEM, [ZnPcTS] = 0 uM. (B) Fibre width distribution histogram of a frozen sample of
ZnPcTS@Gel as measured through cryo-SEM, [ZnPcTS] = 100 uM. Gels prepared in 1:1
water-ethanol and [1.2Br] = 12 mM.
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Cryo-SEM on the 0 uM ZnPc¢TS control sample was explored previously in this chapter so it
will suffice to state that the average fibre width was around 45 nm, whereas in the dried gel it
was found to be around 65 nm. This result indicates a natural increase in fibre widths occurs
upon gel drying caused by bundling effects. Moving from 0 to 100 uM ZnPcTS has some
effect on the general fibre morphology as seen with cryo-SEM (Fig. 6.20). Fibres appear to
bundle more in the more concentrated sample, although the difference in apparent morphology

is not as pronounced as observed in conventional SEM.
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Figure 6.20. Cryo-SEM micrographs of ZnPcTS@Gel. (A) [ZnPcTS] = 100 uM.
(B) [ZnPcTS] = 500 uM. Gels prepared in 1:1 water-ethanol and [1.2Br] = 12 mM.

Although more bundling seems to be apparent in the 500 uM sample than in the 100 pM
sample, average fibre thickness between the two samples is identical which can be seen in
Fig. 6.21. Despite this, the skewness of the lognormal plot assigned to the histograms is greater
in the case of the 500 uM ZnPcTS sample than the 100 uM sample, meaning outliers of thicker

fibres are more numerable in the case of the former.
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Figure 6.21. (A) Fibre width distribution histogram of a frozen sample of ZnPcTS@Gel as measured
through cryo-SEM, [ZnPcTS] = 100 uM. (B) Fibre width distribution histogram of a frozen sample of
ZnPcTS@Gel as measured through cryo-SEM, [ZnPcTS] = 100 uM. Gels prepared in 1:1
water-ethanol and [1.2Br] = 12 mM.

This result indicates that whilst concentration does have a measurable effect upon gel fibre
widths, in alignment with previous experiments, it is the drying process that contributes largely

to the change in morphological properties.

6.5. Conclusion
In summary, cryo-SEM has been shown as a versatile way of imaging frozen gels. The primary

objective of this chapter was to investigate the correlation between dried gel morphology and
hydrated gel morphology, with a specific focus on imidazolium gels of the studied type.
Initially, a method was developed to image these gels by optimising coating and sublimation

conditions, resulting in satisfactory images. Subsequently, gels containing various DPP
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fluorophores were imaged, and the widths of the fibres were collected and analysed using
histograms for comparison. By comparing the fibre widths obtained from the conventional
SEM micrographs and the dried/frozen gel samples, a comparison of their widths was made.
The findings indicated that, for most tested samples, the fibre widths were smaller in the frozen
samples due to reduced bundling and drying effects. However, PEG3DPP@Gel exhibited an
exception, as the dried gel fibres were thinner than the cryogenically frozen fibres. This
phenomenon was attributed to interactions between the DPP and gelator molecules during the
gel formation process. Additionally, a concentration study was conducted using ZnPcTS as
the incorporated fluorophore. It was discovered that introducing a ZnPcTS concentration of
100 uM to the pristine gel increased the average fibre width. However, further increasing the
concentration to 500 pM did not cause any change in the measured average fibre width. This
contrasts with the results observed in conventional SEM imaging of dried fibres, where an
increase in ZnPcTS concentration from 100 puM to 500 uM resulted in significant alterations
in the gel morphology, to the extent that the fibres were no longer visible. The research
conducted in this chapter has illuminated the connection between guest concentrations in
gel-guest systems and how the subsequent drying can impact gel morphology. This knowledge
is important for understanding the properties of hydrogels in the context of their potential

applications.

6.6. Experimental

6.6.1. General procedures
The gels described in this study were prepared at a 1:1 water-ethanol ratio always with a final

1.2Br gelator concentration of 12 mM. A 2.4 mM stock solution of fluorophore was prepared
(either in water or ethanol depending on solubility considerations), and subsequently diluted in
a glass vial to achieve the desired fluorophore concentration. Samples containing a water-
soluble fluorophore to be observed using cryo-SEM were prepared by mixing the diluted
aqueous fluorophore solution with an equal volume of an ethanolic 24 mM 1.2Br gelator
solution. Samples containing a non-water-soluble fluorophore to be observed using cryo-SEM
were prepared by mixing Milli-Q water with an equal volume of an ethanolic 24 mM 1.2Br
gelator solution also containing the fluorophore at the appropriate concentration. Rapid and
thorough mixing of the ethanolic and aqueous solutions was carried out to ensure homogeneity.
The gel was left to form before being transferred to a grooved cylindrical aluminium stub for

imaging.
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Cryo-FIB-SEM was carried out using a Zeiss Crossbeam 550 fitted with a Quorum 3010T
cryo-stage and preparation chamber. Samples were prepared for analysis either by use of a
Leica MM80 Metal Mirror freezer or by freezing in liquid nitrogen slush on grooved cylindrical
aluminium stubs, using a Quorum PP3010 Prepdek slush freezer. The stubs were then secured
onto the sample shuttle of the cryo-system before transfer to the preparation station at -170 °C
via a liquid nitrogen slushing pot. The gels were sputtered in an argon environment using
platinum for 60 s at a current of 10 mA. Once coated the shuttle was transferred to the cryo-
stage in the SEM chamber and maintained at -170 °C. Before cryo-FIB milling, the sample's
surface underwent preparation through the application of an organometallic precursor layer
dispensed from the gas injection system (GIS) of the microscope. The GIS crucible was heated
to 27 °C, and the sample stage was adjusted to be approximately 1 to 1.5 mm below the GIS
needle once inserted. The organometallic precursor layer was deposited for a duration of
10 seconds. This prepared layer was subjected to milling using a focused ion beam of gallium
ions at current levels ranging from 3 nA to 0.1 nA, resulting in the creation of a cross-sectional
view in the sample with an exposed, featureless surface. To observe the structure of the gels,
water is removed from the surface of this face by increasing the stage temperature to -100 °C
and held for a period of 30 — 60 min. During this time, water sublimes away from the gel-water
interface and through topological differences, the physical structure of the hydrogel is revealed.

Finally, the microstructure of the hydrogel was then imaged by SEM.
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Chapter 7

Summary




7.1. Summary
Zinc phthalocyanine tetrasulfonic acid (ZnPc¢TS), a water-soluble phthalocyanine, was

effectively incorporated into 1,3-bis[(3-octadecyl-1-imidazolio)methyl]benzene di-bromide
(1.2Br) gels. This incorporation into a 1:1 water-ethanol microenvironment as part of the gel
aided in reducing the aggregation of the phthalocyanine. As a result, ZnPcTS was able to
produce more SO under irradiation with 660 nm and 635 nm laser light than the photosensitizer
is usually capable of in a purely aqueous environment. The generation of SO was measured by
tracking the fluorescence decay of a 9,10-anthracenedyl-bis(methylene)dimalonic acid
(ABMA) molecular probe, with this decay rate acting as a proxy for a rate of singlet oxygen
(SO) generation. When fitted to a pseudo first-order rate equation, the rate of SO generation
was quantified. In addition to this, it was found that the protonation state of sulfonic acid groups
present on the periphery of the isoindole units of the phthalocyanine influenced the aggregation
properties and subsequently the rate of SO generation. Experiments using CsOH and NaCl
confirmed that base was responsible for the increase in SO generation. Further to this, the way
in which the gel was dispersed was found to be vital to the SO generation observed.
Comparable results were observed for zinc tetrasulfonatomethyl phthalocyanine
(ZnPcSO2Me), a hydrophobic phthalocyanine. When incorporated into the 1.2Br gel,
ZnPcSO:Me experienced a significant disaggregation effect compared to ZnPc¢SO:Me in
solution, which was evident through absorption spectroscopy. This reduction in aggregation
resulted in a substantial enhancement in SO generation. This study highlighted how water-
soluble photosensitizers prone to aggregation can be relieved of such aggregation and become

effective SO generators in largely aqueous environments by the use of soft materials.

ZnPcTS was found, through total internal reflection fluorescence (TIRF) microscopy, to
diffuse through the fibres of a hydrated 1.2Br gel. At low fluorophore concentrations,
individual molecular motion was observed. Analysis of this movement using mean square
displacement (MSD) analysis confirmed this diffusion to be confined in nature. Mean
instantaneous velocity (MIV) and MSD analysis found a linear relationship between the
irradiance experienced by the sample and the resulting speed of fluorophores, with the further
introduction of acids into the gel system influencing fluorophore speed and encapsulation
properties. Further studies on a tetrasulfonated porphyrin (TPPS), a mixed system of TCPP
and ZnPcTS, and a tetrasulfonatomethyl phthalocyanine (ZnPcSO2Me) found differences in
both fibre morphology and fluorophore behaviour. This study highlighted how electrostatic

interactions between fluorophores and supramolecular architectures can lead to unexpected
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behaviours on the microscale. Also notable are the ways in which such interactions could be

influenced by slight changes to the system studied.

Three galactose-based glycopolymers were synthesized, each having different molecular
weights. The inclusion of these glycopolymers did not have a significant impact on the
macroscopic properties of the gel, at least within the polymer concentrations utilized in this
investigation. However, at the microscale, the morphology of the gel fibres was noticeably
distorted at various concentrations of the glycopolymers. This distortion in fibre morphology
was further confirmed through TIRF imaging, which revealed similar disruptions in the
hydrated fibre structure. Additionally, the presence of the glycopolymer led to a decrease in
the fluorescence intensity of ZnPcTS, suggesting potential interactions between the
fluorophore and the polymer. Interestingly, the analysis of ZnP¢TS fluorophore speed using
MIV analysis demonstrated an increase in speed with higher concentrations of the
glycopolymer. This observation highlights the influence of the glycopolymer additive on the
behaviour of ZnPc¢TS fluorophores. Overall, this study highlights how the presence of a
polymeric additive can significantly affect both the macroscopic and microscopic properties of
supramolecular gels. The distorted fibre morphology and altered fluorescence intensity and
speed of ZnPcTS fluorophores emphasize the intricate interplay between the polymeric
additive and the gel matrix. These findings contribute to our understanding of the complex
interactions within gel systems and provide insights into the design and manipulation of

supramolecular materials for various applications.

Confocal laser scanning microscopy (CLSM) allowed for the detailed imaging of hydrated
imidazolium gels with the aid of fluorescent compounds that illuminated the gel fibres upon
excitation. However, the effectiveness of gel imaging varied depending on the specific
fluorophore employed, as both ZnPcTS and TPPS did not provide an optimal level of detail.
Additionally, the method of sample preparation, either through compression between glass
plates or placement on a glass coverslip, had an impact on the observed gel morphology as
visualized by CLSM. To overcome these limitations, diketopyrrolopyrrole (DPP) fluorophores
were utilized, offering improved imaging of gel morphology due to their higher fluorescence
intensity, which resulted in significantly enhanced signal-to-noise ratios and apparent
resolution. Interestingly, dynamics of these DPP fluorophores were also observed, with certain
DPPs migrating into the gel fibres, whereas before solvent evaporation, they were excluded
from the fibres. The phenomenon of fluorophore migration was found to be influenced by

solvent evaporation and the presence of pyridine groups flanking the DPPs. However, the exact
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underlying reasons for this behaviour remain unclear. In summary, this research provides a
straightforward and effective method for directly imaging the intricate details of hydrated gel
morphology. By employing CLSM with specific fluorescent compounds, this study advances
our understanding of gel structures and highlights the importance of fluorophore choice and
sample preparation techniques in obtaining accurate and comprehensive visualisation of gel

morphologies.

Cryogenic scanning electron microscopy (cryo-SEM) proves to be a versatile imaging
technique for frozen gels. This chapter aimed to explore the relationship between dried and
hydrated gel morphology, focusing on the imidazolium gels studied in previous chapters. An
optimized method for imaging these gels was developed, resulting in detailed images of gel
morphology. Fibre widths were analysed by comparing conventional scanning electron
microscopy (SEM) micrographs with dried/frozen gel samples containing various DPP
compounds. The results showed that frozen samples generally had smaller fibre widths as a
consequence of reduced bundling and drying effects. Furthermore, a concentration study using
ZnPcTS revealed that morphological changes in these imidazolium gels are less pronounced

in the hydrated state than in the dried state.

Overall, this thesis has contributed to the knowledge of soft material systems. The results of
the study successfully fulfil the aim of investigating soft material systems, specifically gels. It
is hoped that the results presented here will aid in the future development of functional soft

materials for pharmaceutical applications.

7.2. Limitations
The work presented in the studies that comprise this thesis generally fulfils the scope of the

aims and objectives as laid out in the introduction, but there is room for improvement in some
respects. Specifically for Chapter 2, it would have been valuable to include a sulfonated
porphyrin to for a direct comparison to ZnP¢TS. Additionally, a comprehensive investigation
into the 1,3-bis[(3-octadecyl-1-imidazolio)methyl]benzene di-chloride (1.2Cl) gels was
lacking and could have provided insights into the role that counterions play in SO generation.
Because of the lower power laser used for measuring the SO generation rate of ZnPcSO2Me,
a direct comparison to the highly effective SO generation of ZnP¢TS (brought about using the

50 mW laser) was not possible.

For Chapter 3, it would have been beneficial to conduct a study on various phthalocyanines

featuring different end groups. This variety would have allowed for a direct comparison of the
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end group interaction with the gel lamellae. As 1.2Cl fibre morphology is different to that of
1.2Br, a study concerning 1.2Cl gels could have offered perspectives on how morphology
influences fluorophore diffusion. In addition, the fact that TPPS did not fluoresce when excited
at 405 nm indicated that it was not present in the form intended, as 405 nm should match up

ideally with the absorption maximum of the compound.

In Chapter 4, the molecular weight dispersity of the synthesized glycopolymers were higher
than would be expected in radical addition fragmentation chain-transfer (RAFT)
polymerisation. Full characterisation of the resulting gels when incorporated with 1.2Br
(including powder x-ray diffraction (PXRD) and rheology) could not be carried out as a result
of time constraints. These techniques would have provided valuable insight into the

glycopolymers’ effect upon the microscale structure of the gels.

In Chapter 5, no firm conclusion as to why pyridine-flanked DPPs migrated into gel fibres upon
gel solvent evaporation was found, though it was concluded that it was the presence of the
pyridine groups that caused the effect. It was also not possible to correlate any ZnPcTS

diffusion seen with TIRF microscopy as the requisite signal-to-noise was not achievable.

In Chapter 6, the imidazolium gels that were studied in the previous chapters on CLSM were
focused on for comparison with cryo-SEM. The conclusions drawn about drying effects on
imidazolium gel morphology cannot necessarily be extended to other gel systems. A thorough
investigation into changes in morphologies between gel samples prepared via alternate freezing
methods (slush freezing, metal-mirror freezing, plunge freezing) had the potential to provide
valuable insights into how sample preparation affects morphology and whether gel properties

observed under electron microscopy remain consistent across different preparations.

7.3. Further work

The imidazolium gel containing photosensitizer requires examination of its antimicrobial
activity under in vitro conditions. Additionally, it is crucial to explore methods to reduce or
eliminate the ethanol component of the gel, either through the addition of an additive or an
alternative cosolvent. This is particularly important for in vitro studies as ethanol itself tends
to kill bacteria, making it difficult to assess the actual effects of the SO. It would also be
valuable to investigate the potential of other photosensitizers prone to aggregation to determine
if the 1.2Br gel functions as a system that can universally limit the aggregation of

photosensitizers.
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There are many options for further manipulating fluorophore diffusion in the imidazolium gel
systems studied in this work. Spiropyrans are photochromic compounds which can undergo
photoinduced transformations from the non-fluorescence spiropyran form to the fluorescent
merocyanine form. Should a spiropyran derivative be localized in the gel fibres, disruption of
morphology could occur upon this conformational change which could be used to influence
fluorophore diffusion. Introducing a cationic azo molecular switch into the gel could provide
insights into its impact on diffusion dynamics of incorporated fluorophores. The introduction
of different fluorophores could be used to investigate further the reasons for which diffusion
occurs. Zinc phthalocyanine tetracarboxylic acid would be an important molecule to investigate
as it would provide further insight into the extent to which electrostatic effects between
fluorophore and gel are responsible for fluorophore diffusion. For comparison with the
confocal studies, DPPs could present interesting fluorophores to investigate using TIRF. As
the DPPs studied were predominantly neutral, diffusion through fibres would be likely. It
would also be beneficial to observe the migration of pyridyl DPPs into gel fibres using TIRF

microscopy.

As mentioned previously, a full characterisation study of the glycopolymer gels is needed to
better understand the morphological disruption seen in SEM and TIRF microscopy. Planned
work that could not be conducted because of time constraints include the synthesis of a sulfated
galactose monomer for the preparation of further glycopolymers. As each repeating unit of the
sulfated glycopolymer would possess an anionic group, it is imagined that the electrostatic
interactions between polymer and gel would be significantly greater. It is possible to make use
of the propargyl group at the end of CTA1 by employing click chemistry to attach a fluorescent
moiety. Doing this would allow for the visualisation and localisation of the glycopolymer
within the larger gel structure. In addition, multichannel experiments could be conducted on
the TIRF microscope to track both the incorporated fluorophore molecules and fluorescent

glycopolymers.

Optical tweezers use highly focused laser beams to manipulate microscale objects. They have
been used to investigate the microrheology of hydrogels. Employing such a technique on the
imidazolium gels studied here could provide a unique opportunity to compare their
microrheological properties to their microrheological counterparts. In addition, confocal

microscopy offers the change to visualize gel formation in situ.
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A comprehensive and robust study involving all of the samples imaged on the confocal
microscope is needed. It is crucial to examine other pyridyl DPPs to determine if the trend of
thicker fibres continues, and therefore determine whether the effect is exclusive to this subclass
of fluorophore. Recent research has focused on investigating the influence of sample
preparation on gel morphology. Assessing such effects on the morphology of the imidazolium
gels under investigation would be advantageous. Performing a cryo-SEM study of the
Glycopolymer@Gels is recommended, as the drying effects observed in Chapter 6 might be
more pronounced in conventional SEM analysis. Cryo-SEM would therefore provide a closer

representation of the native morphology.
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