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Abstract

Gels are colloidal states of matter in which a solid matrix is dispersed in a liquid phase.
Supramolecular gels are formed due to the self-assembly of small gelator molecules in a suitable
solvent as a result of specific weak non-covalent interactions between the gelators. The last several
decades have witnessed an upsurge in research activities in the area of supramolecular gels not
only for academic interests but also for applications in material science. Gels have been
investigated as potential avenues for drug delivery and oil recovery applications. Despite their
huge potential, the properties of gels are discovered through trial-and-error approaches, which
makes control of properties a challenging task. The control becomes extremely hard in a
multicomponent gel system, which is a common model for applications in material science.

The aim of this thesis is to design a pathway to gain a fundamental understanding on how
multiple components in the gel contribute to new properties. This pathway is an attempt to move
away from trial-and-error approaches for the development of gels and allows us to make
correlations between structure, dynamics and function.

The studies reported in this thesis were performed on a two-component gel system
comprising a gelator and an additive. The gelator, sodium deoxycholate (NaDC), is a bile salt
known for its ability to form a supramolecular gel within a certain pH range. NaDC gels are made
up of aggregates distributed between the aqueous phase and the gel structure. NaDC gels are
reversible and considered as promising candidates from a functional point of view. The additive,
cucurbit[6]uril (CBI6]), is a macrocycle and is known to affect the mechanical properties of NaDC
gels at the macroscopic level.

In the first project, | studied the effect of CB[6] on the NaDC gel at the microscopic level
using dynamic light scattering and fluorescence microscopy experiments. These techniques were
used to determine the effect of CB[6] on the gel’s morphology, size of NaDC aggregates, thermo-
reversible properties of NaDC gels and the kinetics of NaDC gel formation. My results showed
that the effect of CB[6] on NaDC aggregates begins in solutions and is translated to sols and gels.
Thermo-reversibility and Kkinetic studies showed that the effect of CB[6] on NaDC gels goes
beyond changes to the gel’s structure and CB[6] was also shown to affect both the gel-sol transition
temperatures and time of the gel formation.

In the second project, | studied how the release of dyes of different hydrophobicities
from NaDC gels was affected by the addition of CB[6]. The release of the dyes pyrene and
rhodamine 6G was investigated using a static diffusion method, which was referred to as the top
layer method. My results showed that CB[6] has a different effect on the release kinetics of a
hydrophilic dye compared to the release of a hydrophobic dye. The observed difference in the
release kinetics was attributed to differences in the localization of the dyes in NaDC gels and the
role of CB[6] in affecting the distribution of dyes in different regions in the gel.

In the third project, | studied the colocalization of a hydrophobic and a hydrophilic dye
in NaDC-CBJ6] gels with the goal to confirm my hypothesis from the release studies. Dynamics
of diffusion of dyes within NaDC-CBJ6] gels was investigated using the fluorescence recovery
after photobleaching (FRAP) technigue. Results from colocalization experiments showed that the



addition of CB[6] changes the distribution of hydrophilic dye in the gel. Through colocalization
experiments, | was able to showcase the active role of CB[6] in incorporating aggregates from
the aqueous phase into the gel structure. Results from FRAP studies showed that, in the presence
of CBI6], recovery after bleaching of a hydrophobic dye in the gel structure is slower compared
to the dye in the NaDC gel structure.
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Chapter 1 Introduction
1.1 Supramolecular chemistry
Supramolecular chemistry termed as chemistry beyond the molecule, is a science of
molecular assemblies.! The field of supramolecular chemistry acts as a bridge that connects
molecular and macromolecular structures. Unlike the covalent bonds playing a major role in
forming molecular structures, supermolecules are complex structures held together by weak non-
covalent interactions. Basic functional characteristics of supramolecular systems are recognition,

reactivity and transport.?

1.1.1 Self-assembly

Self-assembly is a process in which ordered structures are formed spontaneously from a
disorganized system of components as a result of weak physical interactions. For self-assembly
to occur, components must be mobile. The environment around the components will affect the
type of interactions between components which in turn drives the components to form self-
assembled structures. Interactions that drive self-assembly include ionic, ion-dipole, dipole-
dipole interactions, hydrogen bonding, n- & interactions, van der Waals forces, and metal-ligand
interactions.?® Although not considered as an interaction, the hydrophobic effect can play a role in
the self-assembly process in aqueous systems. The hydrophobic effect refers to a process where
hydrophobic entities associate with each other in polar solvents to avoid the interactions between
polar solvent and non-polar molecules.

In the literature, the terms self-assembly and self-organization are often used
interchangeably. The final structure formed by self-assembly is at the thermodynamic minimum,
whereas self-organization leads to a structure in a steady state but not necessarily at a

thermodynamic minimum. Formation of ordered structures from disordered structures leads to a



decrease in entropy. Therefore, for the self-assembly process to be spontaneous, the enthalpy
term should be negative so that the free energy of the reaction is negative. Interactions that drive
the self-assembly must be sufficient to overcome the entropic penalty in the formation of ordered
states.* Self-assembly is an enthalpy driven process in general, but under certain situations an
entropy driven process is also possible.> ©

An example of an entropically driven self-assembly process occurs in boloamphhiphilic
perylene bisimide dyes bearing oligoethylene glycol chains in water.” Although n-r interactions
between the dye molecules are enthalpic in nature, the major contribution to self-assembly is the
gain of entropy due to the hydrophobic effect and the release of water molecules from the
hydration shell of hydrophilic oligoethylene glycol chains.

The concept of autonomous self-organization forms the basis of biological systems and
self-assembly processes drive the diversity of structure and function observed in biological
processes at the cellular level.® The formation of DNA, enzymes, proteins are a result of self-
assembly. Molecular recognition leading to self-assembly has profound implications in nature.
The ease and efficiency by which nature uses self-assembly to build complex architectures with
diverse functions has continuously driven inspiration to chemists towards the design of materials
with simpler building blocks. Self-assembly is considered as an efficient process for the bottom-

up nanofabrication of materials.

1.1.2 Characteristics of self-assembly based systems
Molecular association leading to self-assembly is reversible and allows the components
to adjust their structures, i.e. reorganize and self-correct, once the structures are formed, leading

to defect free and complex systems. Since the non-covalent interactions that drive self-assembly



are reversible, structures formed by self-assembly are sensitive to the changes in the
environment.

In the chemical world, self-assembly is so far the most promising strategy to form stable
(i.e. at the thermodynamic minimum) and structurally diverse nanostructures (1-100 nm) from
simple components, that can be difficult to synthesize by classic covalent organic synthesis.® For
example, self-assembly is the driving force in the formation of molecular crystals,
colloids,*? lipid bilayers,'° phase separated polymers,*® or monolayers.'% 4

Any entity that interferes with the self-assembly process is regarded as a stimuli. Few
examples of stimuli include change in pH, light, mechanical stress, changes in redox potential,
heat, and the addition of molecules.*® The dynamic nature of the interactions in a self-assembly
allows the structures to adapt and respond to the application of stimuli. Stimuli responsiveness of
self-assembled systems is used as a strategy to incorporate function and properties into
materials.® For example, in a work by Nieuwenhuizen et al. cations have been used as a
stimulus to turn on the fluorescence in a crown ether bound fluorophore.!” Host-guest chemistry
between crown ether bonded fluorophores and cations has been used to interrupt the quenching
due to photoinduced electron transfer in the fluorophore and turn on the fluorescence. It was
found that the host-guest complex formation is different based on the identity of the cation.t’- 8
This approach of using cations as stimuli to promote the self-assembly is used to measure the
concentration of ions in the blood.

Self-assembled materials have been actively investigated for applications in drug
delivery (active or passive),'® and tissue engineering.?® For example, Uludag et al. demonstrated
the use of a supramolecular carrier to deliver siRNA to the target site of action.?* One example

for the use of a self-assembly in tissue engineering is the work reported by Kessler et al. where



supramolecular materials have been used to regenerate vision by enabling the repair of damaged

nerve tissue.?

1.2 Gels

The reversible nature of interactions in self-assemblies led to the emergence of materials
with diverse properties, such as gels. Gels are defined as colloidal states of matter in which the
solid matrix is dispersed in the liquid phase. Gels are viscoelastic materials with liquid like
properties, such as the ability to be deformed, and solid like characteristics, such as maintaining a
given shape. Gels consist of 3D solid networks and immobilized solvent molecules. Solvent
molecules are entrapped inside the solid network through surface tension effects. One way to
visually determine if a given material is a gel or not is based on inverting the vial containing the
material. If the material does not fall when inverted, then it is considered to be a gel. Gels are
useful materials and part of our everyday life. They are found in hair products, tooth paste,
cosmetics, adhesives, lubricants and soft lenses.?®

Gels are classified depending on the origin, type of mobile phase, types of interactions
or cross linking that drive the gelation. Gels are divided into categories based on the type of
component in the liquid phase of the gel. If the mobile phase is an organic solvent, then the gels
are known as organogels. If the mobile phase is water, then the gels are called hydrogels. If one
of the mobile phases is air, gels are known as aerogels. If the liquid phase is dried out, then the
gels are called xerogels.

Gels are classified as chemical or physical gels based on the interactions that drive the
gel formation. Chemical gels are formed as a result of strong covalent interactions. Examples of
chemical gels include gels made from polyamide, poly(vinyl alcohol), polyethylene.?* On the

other hand, physical gels or supramolecular gels are formed by weak non-covalent interactions.



Example of physical gels include polymer gels like F127 or gels formed from Low Molecular
Weight Gelators (LMWG) (<3000 Da). LMWG are known to form gels in solvents at
concentrations as low as < 1 wt%. Examples of LMWG molecules which form supramolecular
gels include urea, amides, surfactants, long chain hydrocarbons, peptides, steroids, sugars and

fatty acids.?>3!

1.2.1 Supramolecular gels formed from LMWG

Supramolecular gels are formed when the LMWG is dissolved in a solvent at high
temperatures (above gel-sol transition temperature (Tgs)) followed by slow cooling to room
temperature. There are exceptions where gel formation can occur only at high temperatures due
to the binding properties of the components in the gel.%® 3! Other methods, such as sonication,
mechanical shaking have also been used for gel preparation.®> 3 During the gel preparation, self-
association of gelator molecules occur to form a matrix that traps solvent mainly by surface
tension. The structure of LMWG, and solvent play a major role in the gel formation by
facilitating the interactions between gelator molecules and promoting aggregation. The matrix is
a result of a hierarchical aggregation process with structures ranging across different length
scales from nanometers to micrometers.

The weak physical interactions in supramolecular gels are highly temperature
dependent, which in turn make the gels thermally reversible. Thermal responsiveness is a
universal characteristic of supramolecular gels and the gel-sol transition occurs at temperatures
above the critical gelation temperature for a gel formed at low temperatures. Chemical gels
formed by covalent bonds cannot be re-dissolved and are thermally irreversible.®* This thermal

reversibility offers supramolecular gels advantages over chemical gels. For example, the thermal



reversible nature of gels (gel-sol transition) opens up opportunities to trap molecules of interest
in the immobilized network and release them, when required.

As a result of weak physical interactions, supramolecular gels have low mechanical
strength compared to chemical gels. The reversible nature of interactions in gels can induce
interesting mechanical properties, such as thixotropy, and the self-healing of gels. Thixotropy
refers to a property in which gel disintegrates into the sol phase on the application of external
stress and the gel regains its elastic properties on the removal of stress.3> Supramolecular gels
can self-heal and reform very rapidly after disruption by a shear force.® Supramolecular gels are
generally stable for long periods of time with the exception of crystallization behavior from the

gel structure appearing at longer periods of time.*’

1.2.2 Gels as functional materials

Chemists explored the functional properties in supramolecular gels using three different
approaches: i. tuning molecular structures of the building blocks, ii. using stimuli, iii. introducing
additives.?® Supramolecular gels are rendered sensitive to external stimuli, such as a change in
pH,* ions, % heat* or light.** For example, incorporating a photo isomerizable unit, such as
azobenzene, as a part of the gelator, Shinkai and coworkers induced a reversible gel-sol
transition in butanol-cholesterol gels by shining light of different wavelengths on the gel.*?
Irradiation with UV light converted the trans isomer (gelator) into the cis isomer (non-gelator),
resulting in the gel-sol transition. Likewise, irradiation with visible light converted the cis isomer

(non-gelator) back into the trans isomer (gelator) resulting in the sol-gel transition.



1.3 Applications of supramolecular gels

Supramolecular gels as functional materials have been used for the applications in oil
recovery, tissue engineering, optoelectronics, light harvesting, media for crystal growth, drug
delivery, and enzymatic reaction media.*>*® The constrained and compartmentalized nature of
the gel provides an advantage for carrying out reactions by bringing the reactants together. The
restricted motions in the gel can slow down the kinetics of a reaction compared to reactions
carried out in the solution phase.*® The mechanical characteristics of supramolecular hydrogels
resembles tissue components, which makes the gels ideal candidates for tissue engineering
applications.

Organogelators, such as alanine derivatives,*’ have been investigated for potential
applications in oil spill recovery.*® In an oil-water mixture, the solid gelator partitioned
specifically into the oil phase. Self-assembly of gelators in the oil phase triggered the gelation
and thereby the separation of oil from oil-water mixtures.

Shinkai et al. designed a naphthalene bisimide gelator for sensing different positional
isomers of dihydroxynaphthalene, which are environmental pollutants present in the water and
soil.*° Different isomers formed charge transfer complexes with different colors. This color
change is absent in a similar non-gelling matrix, indicating that the gel matrix is crucial for the
observed color change.

Biodegradability and biocompatibility are two important requirements for applications
in vivo. Supramolecular gels formed from components, such as nucleobases, bile salts,
carbohydrates, and peptides are found to be biocompatible and biodegradable, and are therefore
targeted towards the applications in biology.>%->3 Stimuli responsiveness of supramolecular gels

is used as an approach to deliver drugs to the target site, where the stimuli, such as a change in



pH at the target site, leads to the breakdown of the gel structure and release of the drug. This
targeted approach to drug delivery can minimize the dosage of drugs required and reduce any
side effects. van Esch et al. developed a drug delivery system based on a hydrogel-drug
conjugate.>* In the drug delivery system, drug mimics are attached to a cyclohexane trisamide
gelling scaffold via an a-chymotrypsin labile linker. In the gel form, the linker is protected from
the enzyme inside the cell. However, at higher temperatures, the gel-sol transition occurs and the
enzyme has access to the linker, which results in cleavage of the linker and release of the drug.

Chauhan et al. developed a gelator based on the «, B-dehydrophenylalanine residue,
which formed a hydrogel at neutral pH in acetate buffer.5® The gel is used as a model drug
delivery system to deliver biologically relevant molecules, such as vitamins, antibiotics, and
insulin. The presence of ionizable groups, such as amines and carboxylic acids in the gelator
provided control on the self-assembly process with a change in pH and salt concentration. As the
salt concentration was increased, stronger gels are formed which resulted in the slow release of
molecules.

Xu et al. used the concept of gelation as a visual test to screen the inhibitors of a
phosphatase enzyme.%® In the absence of inhibitors, the enzyme cleaved the phosphate group
from precursor Fmoc-tyrosine phosphate converting it into a hydrophobic form, which formed a
gel in water. In the presence of inhibitors, these inhibitors are bound to the active site on the
enzyme preventing the phosphate hydrolysis of the precursor and therefore no gelation occurred.
This visual inspection of the gel-sol transition is used to further determine the minimum

inhibition concentration I1Cso of the inhibitor.

1.4 NaDC gels



Bile salts are amphiphilic molecules with a hydrophobic convex face and a hydrophilic concave
face. Examples of bile salts include sodium deoxycholate (NaDC), sodium taurocholate (NaTC),
sodium deoxy taurocholate (NaTDC), sodium cholate (NaCh). The hydrophilic part contributes
to the hydrogen bonding and stabilization of water molecules, whereas the hydrophobic part
promotes the aggregation. Bile salts self-assemble in water to form nanofiber or helical
aggregates.>” 8 In a model proposed by Small and coworkers, two types of aggregates are found
in bile salts.>® Primary aggregates are formed with 2 to 10 monomers and secondary aggregates
are formed as the concentration of bile salt is raised. Primary aggregates are hydrophobic and
secondary aggregates are hydrophilic. Bile salt aggregates have different binding properties for
the binding of guests. For example, guests bound to the primary aggregates are well protected
from anions in the aqueous phase compared to guests located in secondary aggregates.5%-63

Aggregation properties for bile salts are responsible for functions, such as solubilization
of cholesterol, absorption of dietary fats and fat-soluble vitamins and removal of hydrolysis
products, such as fatty acids.®* Bile salts are also known to be adaptable hosts. Therefore, guests
with different polarities and sizes can be included in different environments within the
aggregates. For example, bile salts are used as hosts for water-insoluble guests, such as
photochromic compounds.®

There is a clear distinction between the aggregation properties of bile salts and
surfactants. Typical surfactants, such as sodium dodecyl sulfate (SDS), have a polar head and
hydrophobic chain as a tail. However, bile salts have an amphiphilic structure with a rigid steroid
backbone containing hydroxyl and carboxylic acid groups at the polar face, and methyl groups at
the non-polar face. The amphiphilic structure on the steroidal backbone of bile salts, rather than

clear cut polarity difference between head group and hydrophobic chain in typical surfactants,
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make bile salts more complex than the typical surfactants. Unlike regular surfactants like SDS,
lack of clear separation between hydrophilic and hydrophobic parts in bile salts, contribute to
their distinct aggregation properties. Studies showed that bile salt aggregates have the potential
to form gels and the aggregation number increases to very large values near gelation.5": 8

NaDC (Chart 1.1) is a bile salt that forms a hydrogel at pH close to neutrality,% i.e.
around the pKa of 6.6 for NaDC. At high pH values, the gel does not form and at low pH values,
NaDC precipitates.®” Rodriguez Prieto et al. observed an unusual excimer formation of pyrene
during the gelation of NaDC.%8 They proposed that gel formation is primarily a result of
entanglements between aggregates. In recent work from our group, it was observed that the
NaDC gel was made of aggregates out of which 40% are in the aqueous phase and 60% in the

gel structure.®® NaDC is known to form thixotropic gels.”

Na+*

Chart 1.1 Chemical structure of NaDC.

Chemical stimuli, such as the addition of salts and amino acids, were shown to change
the properties of NaDC gels. Xu et al. demonstrated that the addition of two amino acids L-
lysine and L-arginine to NaDC/NaCl gels resulted in a change in phase behavior (i.e. gel-sol
transition) at room temperature.’* The addition of halide salts to the gel was observed to
compress the thickness of the electric double layer and reduce electrostatic repulsion between the
polar heads of NaDC. As a result, NaDC molecules come closer to each other, which in turn

favors the intermolecular hydrogen bonding between NaDC molecules. Enhanced interactions in
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the gel network led to an increase in the mechanical strength of the gels.”* Rodriguez Nufiez et
al. showed that at constant pH and temperature, the storage modulus of the NaDC gel increases
by a factor of 100 with an increase in the ionic strength from 0 to 0.6 M NaCl.”2 On the other
hand, amino acids were shown to break the hydrogen bonds and weaken the formation of gels
leading to a decrease in the mechanical strength of these gels. The gel-sol phase transition in the
presence of amino acids have been used to facilitate the release of the dye methylene blue from
the entrapped gel network into the sol.”

Possible interactions for the NaDC gel formation at neutral pH include the electrostatic
interactions between deoxycholate anion (DC") and Na* in buffer, hydrogen bonding between
DC- and deoxycholic acid (DCA), carboxylate of DC-and the hydroxyl group of DC-.”® Several
models suggested hydrogen bonding as the main driving force for NaDC gel formation.” ” The
gel-sol transition was shown to be a result of the destruction of hydrogen bonds at high
temperatures.’® 77 These models are further supported by work from Rodriguez NUfiez et al.
where the authors showed that the decrease in the storage modulus at higher temperatures is a
result of the weakening of hydrogen bonds.’? In addition to the temperature, the mechanical

strength of NaDC gels is observed to be affected by pH and ionic strength.”

1.5 Additives in supramolecular gels

Additives are chemicals added to the gelator to change the properties of the gels. For
example, a non-gelling additive can have a significant effect on the gel structure despite not
directly affecting the gel formation.”® Additives are used in three different ways in gels: i. to
improve the properties of gels, ii. additive addition leading to the formation of the gel that

otherwise cannot be formed without the additive, iii. to modify the self-assembly process.”®-8
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Additives have been used to improve properties, such as the gel’s mechanical strength,
stability, rigidity and to introduce new functionalities in gels. Shirai et al. showed that the
addition of polymer additives improved the mechanical strength of gels formed by valine
derivatives.®* In a work by Banerjee et al. graphene has been used to improve the rigidity in
gels.8 Additives have been used to modify the self-assembly process i.e. either to facilitate the
gel formation’® 83 86 gr inhibit the gel formation.8’- 8 Xu et al. reported a study where the
addition of vancomycin to the (Fmoc)-substituted D-alanine gelator led to the transformation of
the gel to a sol.28 The additive vancomycin was shown to interact with the gelating sites of the
dimer that are crucial for the self-assembly.2 In a work by McNeil et al. the additive poly(acrylic
acid) has been shown to affect the nucleation and growth process in the pyridine based gel
resulting in thinner fibers.”®

In NaDC gels, additives have been used to improve properties, such as the mechanical
strength. The effect of salts, metal cations or amino acids on the properties of NaDC gels have
been investigated in detail. % 8° One such work was reported by Xu et al. where a lanthanide salt
(europium nitrate) was used to improve the mechanical strength of NaDC gels.®® Yuan et al.
found that the addition of graphene oxide (GO) increased the mechanical strength in NaDC gels
by providing more binding sites for hydrogen bonding to form in the gel network.®* Hao et al.
studied the gel formation mechanisms in NaDC gels in the presence of metal cations.” In this
work, the authors investigated the differences in the gel formation mechanism by observing
changes in morphology, mechanical strength, structure, and the critical gelation concentrations
(CGC) under various experimental conditions.

Warner et al. investigated NaDC/TRIS hydrogels as templates to develop organic

nanoparticles “NanoGUMBOS” (Group of Uniform Materials Based on Organic Salts).®” TRIS
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is used as a modifier to induce the gelation at physiological pH of NaDC gels, which is above the
pKa of NaDC. Warner et al. investigated the new properties in these NaDC gels as a function of
concentrations of TRIS and pH.?® Changes in pH and concentrations of TRIS were used to fine-
tune the size of NanoGUMBOS, thereby offering a platform for the size-controlled synthesis of
these nanoparticles. A small change in the hydrogel conditions was observed to have a drastic
effect on the size of nanoparticles (8 nm to 300 nm). Fluorescence anisotropy and microscopy
experiments showed that varying the pH and TRIS concentrations changed the structural rigidity
and crystallinity in the gels, which led to a change in the gel’s mechanical properties and the sol-
gel transition temperatures. These changes in gels ultimately affected the size distributions of
nanoparticles.

Liu et al. investigated the effects of two different polymers, the linear polymer poly(2-
(2-methoxyethoxy)ethyl methacrylate-co-oligo-(ethylene glycol) methacrylate) (P(MEO2MAgo-
co-OEGMA10)) and the star-shaped polymer poly(2-(dimethylamino)ethyl methacrylate-b-2-(2-
methoxyethoxy)ethyl methacrylate) (CDPDPM) on the properties of NaDC/Asp gels.®*

These polymers were added as additives to interact and strengthen the network structure. The
oxygen containing functional groups on the polymers provide the binding sites for hydrogen
bonding, with CDPDPM providing more binding sites than OEGMA10. Cryo-SEM images
showed that the addition of polymers led to denser structures in the gels. The mechanical
strength of the NaDC gels increased by 60-fold upon the addition of CDPDPM, and by 2-fold

upon the addition of OEGMA10.

1.5.1 Cucurbit[n]uril chemistry
Macrocycles with additional receptor sites for guests have been incorporated into gels as

additives. These macrocycles act as hosts and bind to guest molecules very selectively through
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reversible host-guest interactions. The presence of host cavities for the inclusion of guests and
the availability of a library of macrocycles with distinct properties, such as structure,
biocompatibility and solubility allows for the introduction of novel functionalities into gels.*
There are various ways in which macrocycles can affect gel formation. Macrocycles offer a rigid
scaffold to direct the binding sites into a position which facilitates gel formation.®® Macrocycles
can be directly involved in the formation of gel fibers through host-guest interactions.
Macrocycles can be appended to a gelator molecule as a functional group without direct
involvement in gel formation. Macrocycles can be used to enrich the stimuli responsiveness in
supramolecular gels.

Cavitands are macrocycles with an intrinsic guest binding cavity.®® Cucurbit[n]urils
(CBIn]s) belong to the family of cavitands and possess a hydrophilic portal and a hydrophobic
cavity. CB[n]s are made of glycoluril units and are formed from the condensation reaction
between urea and formaldehyde. Varying the number of glycoluril units (n) in the macrocycle
changes the diameter of the cavity. CB[n]s are known for the formation of host-guest complexes
with high equilibrium constants compared to other macrocyclic compounds.®” For example, one
of the strongest host-guest complexes known is formed between CB[7] and diamantine
diammonium ion with a binding constant of 7.2 x 10" M in D20.%

The host-guest chemistry of CB[n]s has been used to facilitate the gel formation
between polymer strands. For example, Tan et al. demonstrated the gel formation between
polymer strands, where guest molecules with a higher affinity to CB[n] are attached to one
polymer strand and the CB[n] is attached to another polymer strand.®® Formation of the host-
guest complex between these two polymer strands brings the strands close together to establish

crosslinks, which in turn promotes the gel formation.



15

Wang et al. discovered that 1-aminium 4-methylbenzenesulphonate (BAMB)
crystallizes as large block-like aggregates.'® In the presence of CB[6] (Chart 1.2), NMR
spectroscopy confirmed the formation of a CB[6]-BAMB pseudo rotaxane. The formation of
pseudo rotaxane was observed to disrupt the crystallization process and facilitate the gel

formation.
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Chart 1.2 Chemical structure of CBJ[6].

Kim and coworkers found that CB[7] forms a gel in dilute mineral acids in the pH range
of 0 to 2.1°! The guest binding properties of CB[7] introduced stimuli responsiveness in the gel.
For example, the gel-sol transition occurred on the addition of alkali metal ions to the gel.

Due to its biocompatibility, CB[n] based gels have been explored as interesting
platforms for therapeutic applications. In a work reported by Scherman et al. CB[8] based
hydrogels have been investigated for the sustained release of a protein.1%? In another study, Kim
et al. exploited the host-guest interactions between CB[6] and polyamine conjugated hyaluronic
acids to form a supramolecular gel.2%® The gel has been used as a scaffold to entrap NIH3T3 cells
for cellular engineering applications.

In earlier work from our group, the effect of CB[6] as an additive on the properties of
NaDC gels has been investigated using rheology experiments.®® Stress sweep experiments were

performed to determine the critical stress, a point above which gel breakdown occurs. In a stress-
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sweep experiment, the storage and viscous moduli of the gels are monitored as a function of
shear stress. The critical stress is used as a parameter to understand the effect of CB[6] on the
mechanical strength of NaDC gels. The critical stress was found to be higher for NaDC-CB[6]
(40 Pa) compared to NaDC gels alone (16 Pa), indicating that the addition of CB[6] led to
stronger gels. Besides the changes for the critical stress, the addition of CB[6] increased the
storage and loss moduli of the NaDC gel and increased the gel-sol transition temperature. The
formation of stronger gels with CBJ[6] is attributed to the availability of additional sites for
hydrogen bonding (carbonyl groups and amine groups) with CB[6] addition.

Our group investigated the effect of CB[6] in NaDC gels at the molecular level by using
steady-state and time-resolved fluorescence experiments as a function of temperature.® Results
from fluorescence studies showed that the relocation of pyrene from water to the NaDC
aggregates occurred during heating of the gel followed by the release of pyrene from aggregates
to water during cooling. The relocation of pyrene from aggregates to water during cooling
occurred at higher temperatures in the presence of CB[6]. Since weak physical interactions are
temperature dependent, relocation of the pyrene during heating is a result of the breaking of
hydrogen bonds. This result confirms that CB[6] facilitates the gel formation by offering an extra
handle for hydrogen bonds that assists the gel formation. These studies show that CB[6] has an

effect on NaDC gels both at the molecular level and at the macroscopic level.

1.6 Existing approaches to explain the function in supramolecular gels

Gelation is discovered through a trial and error approach and by serendipity.'%* Despite
the lack of understanding on the self-assembly process, gels have been used as functional

materials in high tech applications.1®® However, rational design in gels is still a challenge due to
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the lack of understanding of the mechanism for gel formation.'%* The reversible and dynamic
nature of supramolecular gels makes it difficult to characterize these gels.

Gel characterization requires information across different length scales, i.e. molecular,
microscopic and macroscopic levels. The type of assembly formed at the molecular level can be
different from the microscopic level, therefore using a single technique to study the structure is
not as informative as it might be assumed. For example, in a two component gel system, it is
difficult to characterize the assembly type using a single technique like rheology as both self-
sorted and co-assembled gels (Scheme 1.1) have higher mechanical strength compared to gels

formed from single components.1%

' ..' a

Scheme 1.1 Schematic representation of self-sorted (a) and co-assembled (b) gels.

At the molecular level, techniques such as NMR, UV-Vis absorption, infrared, circular
dichroism and fluorescence spectroscopy are used to study molecular packing, follow the
gelation process and identify the type of interactions responsible for the gel formation at the
molecular level.2%” NMR is used to monitor how much of the gelator has assembled i.e. the
relative amount of a gelator that is immobilized in the gel network compared to the liquid

phase.% UV-Vis spectroscopy is used to determine the aggregation states of gelators, for



18

example whether the aggregates are H-aggregates or J-aggregates. At the microscopic level,
techniques such as microscopy, small angle scattering techniques (SAXS, SANS, WAXS),
dynamic light scattering, single crystal diffraction are used to probe the morphology, and the size
and shape of aggregates in the gel network.2®” SAXS is used to acquire key parameters for the
aggregates, such as its molecular weight, radius of gyration, average particle size, surface to
volume ratio.1%° Techniques such as rheology and the determination of gel-sol transition
temperatures are used to characterize gels at the macroscopic level.1°” Rheology is used to
analyze the mechanical and, self-healing properties or determine the crosslinking density of the
gel.

Thermal studies, such as Isothermal titration calorimetry (ITC) and differential scanning
calorimetry (DSC) are used to obtain information on the thermodynamics of gel formation. ITC
is used to measure the binding affinity (Ka), enthalpy changes (AH) and binding stoichiometries
(n) of interacting molecules. From those parameters, the Gibbs free energy (AG) and entropy
(AS) are determined using the standard equation. DSC measures the amount of heat absorbed or
released during the gel-sol transition. The enthalpy of the gel-sol transition is calculated by
integrating the peak corresponding to the transition in the DSC curve. DSC is commonly used to
determine the thermal stability of gels.*

Although supramolecular gels have been utilized in niche applications and tools to
characterize them at the various length scales are known, fundamental insights on the mechanism
of gel formation and changes in the gel network on the application of stimuli are very limited. To
gain insights on factors that lead to gel formation, understanding of dynamics is essential.®® Such

knowledge is required to be able to design and control new properties in gels.
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Introduction of the understanding of dynamics in gels will move gelation from a
sporadic phenomenon to a more controllable and functional process. However, existing methods
used to characterize the structure of gels are not sufficient to provide information on the
dynamics of molecules in the gel. Techniques such as laser flash photolysis, stopped flow and
methods such as quenching studies have been used to identify the properties of guests bound to
primary and secondary binding sites in bile salt solutions.*? In a recent work by Khimyak et al.
dynamics was studied using NMR to understand the gel formation mechanism.'*! In this thesis, |

will address the fluorescence techniques used to study the dynamics of bile salt gels.

1.7 Techniques

Fluorescence is described as a process in which molecules absorb light and reemit light
at a longer wavelength. Fluorescence techniques are widely used to study supramolecular gels
due to the high sensitivity of this technique. For example, low concentrations of fluorophore
(UM) can be used to track changes in the gel without affecting the structure of the gel.
Fluorophores can be attached to the gel via physical interactions or through chemical
crosslinking. Fluorescence emission is sensitive to polarity and the viscosity of the environment
in which the fluorophores reside. Fluorescence measurements provide information on a wide
range of molecular processes, interactions, rotational diffusion of molecules, binding interactions

and conformational changes.

1.7.1 Steady-state fluorescence
Fluorescence spectroscopy is used for analyzing organic compounds with applications
in biochemical, medical and chemical research fields.'*? In a steady-state experiment, the

fluorophore is excited from the ground state to one of the vibrational levels in the excited state
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using light. The excited molecule loses its vibrational energy as a result of collisions with other
molecules and reaches its lowest vibrational state in the singlet excited state. The molecule then
transitions to one of the vibrational levels in the ground state by the emission of a photon. This
process is visualized using the Jablonski diagram.'*3 In a typical set up, the emission from the
sample is collected at a 90° arrangement to the excitation beam. Emission spectra are obtained by
collecting the wavelength distribution of the fluorescence intensities. The intensity and shape of
the spectra provides information about the relative amounts of emissive species in the gel
structure and the entrapped solvent, type of environment surrounding the fluorophore and the
state of species (for example, cis and trans isomers).

Rhodamine 6G and pyrene were chosen as fluorescence probes in the current work.
Rhodamine 6G has an absorption maximum at 530 nm and emission maximum at 565 nm. The
dye is highly photostable and has a fluorescence quantum yield of 0.95. Pyrene has five
distinguished bands in its emission spectrum and the ratio of I/I11 bands is an indicator of the
polarity of the environment in which pyrene is located. For example, the I/111 ratio of pyrene in
polar solvents ranges between 1.6 and 1.9, whereas in non-polar solvents, the I/111 ratio ranges
between 0.5 and 0.6.1'4 In the current work, emission spectra are collected and analyzed to
determine the amount of dye released from the gel into the surrounding medium from the NaDC

gel at a given time.

1.7.2 Fluorescence microscopy

Microscopy is widely used to study morphology, shape and size of aggregates in
supramolecular gels. Information obtained from microscopy sheds insights about the gelation
mechanisms.'®> Resolution and contrast are two characteristic features in microscopy. Electron

microscopy techniques such as TEM, SEM provide high resolution images typically in the order
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of nanometers. Electron microscopy requires samples to be imaged under vacuum, as the gas
atmosphere attenuates the electron beams. Therefore, samples which produce significant amount
of vapor must be dried or frozen. Drying procedures can lead to aggregation and structural
changes that introduce artifacts for the images of the gel. Therefore, morphology of features in
the dried state may not directly correspond to the morphologies in the hydrated state. For
example, Adams et al. reported that fibers of dipeptide-based gels are much thicker in the dry
state compared to fibers in the hydrated state.!16

There has been considerable interest in using fluorescence microscopy to study
supramolecular gels due to the high contrast than optical microscopy, and the ability to image
gels in the hydrated state. Fluorescence microscopy yields a lateral and axial resolution of 200
and 500 nm, respectively for a 63x lens (numerical aperture 1.4) and a 488 nm laser. Dyes can be
attached to gels either by physical interactions or chemical crosslinking. One advantage of using
fluorescent dyes is their specificity towards targets like proteins, lipids, or ions. Fluorescence
microscopy can be used to obtain quantitative information, for example, areas with different
signal intensity indicate relative amounts of dye in different regions. Also, optical sectioning, i.e.
the ability to acquire in focus images, from selected depths in the sample on the fluorescence
microscope, allows for the 3D reconstruction of images. Confocal Laser Scanning Microscope
(CLSM) works based on the principle of fluorescence.

In a CLSM microscope'!’ (Scheme 1.2), light from a laser source is filtered through
excitation filters. Filtered light is reflected by the dichroic mirror and is focused on the sample by
the objective lens. Once the sample is excited, emitted fluorescence travels back through the
same objective lens and passes through the dichroic mirror. The emitted light then passes

through the emission filter, which blocks any scattered excitation light, and allows the emitted
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light to hit the detector. Fluorescence is emitted along the entire illuminated cone of the sample,
not just at the focus. Therefore, the out of focus light reaching the detector produces blurring and
hazing in the images. A pinhole is used to eliminate the out of focus light coming from the
sample. The pinhole ensures that light reaching the detector comes only from the confocal point
in the sample where the excitation light is focused. The technique is called confocal microscopy
because the pinhole and sample are on the same focal planes. Images are collected point by point
and reconstructed using a computer. In the current work, the effect of additives on NaDC gels is
investigated using confocal microscopy by labelling the NaDC gel with dyes, such as Rhodamine

6G.
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Scheme 1.2 Schematic representation of a CLSM.

1.7.3 Dynamic light scattering
Dynamic light scattering (DLS), also known as photon correlation spectroscopy (PCS)
or quasi-elastic light scattering, is a technique to study diffusion of colloidal particles in a

dispersed phase.!'® DLS measures the Brownian motion of colloidal particles (typically in the
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submicron range) in the dispersed phase. Brownian motion occurs due to collisions of colloidal
particles with solvent molecules in the dispersed phase. Brownian motion of particles is recorded
by measuring the intensity fluctuations of scattered light from the sample as a function of time.
The frequency and the intensity of scattered light is used to determine the translational diffusion
coefficient of the colloidal particles. For example, larger particles diffuse slowly resulting in
similar positions at different time points, whereas smaller particles diffuse faster and move to
different positions at different time points. The hydrodynamic diameter of particles is calculated
from the diffusion coefficient using the Stokes-Einstein equation. The Stokes-Einstein equation
relates the particle size to the viscosity of the medium and diffusion coefficient. The Stokes-
Einstein equation assumes that particles are spheres, therefore the hydrodynamic diameter
obtained from DLS corresponds to the diameter of a sphere that has the same translation
diffusion coefficient as the particle.

In a typical DLS setup (Scheme 1.3a), the sample is excited using a laser source. Light
passed through the sample cell and scatters at all angles. The scattered light from the sample is
measured by the detectors. The detector positions are either at 90° or 173°, and the detector
position is chosen depending on the concentration of the sample under investigation. The
attenuator is used to adjust the intensity of the laser source to ensure that the scattered light
intensity falls within the detector range. The scattered light from the detector is processed by a
correlator. The correlator measures the degree of similarity between signals collected at
successive time intervals (Scheme 1.3b). These time intervals are in the range of ns to pys. The
correlator then constructs a correlogram which provides information about the sample (Scheme
1.3c). The time at which correlation starts to decay indicates the mean size of the sample, and the

steepness of the decay line reflects the polydispersity of the sample. A steeper decay indicates
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that the sample is monodisperse, while a noisy baseline in the correlogram is an indication of
aggregation. The information from the correlator is processed in a computer where the size
information is derived (Scheme 1.3d). In this thesis, the focus of DLS studies is on the
qualitative analysis of the correlation function rather than the determination of the size
distribution, as the former reveals information about the gels that cannot be obtained from the

size distribution curves.
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Scheme 1.3 Schematic representation of DLS. a. DLS set up, b. Intensity fluctuations capturing
Brownian motion as a function of time, c. DLS correlogram d. Size distribution profile.

1.8 Objectives

The objective of this thesis is to design a pathway to gain a fundamental understanding
on how multiple components in a supramolecular gel contribute to distinct properties of the gel. |
envision this pathway as an attempt to move away from the existing trial and error approach in

the development of functional gels. This understanding is important to achieve control on the
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properties of gels for potential applications in materials science. To achieve this goal,
correlations are made between structure, dynamics and function in a two-component gel system,
i.e. NaDC-CB[6] gel.

In Chapter 2, | address the length-scale problem by obtaining information for NaDC-
CB[6] gels at the microscopic level using dynamic light scattering and fluorescence microscopy
as a function of CB[6] concentration. These studies are designed to shine light on the changes in
aggregate size and morphology, kinetics of gel formation and thermo-reversible properties of
NaDC-CBJ[6] gels as a function of CB[6] concentration. In Chapter 3, the effect of CB[6] on
NaDC gels is investigated from a functional point of view. The release properties of dyes of
different hydrophobicities from the NaDC-CB[6] into the surrounding medium are investigated.
In Chapter 4, colocalization studies are performed to investigate the location of dyes of different
hybrophocities in NaDC-CBJ6] gels. Through dynamics studies performed using fluorescence
recovery after photobleaching (FRAP), I aim to capture the role of an additive CB[6] in NaDC
gels that cannot be explained from the structural information described in Chapter 2.

Overall, the conclusions developed in this thesis highlight that function cannot be solely
explained by structural studies and understanding of dynamics is essential. The techniques and
methods developed in this thesis can act as a core knowledge to study in the future drug delivery
systems, such as multi component supramolecular gels of interest. The highlighted pathway in

this thesis creates an opportunity for the rational design of drug delivery systems.
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Chapter 2 Structural characterization of NaDC gels in the presence of CB[6]
2.1 Introduction

Introduction of multiple components, such as additives, to low molecular weight
gelators (LMWG) broadens the access to a wide range of properties that are otherwise not
possible with just the LMWG. The multiple components in gels create an additional level of
control for the self-assembly process, which makes the tailoring of properties possible. Although
the use of multiple components gives opportunity to prepare materials with distinct properties,
the degree of information that these systems provide is huge.!*® The properties of
multicomponent gels are not only a result of the primary assembly, but also a result of how
structures interact in different ways over different length scales. The length scales are defined at
three levels: molecular, microscopic and macroscopic levels (Scheme 2.1).129 There is no simple
link between microscopic, macroscopic and molecular length scales.” In order to decode
multicomponent gel systems for the design or control of their properties it is important to
understand how the properties are affected at all length scales. Therefore, determining the
structure at just one length scale is not sufficient to understand the nature of these systems in
order to build a predictive framework to rationally design functional gels. For example,
computational approaches in the area of supramolecular gels helps to identify if a given library
of gelators can form gels,*?* but these studies do not tell us why some gelators actually form gels
and others cannot. In order to understand the phenomenon of gel formation, chemists require
techniques and tools that capture the complexity that arises over different length scales. The
techniques used for studies at different length scales do not necessarily complement each other in

all cases, which makes it essential to obtain information across the length scales.?
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Scheme 2.1 Schematic representation of length scales in supramolecular gels. a,b,c represents
molecular, microscopic and macroscopic length scales, respectively.

The multi component gel of interest in this thesis is the NaDC-CBJ[6] gel, where NaDC
is the LMWG and CB[6] is the additive. For NaDC-CBJ6] gels, earlier studies performed in the
group involved techniques like steady-state and time-resolved fluorescence, and rheology
measurements.%® Fluorescence-based techniques provided insights on the effect of additives in
gels at the molecular level, whereas rheology measurements provided insights on the
macroscopic properties, such as the mechanical strength of the material. However, studies at the
microscopic length scale are crucial to understand how the additive and gelator are aligned
spatially in the gel. The locations where guest molecules like drugs reside in these gels is also of
importance to optimize these materials for drug delivery applications.

Studies at the microscopic length scale have been reported for NaDC gels in the
presence of salts and amino acids.”* However, the reported studies were performed using
electron microscopy techniques. Morphologies observed in electron microscopy techniques, like
transmission electron microscopy (TEM) and scanning electron microscopy (SEM), are

dependent on the method of sample preparation, which for these two techniques require drying



28

of the sample. As a result, information obtained may not necessarily correspond to the gel in the
hydrated state. Drying itself will introduce artefacts and cause considerable distortion or
aggregation in the samples.'® Therefore, standard electron microscopy techniques may not give
an image of the real morphologies of the gels in the hydrated state.”

Confocal laser scanning microscopy (CLSM) provides an advantage over electron
microscopy techniques for its ability to carry out studies with the hydrated gel. Studies of the gel
in the hydrated state shed insights on both the structure and dynamics of the gel. CLSM gives
high resolution images with depth selectivity and enhanced contrast compared to other optical
microscopy techniques.t?> 123 A unique characteristic of CLSM is its ability to generate 3D
reconstructions of topologically complex objects without destroying the sample. CLSM offers a
limit of resolution of ~ 200 nm, with a 63x lens and a 488 nm laser. CLSM studies on the NaDC-
CBIJ6] gels of interest can provide insights on morphologies of the gel by capturing the
components in the gels that do not diffuse. The freely diffusing components in the gel appear as
background noise in the image and therefore are not visible with this technique.

Information on diffusing components in the gel at the microscopic level can be obtained
using a technique called dynamic light scattering (DLS). DLS is a technique commonly used to
determine the diffusion behavior of macromolecules in solution and to measure the size of
particles in the sub-micron range.*?* Unlike CLSM where a specific area in the gel tagged with
dye is investigated, in DLS a small volume of gel is studied. DLS has been used to monitor the
process of gel formation by providing information on size, shape, aggregation number and
polydispersity of aggregates over time and temperature.1%”: 125 126 Eor example, the relationship
between scattered light intensity and the hydrodynamic diameter obtained from DLS has been

used to show if the aggregates in the sample are disk like or spherical like. In summary, DLS and
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CLSM are complementary techniques yielding information about the aggregates in the mobile

and immobile phases of the gel, respectively.

2.1.1 Objectives

The objective of this chapter is to obtain structural information on NaDC-CB[6] gels at
the microscopic level using DLS and CLSM. Since LMWG have concentration dependent
assembly,?° the studies are carried out at different additive concentrations. Structural
information of aggregates in solution, sol and gel states are obtained to shed light on the
mechanism of the gel formation. Temperature based studies on DLS and CLSM are carried out
to reflect on the effect of CB[6] on the thermo-reversibility of NaDC gels. Time dependent
studies are carried out to study the effect of CB[6] on the kinetics of gel formation at the
microscopic level. For CLSM studies, gels are tagged with a hydrophilic rhodamine 6G dye

(Chart 2.1).

Chart 2.1 Chemical structure of rhodamine 6G.

2.2 Experimental

2.2.1 Materials

NaDC (Fluka, > 98%), NaH2PO4 (Anachemia, > 98%), Na2HPO4 (Anachemia, > 98%), methanol
(Fisher grade), rhodamine 6G (Sigma Aldrich, 99%), N-(4-aminophenyl)imidazole (API, Sigma
Aldrich, 98%), 1,6-diaminohexane (DAH, Sigma Aldrich), hydrochloric acid (HCI, BDH 36.5-

38%), and deionized water (Barnstead NANOpure deionizing systems, 17.8 MQ c¢cm) were used
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as received. Coverslip (24 x 60 mm, 0.16-0.19 mm thickness), Press-To-Seal Silicone isolator
(Round well, 9 mm diameter, 0.8 mm depth), adhesive on both sides, Grace Biolabs),
HybriWell™ Sealing System (21.6 mm x 21.6 mm X 0.25 mm), 110 pL approximate volume,
25.5 mm x 30 mm OD, Fluor “Friendly” Adhesive Chamber, Grace Biolabs) were used for
microscopy experiments. Filters (0.45 and 0.2 pum nylon) and glass syringes (10, 50 mL) were
used for the filtrations. Hellma cells (10 mm x 10 mm) were used for the DLS measurements.
The DAH salt was recrystallized by adding acetone (15 mL) to a 11 mmol DAH
solution dissolved in 1.85 mL concentrated HCI (38%), followed by vacuum filtration to obtain
white crystals. The sample CB[6]-SG-1 (purity 84%) was used in this study was prepared in-
house. CB[6] was synthesized and purified based on the standard protocols in the group.® The
CB[6] concentration was determined by titrating the stock solutions with recrystallized DAH. In
this titration, DAH?* displaces API* bound with CB[6] leading to a decrease in the steady-state

fluorescence intensity of API™.

2.2.2 DLS studies for structural characterization

Phosphate buffer stock solution (0.5 M) at pH 6.5 was prepared by mixing appropriate
volumes of NaH2PO4 (0.5 M) and NazHPO4 (0.5 M) stock solutions. NaDC stock solutions (0.2
M) were prepared in deionized water. The NaDC stock solution was heated at 60 °C for 15 min
to dissolve the NaDC solid. NaCl stock solutions (0.9 M) were prepared with filtered water.

All the syringes were washed with methanol and water 7 times each. This was followed
by washing of the glassware with methanol and water 7 times each using syringes equipped with
0.2 um filters. All the stock solutions were prepared using filtered water.

For NaDC solutions, 375 L of the NaDC stock solution and 875 pL of deionized water

was added into a 3-dram sample vial. The solution was heated at 60 °C for 15 min. While this
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solution was hot, 250 pL of the NaCl stock solution was added, followed by heating of this
mixture at 60 °C for 15 min. For NaDC-CBJ[6] solutions, a given amount of CB[6] was dissolved
in 875 pL of deionized water and 250 pL of the NaCl stock solution. The addition of NaCl led to
the solubilization of CB[6] at room temperature. This solution was heated for 15 min at 60 °C.
While the solution was hot, 375 pL of the NaDC solution was added, followed by heating at 60
°C for 15 min.

For NaDC gels, 375 pL of the NaDC stock solution and 975 pL of deionized water was
added into a 3-dram sample vial. The solution was heated at 60 °C for 15 min. While this
solution was hot, 150 pL of phosphate buffer was added, followed by heating of this mixture at
60 °C for 15 min. For NaDC-CB[6] gels, a given amount of CB[6] was dissolved in 975 pL of
deionized water and 150 pL phosphate buffer. The addition of phosphate buffer led to the
solubilization of CB[6] at room temperature. This solution was heated for 15 min at 60 °C.
While the solution was hot, 375 pL of the NaDC solution was added, followed by heating at 60
°C for 15 min. No final filtrations were performed on the samples before DLS measurements.

The final concentrations of NaDC and phosphate buffer in all the samples were the
same at 50 mM. The final concentrations of CB[6] in the samples were 0, 2.5, 5.0, 7.5 mM. All
samples have a baseline Na* cation concentration of 200 mM. The samples (solutions and gels)
were left at room temperature for 20 h (resting period) before carrying out any measurements.
Studies on sols were carried out by subjecting the gels (after 20 h resting period) to heating for
15 min at 60 °C.

A Malvern Zeta-sizer nanoseries DLS instrument was used for particle size
measurements. An excitation wavelength of 633 nm and a scattering angle of 173° were used for

the measurements. For each data set, a total number of 5 runs were performed. A fluorescence
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filter (633 nm, narrow band) was used. The data were analyzed using a general-purpose fitting
routine. All the measurements were performed using a heating block. The total runs performed
for a given sample were averaged using the ZS explorer software (version 2.0.0.98) and averages

of correlograms are reported in this chapter.

2.2.3 CLSM studies for structural characterization

Rhodamine 6G (1 mM) stock solutions were prepared in methanol. NaDC and
phosphate buffer stock solutions were prepared in the same way as described in the previous
section.

For NaDC gels, 750 pL of the NaDC stock solution and 1944 uL of deionized water
was added into a 3-dram sample vial. The solution was heated at 60 °C for 15 min. While this
solution was hot, 6 pL of the dye stock solution and 300 pL phosphate buffer were added,
followed by heating of this mixture at 60 °C for 15 min. For NaDC-CBJ6] gels, a given amount
of CB[6] was dissolved in 1944 uL of deionized water and 300 pL phosphate buffer. The
addition of phosphate buffer led to the solubilization of CB[6] at room temperature. This solution
was heated for 15 min at 60 °C. While the solution was hot, 6 pL of the dye stock solution and
750 uL of the NaDC solution were added, followed by heating at 60 °C for 15 min.

For NaDC solutions, 750 pL of the NaDC stock solution and 2244 pL of deionized
water was added into a 3-dram sample vial. The solution was heated at 60 °C for 15 min. While
this solution was hot, 6 pL of the dye stock solution were added followed by heating of this
mixture at 60 °C for 15 min. For NaDC-CBJ[6] solutions, a given amount of CB[6] was dissolved
in 2244 uL of deionized water. This solution was heated for 15 min at 60 °C. While the solution
was hot, 6 pL of the dye stock solution and 750 pL of the NaDC solution were added, followed

by heating at 60 °C for 15 min.
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The final concentration of NaDC in the gel samples was 50 mM. The final
concentration of phosphate buffer in the gel samples was 50 mM. The final concentrations of
CB[6] in the gel samples were 0, 2.5, 5.0, 7.5 mM. The final concentration of rhodamine 6G in
the gel samples was 2 uM.

Coverslips and gaskets were rinsed with water and methanol before use. Approximately
100 pL of sol was transferred into the gasket immediately after sample preparation. The gasket
was sealed by placing a glass coverslip on top of the open side of the gasket. The gasket was left
at room temperature for 20 h (resting period) before carrying out any measurements. The resting
period of 20 h was identified after imaging gels at different time points over a 20 h time frame
(Figure 2.1). As shown in Figure 2.1, with increasing time, an increase in the number of features
in the sample was observed. However, after 8 h the sample reached its equilibrium with no
appearance of new features. For convenience of the user, the 20 h time period was chosen as the
resting period and it was kept consistent for the experiments described in this chapter, unless

otherwise noted.

Figure 2.1 Confocal images of the NaDC gel (50 mM) tagged with rhodamine 6G (2 uM) at
different time points during the resting period. Scale bar 20 um.
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After 20 h, images of the samples were collected using an inverted CLSM microscope
(Zeiss LSM 880) equipped with a 514 nm Argon laser and the following objectives: 20x Plan-
NeoFluar long working distance (LWD) with numerical aperture (NA) 0.4, 63x oil immersion
lens with NA 1.4. The laser intensity was set at 20% and the excitation filter MBS 458/514 nm
was used. The pinhole diameter was set to 1 Airy Unit (AU). AU is defined as the diameter of
the central maximum peak in the diffraction pattern of a focused beam. The range for the
detection of the emission with a GaAsP detector was set to 530-650 nm. The detector gain was
set at the range 600-800 V. The equipment was controlled using the software Zen Black from
Zeiss. Images were acquired with optimal pixel size chosen by the software, and 12 bits of pixel
depth. Images were collected over an area of 110.5 x 110.5 pm? with an optimal frame size of
352 x 352 pixels. Images were taken in a volume at the center of the gasket and at a certain
depth (~50 um from the edge of coverslip) as the edge of gasket showed dye accumulation in the

presence of the dye (Figure 2.2a) and auto-fluorescence in the absence of the dye (Figure 2.2b).

Figure 2.2 Confocal image of the gasket edges, a. with rhodamine 6G (2 uM), b. without
rhodamine 6G.

2.2.4 Vial inversion tests
Inversion tests were used to monitor gel-sol transition temperatures. The temperatures at

which the gel in an inverted vial falls under gravity is defined as gel-sol transition temperature.
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Gel samples were prepared in the same way as described in the previous DLS section. After 20
h, inverted vials (inner diameter 1.5 cm) with the gel samples were kept at 25, 45, 65 °C for 10
min at each temperature in a heating bath and the temperature at which the gel fell under gravity

was noted.

2.2.5 CLSM thermo-reversibility studies

Samples were prepared in the same way as described in the previous CLSM section. All
measurements were performed on the Linkam heating stage. The sample was heated to set
temperatures between 25 and 85 °C at a rate of 5 °C/min followed by cooling at the same rate.
Scans were collected at 20 °C intervals (25, 45, 65, 85 °C). Images at different temperatures were
collected for the same area of the gel. After the stage reaches a particular temperature, a 5 min
equilibration time was left before collecting the images. To avoid any surface effects at the
coverslip, images were collected at a particular depth in the sample (~100 pum). The region of
interest was chosen in the scanned area and changes in the region of interest were monitored
across the temperatures. The images for the region of interest at each temperature was processed

using the ImageJ analysis software.

Figure 2.3 Confocal image of a scratch on the top of the coverslip before (a) and after the heating
cycle (b). (x,y,z) coordinates for images a and b are the same indicating that both images cover
the same area in the gasket.
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The gel structures were observed to move out of focus during the heating stage
experiments (Figure 2.3) because of the movement of the stage on the microscope (~100 pm
along z direction depending on the temperature). This movement interfered with the results. The
stage movement was accounted for by scratching the surface of the cover slip with a diamond
cutter. At each temperature after the equilibration time of 5 min, the coordinates of the heating
stage were adjusted such that the scratch was in focus (Figure 2.4). The image at each
temperature was collected at a known depth from the scratch inside of the sample. Refocusing
the scratch at each temperature ensured that the image was collected in the same area as for the

previous temperature.

Figure 2.4 Confocal image of the scratch on the top of the coverslip at 45 °C (a,b) and 55 °C
(c,d). Coordinates for images a, b, ¢, d were adjusted after considering the stage movement
during the heating.
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2.2.6 DLS thermo-reversibility studies

Samples were prepared in the same way as described in the previous DLS section. DLS
experiments were performed using the same settings as described in the DLS section above. Data
were collected at temperatures of 20, 35, 50 and, 65 °C. After the instrument reached a given
temperature, the samples were equilibrated for 5 min before the results were collected. The
changes in viscosity as a function of temperature were not accounted for in this study as the
focus is on the qualitative analysis of the correlation function and not on the determination of the

hydrodynamic diameter for which the viscosity changes matter.

2.2.7 CLSM Kkinetics studies

Samples were prepared in the same way as described in the previous CLSM section.
Samples were transferred into gaskets immediately after sample preparation and while hot. The
samples were equilibrated for 5 min before the results were collected. A chosen area was imaged

at 5 min intervals for a period of 30 min.

2.2.8 DLS kinetics studies
Samples were prepared in the same way as described in the previous DLS section. The
samples were equilibrated for 5 min before the results were collected. DLS scans were run at 5

min intervals for a period of 30 min.

2.3 Results
2.3.1 DLS structural characterization studies

Earlier work on the characterization of NaDC solutions showed that NaDC self-
assembles into two types of aggregates (i.e. primary and secondary).*® In a certain pH range

these aggregates assemble further to form a gel.”? Previous studies in the group showed that the
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NaDC gel consists of aggregates which are distributed in the aqueous phase and the gel
structures in the gel.®® The objective of the DLS experiment is to determine if the addition of
CB[6] has an effect on the size of NaDC aggregates. Studies were performed for solutions, sol
and gel states. DLS was used to characterize the aggregates that diffuse in the sample, which
corresponds to all aggregates in the solution and sol sample and the aggregates that are free in
the aqueous phase of the gel. The immobilized aggregates in the gel are not observable by DLS.

The exponential decay of the correlogram is related to the size of the diffusing particle
(Figure 2.5). The correlation time in DLS experiments is a measure of how long a diffusing
particle remains in the same detection volume in the sample. Smaller particles move faster and
have shorter correlation time, and therefore appear as a faster decay in the correlogram. On the
other hand, larger particles move more slowly, resulting in a delay for the decay. The correlation
coefficient, defined as the correlation function at time t=0 (i.e. Y-intercept in the correlogram)
indicates the ability of aggregates to freely diffuse in the sample. A higher correlation coefficient
indicates freely diffusing aggregates which is a characteristic of solutions. A lower correlation
coefficient is an indicates aggregates are no longer able to diffuse freely in the sample, a
characteristic of gels. The two parameters | used from the DLS studies reported are the shape of
the decay and the correlation coefficient.

DLS results in NaDC-CB[6] solutions are summarized in Figure 2.5. The decay was
delayed with the addition of CB[6] when compared to the correlograms for the NaDC solution.
These results indicate that aggregates in NaDC-CBJ6] solutions are larger compared to the
NaDC aggregates in solution in the absence of CB[6]. Therefore, the additive CB[6] increases
the size of aggregates in the solution, suggesting that CB[6] is associated with the NaDC

aggregates.
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Figure 2.5 Correlograms for NaDC-CB[6] solutions at CB[6]/NaDC ratios of 0 (red), 0.05 (blue),
0.1 (green), 0.15 (black) at 25 °C. Concentration of NaDC in all the samples is 50 mM.

A sol is formed by heating the gel above its gel-sol transition temperature. In a sol state,
the sample is mobile and flows. Sol and solution are different samples in terms of chemical
compositions. The sol contains buffer whereas the solution does not contain buffer. The sol is
formed initially during sample preparation and once the sol is cooled to room temperature the gel
is formed. Therefore, the sol is a critical intermediate step in the gel formation. DLS experiments
with sols were performed by heating the pre-formed gel at 60 °C for 15 min. The heating
conditions are chosen such that | was able to visually observe the transformation of the gel into
the sol.

DLS results for the NaDC-CB[6] sols are summarized in Figure 2.6. The decays were
delayed in the presence of CB[6] when compared to the sol that does not contain CB[6]. This
delay indicates that the aggregates in the sol are larger in the presence of CB[6] compared to the
aggregates in the NaDC sol that does not contain CB[6]. The changes in the correlation
coefficient (Y-intercept in the correlogram) for the samples with CB[6] suggest that aggregates
are no longer able to diffuse freely when CB[6] is present. A lower correlation coefficient in

Figure 2.6 compared to Figure 2.5 for CB[6] samples could indicate that microscopically gel
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containing CB[6] has not completely transformed into sol in the 15 min heating time. However,
because the time of sol formation was kept constant across all the samples, the size arguments

are still relevant.

Correlation Function

0.1 10 1000 10° 107
Time / us

Figure 2.6 Correlograms for NaDC-CB[6] sol at CB[6]/NaDC ratios of 0 (red), 0.05 (blue), 0.1
(green), 0.15 (black) taken at 60 °C. Concentration of NaDC in all the samples is 50 mM.

For gels, the correlation coefficients reveal information about aggregates that are
immobile in a sample. More gelator is incorporated in the immobile phase for samples of equal
gelator concentration that have a lower correlation coefficient. DLS results in NaDC-CB[6] gels
(Figure 2.7) showed a decrease in the correlation coefficient of the samples with CB[6]. The low
correlation coefficient suggests that some aggregates in the gel are immobile. These immobile
aggregates likely correspond to aggregates in the gel structure. The decrease in the correlation
coefficient with increase in CB[6] concentrations suggests that more aggregates are becoming a
part of the gel structure with the addition of CB[6] to the gel. Also, the observed delays in the

decay for gels with CB[6] is consistent with studies in sols and solutions (Figures 2.5, 2.6).
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Figure 2.7 Correlograms for NaDC-CB[6] gels with different CB[6]/NaDC ratios of 0 (red), 0.05
(blue), 0.1 (green), 0.15 (black) taken at 25 °C. Concentration of NaDC in all the samples is 50
mM.

In summary, DLS results showed that the CB[6] effect on the size of NaDC aggregates
begins in the solution phase before the addition of buffer and translates into the sol and gel
structures. Also, studies in gels suggest that the distribution of aggregates between the aqueous
phase and the gel structure was affected with the addition of CB[6], with more aggregates

becoming a part of the gel structure.

2.3.2 CLSM structural characterization studies

The purpose of this experiment is to identify the effect of CB[6] on NaDC gels at the
microscopic level using CLSM, with a focus on the morphologies and the size of the features
observed in the CLSM images. The microscopy experiments reveal different information
compared to the DLS experiments. DLS experiments gave information about aggregates
diffusing in the aqueous phase of the gel. On the other hand, CLSM experiments provide
information on the aggregates in the gel structure which are immobile (Figure 2.1). My
hypothesis is that aggregates in the aqueous phase of the gel diffuse fast and appear as
background noise in the image. The hypothesis was confirmed by carrying out CLSM studies in

NaDC solutions with different CB[6] concentrations, where aggregates of NaDC are dispersed in
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the aqueous medium. Results in Figure 2.8 agree with the proposed hypothesis that freely
diffusing aggregates are apparent on the microscope and appear as background noise. These
results indicate that the aggregates seen in the aqueous phase of the gel in DLS experiments

cannot be seen on the CLSM images.

5um

Figure 2.8 Confocal images for NaDC-CBJ6] solutions tagged with rhodamine 6G (2 uM) at
CBJ6]/NaDC ratios of 0 (a), 0.05 (b), 0.1 (c), 0.15 (d). Images were taken after 20 h resting at
room temperature. Concentration of NaDC in all the samples is 50 mM.

CLSM experiments in the gel showed that in the absence of CB[6], the NaDC gel was
composed of spherical aggregates with an average size of around 3 um (Figure 2.9 a) (see
appendix for size determination analysis). These aggregates are referred to as gel structures
throughout this thesis. At a 0.05 CB[6]/NaDC ratio, an increase in the number of gel structures
was observed compared to the NaDC gel without CB[6] (Figure 2.9 b), with an average size of 5

um for the gel structures. At a CB[6]/NaDC ratio of 0.1, cylindrical gel structures were observed
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with an average length of about 10 um (Figure 2.9 c). Finally at a 0.15 CB[6]/NaDC ratio, fibers
of with an average length around 100 um were observed (Figure 2.9 d). The observed
morphology and size differences between gels with different CB[6]/NaDC ratios suggest that

CB[6] incorporates more NaDC aggregates from the aqueous phase into the gel structure in

NaDC-CB[6] gels.

— S—
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Figure 2.9 Confocal images for NaDC-CB[6] gels tagged with rhodamine 6G (2 puM) at
CB[6]/NaDC ratios of 0 (a), 0.05 (b), 0.1 (c), 0.15 (d). Images were taken after a 20 h resting
period at room temperature. Concentration of NaDC in all the samples is 50 mM.

2.3.3 CLSM thermo-reversibility studies

The purpose of this experiment is to see the effect of CB[6] on the gel-sol and sol-gel
transitions by changing the temperature and collecting CLSM images. Results in the Figure 2.8
and 2.9 show that aggregates in the gel structure and the aqueous phase of gels can be easily

differentiated in CLSM experiments with the former appearing as a gel structure and the latter
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appearing as background noise. The points of interest for the gel-sol transition are the
disappearance of the gel structures in the images. My hypothesis is that the temperature where
the gel-sol transition occurs is dependent on the amount of CBJ[6] in the gel.

The gel samples after the resting period were subjected to temperatures of 25, 45, 65
and 85 °C. The choice of this temperature range was determined using vial inversion tests.
Inversion tests results showed that the NaDC gel fell at 45 °C, whereas the NaDC-CBJ[6] gel with
a 0.15 CBJ[6]/NaDC ratio fell at 65 °C.

Results using the heating stage showed that for the gel with a 0.15 CB[6]/NaDC ratio
(Figure 2.10), the finer gel structures disappeared at 65 °C. The gel structures at 25 °C in Figure
2.10 are different from the gel structures in Figure 2.9d. This difference is due to the resolution
for the image when using the 20x LWD lens for the studies shown in Figure 2.10 (Table Al in
the Appendix) as the use of this lens was required for the measurements using the heating stage.
The black spots in the images are bubbles formed as a result of heating the sample. During
cooling, hysteresis was observed, where no sharp features are seen in the image at 25 °C. This
hysteresis indicates that sol-gel and gel-sol transitions at the microscopic level occur at different

temperatures.
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Figure 2.10 Confocal images for the NaDC-CB[6] (0.15 CB[6]/NaDC) gel tagged with
rhodamine 6G (2 uM) at different temperatures (25, 45, 65 and 85 °C) using the heating stage.
Top and bottom panels correspond to heating (increasing temperatures left to right) and cooling
cycles (decreasing temperatures left to right), respectively.

For NaDC gels (Figure 2.11), the spherical gel structures highlighted in red disappeared
at 45 °C, which corresponds to a lower temperature compared to the NaDC-CB[6] gel (Figure
2.10). Also, hysteresis was observed during cooling. In summary, the CLSM results on the
heating stage showed that the temperature for the gel-sol transitions differed with the addition of

CB[6] to NaDC gels.
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Figure 2.11 Confocal images of NaDC gel tagged with rhodamine 6G (2 uM) at temperatures
(25, 45, 65 and 85 °C) on the heating stage. Top and bottom panels correspond to heating
(increasing temperatures left to right) and cooling cycles (decreasing temperatures left to right),
respectively. The concentration of NaDC is 50 mM.

2.3.4 DLS thermo-reversibility studies

The effect of CB[6] on the size of the NaDC aggregates was investigated using
temperature dependent DLS studies. For NaDC gels, the increase in temperature showed a higher
correlation coefficient and a faster decay (Figure 2.12). The increase in the correlation
coefficient suggests an increase in the number of freely diffusing aggregates in the sol thereby
indicating that the gel was transformed into the sol. The faster decay indicates that the aggregates
that are freely diffusing in the aqueous phase are smaller aggregates at the higher temperatures.
The increase in the correlation coefficient is significant between the temperature of 35 and 50 °C,
indicating that the gel-sol transition occurred in this temperature range. As seen in Figure 2.12,
hysteresis was observed between the heating and cooling cycles. For example, at 25 °C (red trace
in Figure 2.12), the decay is faster in the cooling cycle compared to the heating cycle, which

indicates that size of the aggregates at 25°C before heating and after cooling are different. Before

heating, the sample is a gel at 25 °C, but after cooling the sample is still a sol at 25 °C.
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Figure 2.12 DLS correlograms for NaDC gels at 20 (red), 35 (blue), 50 (green) and 65 °C

(black). Solid lines and dashed lines correspond to the heating and cooling cycles, respectively.
The concentration of NaDC in this samples is 50 mM.

For NaDC-CB[6] gels, similar to the NaDC gel, an increase in the correlation
coefficient and a faster decay were observed with the increase in temperature (Figure 2.13).
However, unlike the NaDC gel, the increase in the correlation coefficient is significant between
the temperatures of 50 and 65 °C, indicating that the gel-sol transition occurred in this
temperature range. This result agrees with the temperature studies carried out on the CLSM,

where at ca. 65 °C the gel structures disappeared in the image (Figure 2.10).
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Figure 2.13 DLS correlograms for the NaDC-CBJ6] gel (0.15 CB[6]/NaDC ratio) at 20 (red), 35
(blue), 50 (green) and 65 °C (black). Solid lines and dashed lines correspond to heating and
cooling cycles, respectively. The concentration of NaDC in this samples is 50 mM.
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2.3.5 CLSM kinetics studies

Gel formation was investigated using kinetics experiments, where images for the sol
were tracked for a period of 30 min at 5 min intervals. The images for 0 min in Figure 2.14 and
2.15 exclude the equilibration time of 5 min after which images were collected. The kinetics

were studied using CLSM and DLS experiments to obtain complementary information.

Figure 2.14 Confocal images for the NaDC gel tagged with rhodamine 6G (2 uM) collected at
time points of 0 (a), 5 (b), 10 (c), 15 (d), 20 (e), 25 (f) and 30 min (g) during gel formation. The
concentration of NaDC in this samples is 50 mM. Images were collected at room temperature.

The hallmarks of interest in the CLSM experiments are the appearance of gel structures
in the image as the sol transitions into the gel. Although the imaged area is kept constant across
the time points (Figure 2.14), scans were taken for different areas during the 30 min interval to
determine if the imaged area in Figure 2.14 represents the gel sample as a whole. During the 30
min interval, CLSM images for NaDC gel showed the absence of gel structures (Figure 2.14),
whereas for the NaDC-CB[6] gel, gel structures appear within equilibration 5 min time frame

(Figure 2.15).
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Figure 2.15 Confocal images for the NaDC-CB[6] gel (0.15 CB[6]/NaDC ratio) tagged with
rhodamine 6G (2 uM) collected at time points of 0 (a), 5 (b), 10 (c), 15 (d), 20 (e), 25 (f), 30 min
(9) during gel formation. Concentration of NaDC in all the samples is 50 mM. Images were
collected at room temperature.

2.3.6 DLS kinetics studies

Kinetic experiments conducted by DLS are shown in Figure 2.16. These experiments
were carried out using 5 min intervals similar to the CLSM experiments and data were collected
for a period of 30 min. For NaDC gels (Figure 2.16a), the decays remained fast over time
indicating that the sol-gel transition has not occurred within 30 min. A growth on the right end of
x-axis in Figure 2.16a was observed with time, however this change is not significant to reach
any conclusions. For NaDC-CBJ6] samples (Figures 2.16b-d), the decrease in the correlation
coefficient was observed with time. The correlation curves do not follow a clear trend with time
because the sample with NaDC-CBJ6] is changing so fast that correlation functions from repeat
runs did not overlap with each other leading to scattered averages. The decrease in the
correlation coefficient as time progresses is an indication of gel formation as the number of

freely diffusing species, are now incorporated into the immobile phase of the gel. In summary,
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complementary information from CLSM and DLS kinetics experiments showed that CB[6]

speeds up the time for gel formation in NaDC gels at the microscopic level
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Figure 2.16 DLS correlograms for NaDC-CBJ6] gels at CB[6]/NaDC ratios of 0 (a), 0.05 (b), 0.1
(c), 0.15 (d). Traces in each plot are collected at time points of O (red solid line), 30 min (blue
solid line). Concentration of NaDC in all the samples is 50 mM. Images were collected at 25 °C.

2.4 Discussion

The effect of CB[6] on the structure, thermo-reversibility and formation kinetics of the
NaDC gel was investigated in detail in this chapter. Both DLS and CLSM were chosen as
complementary techniques, with the former revealing information on the aggregates that are
freely diffusing in the agueous phase and the latter on aggregates that are a part of the immobile

gel structure. The purpose of this discussion is to compare and contrast the information obtained
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from the two techniques and to obtain mechanistic insights on the effect of CB[6] on the NaDC
gels.

DLS is frequently used to determine the size of particles from a size distribution
analysis, but in the case of gels an analysis of the initial amplitude and a qualitative analysis of
the decay provides more relevant information. Size distribution profiles reports on the sizes of
aggregates assuming a spherical shape and the reported sizes correspond to the hydrodynamic
diameter of aggregates. Information such as the correlation coefficient and the decay, which
provide a wealth of information, are lost in the size distribution analysis. For example, size
distribution profiles in DLS fail to capture information of the concentration of diffusing particles,
while this effect is apparent as changes in the correlation coefficient. The use of correlograms to
study gels is supported by several reports in the literature.*?-12° For example, the correlation
function returning to zero at longer times indicates that a gel is formed.'?® A depression in the
correlation coefficient of correlogram is also a sign of gel formation.*3® Correlograms have also
been used to monitor the kinetics of gel formation.*?° Therefore, to strengthen my arguments that
correlograms without size distribution profiles are still reliable, a test study was performed. In
this test study, the size distribution profiles from my data were compared to the existing
literature. Size distribution profiles showed that NaDC solutions are composed of aggregates
with sizes around 1 nm and 500 nm (Figure A5). The result is consistent with literature studies
where aggregates of sizes around 1-2 nm and 150-270 nm have been reported for NaDC
solutions.*3! The smaller and larger aggregates formed can be ascribed to primary and secondary
aggregates described in the aggregation model developed by Chapman and coworkers.%°

The mechanism of gel formation was developed based on DLS studies for NaDC in the

sol, solution, and gel states. For NaDC, the decays of correlograms in the sol state and in solution
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were similar (Figure 2.5, Figure 2.6), suggesting that the structure of the aggregates in these
samples were similar. In the NaDC sol, electrostatic interactions between cations in the buffer
and the carboxylate (COO") groups of aggregates reduces the electrostatic repulsion between the
COO- groups of aggregates. The reduction in electrostatic repulsion brings aggregates closer
thereby promoting hydrogen bonding between aggregates, i.e. between OH and COO- groups.’
74,132 The enhanced hydrogen bonding could possibly result in entanglements between
aggregates that contributes to the gel structure. Entanglements between aggregates is supported
by DLS studies, where NaDC gels showed extended decays in the correlograms (Figure 2.7)
compared to the correlograms for the NaDC sol (Figure 2.6). My model suggesting the role of
cations in the NaDC gel formation is consistent with previous findings that showed an increase
in mechanical strength of NaDC gels in the presence of NaCl and NaBr.”* Binding of cations to
the CB[6] portal makes CB[6] a mediator that facilitates electrostatic interactions between the
COO and Na* ions. The addition of CB[6] promotes new hydrogen bonding interactions
between OH and COO" groups of NaDC and the carbonyls of CB[6], thereby strengthening the
gel. Decrease in the correlation coefficient with the addition of CB[6] (Figure 2.7) also suggest
that more NaDC aggregates are incorporated into the gel structure at higher CB[6]
concentrations.

Despite its poor resolution compared to electron microscopy techniques, CLSM is
chosen to study the structural characterization in NaDC gels. Earlier reports of structural
characterization in NaDC gels were performed using electron microscopy techniques,’* where
samples are freeze dried before imaging. Therefore, to avoid drying artefacts, it is necessary to
image gels in a hydrated state. My choice of a hydrophilic dye, such as rhodamine 6G is based

on the distribution of dye in the gel. Rhodamine 6G due to its positive charge is soluble in water
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and can interact with the aggregates in the aqueous phase and the gel structure. This dye can also
interact with CB[6] portals as positively charged species, such as cations are known to bind to
the portals of CB[6].123 However, given the concentration of cations in the gel, binding of
rhodamine 6G to CB[6] instead of the binding of cations is highly unlikely. Also, the size of
rhodamine 6G is too big to fit into the CB[6] cavity. The distribution of rhodamine 6G in water,
aggregates in the aqueous phase of the gel and gel structures makes this dye a good choice over
hydrophobic dyes like pyrene.

The formation of fibers (Figure 2.9 d) at higher concentrations of CB[6] suggests that
CB[6] favors entanglements between aggregates during the gel formation. Overall, DLS and
CLSM studies in solutions, sols, and gels reflect a nucleation-elongation mechanism where
aggregates in solution reach a critical size. The critical size is dependent on the amount of CB[6]
in the solutions(Figure 2.5). The nucleation is followed by elongation leading to gel structures of
different morphologies. A similar observation of nucleation-elongation mechanism was reported
for calcium cholate gels.3*

The observed changes in morphology (Figure 2.9) of NaDC gels at different CB[6]
concentrations support my hypothesis from DLS studies that CB[6] incorporates more
aggregates from the aqueous phase into the gel structure. A further CLSM study with a focus on
the location of CB[6] in the gel is suggested to confirm the hypothesis. The techniques discussed
in this chapter are qualitative and do not provide information of the fraction of the aggregates
located in the aqueous phase and gel structure. Further research should be undertaken to quantify
the effect of CB[6] on the distribution of aggregates between aqueous phase and gel structure.

Thermo-reversibility studies suggest that the effect of CB[6] in NaDC gels goes beyond

changes in morphology and that the additive plays an active role in the gel-sol and sol-gel
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transitions of NaDC gels. Interactions, such as hydrogen bonding, are known to weaken with
increasing temperatures. Breakdown of the gel, i.e. disappearance of gel structures, at higher
temperatures indicates that hydrogen bonding is the driving force for gel formation. This
conclusion agrees with the proposed model for gel formation and the literature.”> DLS and
CLSM studies combined provided insights into the breakdown mechanism of the gel. At higher
temperatures, gel structures breakdown into aggregates (Figure 2.10, Figure 2.11) which further
breakdown into smaller aggregates (Figure 2.12, Figure 2.13). It is interesting to note that both
phenomena occur in the same temperature range. It was observed that the temperatures at which
breakdown occurs differs with the addition of CB[6] (Figure 2.10, Figure 2.13). The extra handle
of hydrogen bonding interactions between CB[6] and the aggregates could have made the gel
less susceptible to breakdown at lower temperatures unlike the breakdown observed for the
NaDC gel.

Thermo-reversibility studies were reported for NaDC/NaCl gels using DLS, micro-
viscosity and micro polarity measurements.**> However, the additive in the reported study, i.e.
NaCl, interacts with aggregates differently than the additive CB[6] in my study. The reported
study describes NaDC as a gel made of higher order aggregates. The study defines aggregates as
one system and did not differentiate between aggregates in the aqueous phase and the gel
structure, thereby limiting the scope of the results. Overall, arguments developed in the reported
study®2® cannot be translated to my study as the gels in both the studies are chemically different.

Kinetics of gel formation has been studied using techniques, such as NMR3¢ and
fluorescence.'3* Spectral variations such as reduced peak intensities, line broadening and
chemical shift changes serve as an indication of the degree of incorporation of free molecules

into the rigid component of gels. Once the molecules are incorporated into the rigid gel structure,



55

they become invisible to solution-state NMR experiments.'*® However, use of NMR is limited to
track the kinetics of slow gelation processes.*?° In another study, gelation kinetics of calcium
cholate gels was monitored using fluorescence measurements.*** Cholate gels were tagged with
8-anilinonapthalene-1-sulfonic acid (ANS) dye and the gel formation is defined as a point when
emission peak intensity remained unchanged with time.

Techniques, such as steady-state fluorescence, used to track the gelation process for
NaDC are limited in terms of length scale. For example, fluorescence properties of pyrene are
used to track the gelation process of NaDC.% The formation of the gel is defined as a point when
the fluorescence emission intensities for both the pyrene monomer and excimer remain constant
with time. However, the study focuses on the molecular length scale, i.e. hydrophobic regions,
where the dye is localized and do not necessarily reflect the properties of the gel as a whole.
Simple visual tests, like vial inversion tests,'? that study the gel as a whole could be helpful to
gain some insights on the kinetics of NaDC and NaDC-CBJ[6] gel formation. The advantage of
using of CLSM (Figure 2.14, Figure 2.15) and DLS (Figure 2.16) to track the kinetics in this
thesis is that both techniques reveal information at the microscopic level, while the DLS studies a
small volume of the gel, CLSM focuses on the area where the dye is localized in the gel. Also,
the results showed that DLS and CLSM techniques were able to capture the kinetics for gel
formation more precisely than vial inversion tests. For example, both techniques showed that
formation of gel at 0.15 CB[6]/NaDC ratio occurred faster compared to the inversion test.

Besides my understanding though this chapter that CB[6] affects the distribution of
aggregates between the aqueous phase and the gel structure, kinetics studies showed that CB[6]

speeds up the process of incorporation of aggregates into the gel structure. However, the
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explanation for CB[6] promoting the gel formation kinetics remains unknown and will be a

question of interest to explore in the future.

2.5 Conclusions

Combination of findings from DLS and CLSM studies provided deeper insights into the
effect of additives to a gel while complementing the previous studies in NaDC gels. This is the
first CLSM study that investigates NaDC gels in a hydrated state at the microscopic level. The
results suggest that the effect of CB[6] as the additive on NaDC gel goes beyond the changes to
the gel’s structure into kinetics and thermo-reversibility. This study contributes to a new
understanding of gel formation and gel breakdown mechanisms, which is an essential knowledge
that can be used to control the properties of NaDC gels. Overall, the findings highlight the type
of studies that can be feasible with the techniques DLS and CLSM, opening up the possibility to

apply these methods for the characterization of multicomponent supramolecular gels.
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Chapter 3 Effect of CB[6] on the release of dyes from NaDC-CB[6] gels

3.1 Introduction

Hydrogels have been used to protect, target and deliver drugs in a controllable
manner.®¥’ The use of hydrogels as drug delivery systems are shown to enhance the efficacy, and
reduce the toxicity and the required dosage of drugs. Due to the presence of high-water content,
hydrogels resemble tissues making them great candidates for biocompatibility. Solubilizing
drugs in hydrogels prevents drug aggregation and degradation, which are problems reported
when dissolving drugs in organic solvents. Drug-gelator interactions are studied to tune the drug
release properties in hydrogels.'* For example, strategies like covalent conjugation, electrostatic
interactions, hydrophobic domains, host-guest interactions in hydrogels have been used to
modulate the drug release properties.”

Due to the presence of reversible and weak physical interactions, supramolecular gels
have been investigated for applications in drug delivery. A supramolecular gelator tagged with a
drug or a model dye can form a stable gel under certain conditions but break up in the presence
of particular stimulus resulting in targeted and controlled delivery of drugs.*®® For example,
Chen and coworkers employed supramolecular gels based on triptycene derived macrotricyclic
polyether networks formed via host-guest complexation for encapsulation and controlled release
of squarine dyes.**° Feng and coworkers studied coumarin based gelators for photo-controlled
release of dyes from the gels.*! In another work, Hamachi and coworkers demonstrated stimuli
responsiveness of a supramolecular hydrogel based on a phosphate type hydrogelator to
temperature, pH, Ca?*, or light.2*? The authors used a combination of stimuli to construct logic
gates. The study showed that the supramolecular gels hold and release bioactive substances in

response to a combination of logic gates.'#



58

Drug or model dye release from hydrogels has been investigated using static and
dynamic diffusion methods. In a static diffusion method, the release medium is added on top of
the gel. Drug release is monitored by analyzing aliquots retrieved from the top of the gel over
time using UV-Vis, HPLC, fluorescence, or NMR measurements.**? The aliquots of supernatant
are replaced by fresh release medium every time after analysis. In such a case, a volume
correction is applied for the calculations of the amount of drug release. In a dynamic diffusion
method, the gel sample loaded with the drug is placed at the bottom of the vessel containing the
release medium. The paddle in the apparatus stirs the system continuously. The release medium
is analyzed at different time points using analytical techniques to calculate the amount of drug
released. A different apparatus to study dynamic diffusion includes a Franz diffusion cell.1* In
this set up, the gel loaded with the drug is placed in the upper chamber. The lower chamber is
filled with the release medium. The upper and lower chambers are separated by a semi
permeable membrane. The lower chamber is surrounded by a water jacket to maintain the
temperature of the release medium constant. A simple model for a Franz diffusion cell includes
the use of a dialysis bag.'** In this set up, the gel is loaded into a dialysis bag with a certain
Molecular Weight Cut Off (MWCO). The MWCO is chosen to allow the release of the drug
from the gel with the gel staying intact inside of the dialysis bag. The bag is sealed and placed

into a beaker containing the release medium to monitor the release.

3.1.1 Objectives

The objective of the current work is to show the role of additives, i.e. CB[6] on the
release of small molecules from the NaDC gel. CB[6] offers the possibility of exploiting well
defined interactions in the NaDC gel, which in turn could affect the gel formation and the gel’s

structure at different length scales. The small molecules chosen for this study should meet two
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criteria. These molecules should not form host-guest complexes with CB[6] and the molecules
should have different hydrophobicities. Based on these criteria, pyrene and rhodamine 6G are
chosen as the small molecules of interest. The two molecules although large enough to not fit
into the cavity of CB[6], can be involved in a weak interactions with CB[6]. My expectation is
that these small molecules reside in different regions of the gel depending on their
hydrophobicities. Rhodamine 6G is mainly located in water and pyrene is expected to be located
in the hydrophobic regions of the NaDC aggregates. For the release studies, | chose the static
diffusion method to monitor the release, where only one surface of the gel is exposed to the
release medium. | have demonstrated that CB[6] has a different role as an additive on the release

of small molecules with different hydrophobicities from NaDC gels.

Chart 3.1 Chemical structure of pyrene.

3.2 Experimental

3.2.1 Materials

NaDC (Fluka, > 98%), NaH2PO4 (Anachemia, > 98%), Na2HPO4 (Anachemia, > 98%), methanol
(Fisher grade), rhodamine 6G (Sigma Aldrich, 99%), N-(4-aminophenyl)imidazole (API, Sigma
Aldrich, 98%), 1,6-diaminohexane (DAH, Sigma Aldrich), hydrochloric acid (HCI, BDH 36.5-
38%), deionized water (Barnstead NANOpure deionizing systems, 17.8 MQ cm) were used as

received. Absorbance cells 10 mm x 10 mm (Hellma), fluorescence cells 10 mm x 10 mm
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(Hellma), 8 dram snapped cap glass vials (for spectroscopic measurements), 3 dram snapped cap
glass vials (for sample preparations) were used.

DAH salt was recrystallized by adding acetone (15 mL) to 11 mmol DAH solution
dissolved in 1.85 mL concentrated HCI, followed by vacuum filtration to obtain white crystals.
The sample CBJ[6]-SG-1 (purity 84%) was used in this study. CB[6] was synthesized and
purified based on the standard protocols in the group.®® The CB[6] concentration was determined
by titrating the stock solutions with recrystallized DAH. In this titration, DAH?* displaces API*
bound with CB[6] leading to a decrease in the steady-state fluorescence intensity of API*. Pyrene
was recrystallized from ethanol twice and the purity of pyrene was established by observing a

mono-exponential fluorescence decay in water.14°

3.2.2 Sample preparation

Rhodamine 6G (3.5 mM) and pyrene (1 mM) stock solutions were prepared in
methanol. Phosphate buffer stock solutions (0.5 M) at pH 6.5 were prepared by mixing
appropriate volumes of NaH2PO4 (0.5 M) and Na2HPO4 (0.5 M) stock solutions. NaDC stock
solutions (0.2 M) were prepared in deionized water. The NaDC stock solutions were heated at 60
°C for 15 min to dissolve the NaDC solid.

For NaDC gels, 750 pL of the NaDC stock solution and 1942 uL of deionized water
was added into an 8-dram sample vial. The solution was heated at 60 °C for 15 min. While this
solution was hot, 8 uL of dye stock and 300 pL phosphate buffer were added followed by
heating of this mixture at 60 °C for 15 min. For NaDC-CBJ6] gels, CBJ[6] solid was dissolved in
1942 pL volumes of deionized water and 300 pL phosphate buffer. The addition of phosphate
buffer led to the solubilization of CB[6] at room temperature. This solution was heated for 15

min at 60 °C. While the solution was hot, 8 uL of dye stock and 750 pL NaDC solution were
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added followed by heating at 60 °C for 15 min. The sample vial was wrapped with an aluminum
foil and left undisturbed for 20 h at room temperature in a water bath to allow for the formation
of gels. The 20 h time period in which gels were left undisturbed is referred to below as the
“resting period”. To maintain similar resting conditions for the gelation processes for samples
with different concentrations of CB[6], all the gel samples with NaDC and CB[6] were prepared
simultaneously.

The final concentrations of NaDC and phosphate buffer in the gel samples were 50 mM.
The final concentrations of CB[6] in the gel samples were 2.5, 5.0, or 7.5 mM. All gels have a
concentration of Na* ions of 200 mM. The final concentration of pyrene in the gel samples was 5
UM, Release experiments with rhodamine 6G were performed with 10 uM and 1 mM

concentration of the dye in the gel samples.

3.2.3 Equipment

Absorption spectra were collected on a CARY 100 spectrometer between 200-650 nm
using a step size of 1 nm and integration time 0.1 s. Steady-state fluorescence spectra were
collected using a PTI QM40 spectrophotometer. The excitation and emission monochromator
bandwidths were set to 2 nm. The step size was set to 0.5 nm and the integration time was set to
0.25 s. For pyrene studies, the samples were excited at 331 nm and the emission spectra were
collected between 350-550 nm. For rhodamine 6G studies, the samples were excited at 480 nm
and the emission spectra were collected between 490-700 nm. For the mechanism of dye release
studies, emission spectra of the release medium and controls were excited at 330 nm and the

emission spectra were collected between 350-600 nm.

3.2.4 Dye release studies

After the 20 h resting period, 15 mL of phosphate buffer (50 mM) was added on top of
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the gel (3 mL) as the surrounding medium (Scheme 3.1). At regular time intervals, 3 mL of
surrounding media was taken from the top of the gels and the surrounding medium was analyzed
using fluorescence (10 uM rhodamine 6G and 5 uM pyrene) or absorbance (1 mM rhodamine
6G) measurements. After the measurement, the surrounding medium was added back into the
sample vial taking care to minimize any volume loss. Data was collected every hour for an

average period of 6 h.

— — ——
= -
Resting Release
period experiment medium
) i
- -

t=0h t=end
Scheme 3.1 Schematic representation of release studies setup.

A calibration curve was constructed with the known concentrations of the dye in 50 mM
phosphate buffer on the same day. The concentration of the dye in the surrounding medium at a
given time during the release was obtained by using the calibration curve. The percentage of dye
released into the surrounding medium (DR%) at a given time was obtained using equations 3.1

and 3.2.

ng = (I_—C)XV

m

Eg. 3.1

DR(%) = (%) x 100

1

Eq. 3.2
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The parameter | corresponds to the integrated area of the fluorescence spectrum between 360 and
420 nm for studies with 5 M pyrene and the integrated area between 530-580 nm for studies
with 10 uM rhodamine 6G. For the studies using 1 mM rhodamine 6G, | corresponds to the
absorbance value at the absorption maximum of 526 nm. The parameters m and ¢ correspond to
the slope and intercept of the calibration curve, respectively obtained on the same day as the
release experiments were performed. V is the volume of the surrounding medium (15 mL), while
ntis the number of moles of the dye in the surrounding medium at a given time and ni is the
initial number of moles of the dye in the gel before the resting period. The value of niwas

obtained from absorbance measurements.

3.2.5 Mass balance

The mass balance is a measure to determine if any loss of dye occurred during the
release studies. The mass balance before and after the release experiments was determined by
absorbance measurements. These measurements were performed for samples in the sol phase to
eliminate interference from light scattering by the gel. The initial absorbance was determined
right after sample preparation and before the resting period of 20 h for gel formation. After the
release experiment was completed, the surrounding medium and the gel were heated together at
60 °C for 15 min to form a homogeneous sol and the absorbance of this sol sample was
determined.
The percentage of mass balance (MB%) for the dyes in the gels was calculated using equation

3.3.

Aend

MB(%)=< )xDFxlOO

initial

Eqg. 3.3
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The parameter Aend is the absorbance of the sol after the release experiments was completed,
Ainitial IS the absorbance of the sol before the resting period (t = 0 h in the Scheme 3.1). DF is the
dilution factor, which corresponds to the ratio between sample volume for the release studies (i.e.
sum of the volumes for the gel and surrounding medium), and the volume for the gel sample at t

=0 h. The DF was 6 for all the release studies.

3.2.6 Loading efficiency

The loading efficiency is a measure to determine if any loss of dye occurred while the
gel was formed. An absorption spectrum of the sol at 60 °C was collected before the resting
period (t = 0 h in the Scheme 3.1) to determine the initial concentration of the dye in the sol.
After the 20 h resting period, the gel was heated at 60 °C for 15 min and the absorption spectrum
of the sol was collected to determine the concentration of the dye in the sol at 20 h.

The loading efficiency (LE%) for the dyes in the gel was calculated using equation 3.4,

At=20n

LE(%) = (A )x 100

t=0h
Eq. 3.4
The parameter At=20n is the absorbance of the sol after 20 h resting period and At=on is the

absorbance of the sol before the resting period.

3.2.7 Baseline correction for scattering in the absorption spectra in gels

Gels were shown to scatter light. The purpose of the baseline correction is to remove the
effects of scattering from the raw absorbance data (see details in the results section below). The
wavelength range for baseline correction is chosen such that the dye does not absorb in the range

and the range is close to the wavelength where the dye has a maximum in the absorption spectra,
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but for which a solution with no scattering the dye does not absorb. For pyrene, the wavelength

range between 360-380 nm was chosen, whereas for rhodamine 6G, the wavelength range

between 400-420 nm was chosen.

The following steps were followed in the case of pyrene, and the same method was used for

rhodamine 6G:

1. For the sample at 0 h (red) and end of study (blue), the wavelength range between 360-380

nm was chosen to determine the baseline.
2. Absorbance values and wavelength in the range 360-380 nm were fit to a linear
relationship (Figure 3.1) and the slope (m) and intercept (c) were determined.

0.12
O_OQM

Absorbance
o
o
D
I

0
360 365 370 375 380
Wavelength / nm

Figure 3.1 Absorption spectra for pyrene (5 uM) in NaDC gels (50 mM) at CB[6]/NaDC ratio of
0.15 plotted in the wavelength range of 360-380 nm.

3. Each wavelength point across the spectrum (250 to 600 nm) was substituted in equation 3.5
(obtained from the data shown in Figure 3.1) to determine the contribution of scattering to
the absorbance at that wavelength. The calculated absorbance was labeled as baseline
(BSL) (dashed line shown in Figure 3.2)

Ags, =(mx D) +c
Eg. 3.5
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Figure 3.2 Absorption spectra for pyrene (5 uM) in NaDC gels (50 mM) at CB[6]/NaDC ratio of
0.15. Solid lines represent the experimental data, dashed lines represent the baselines, difference
‘d’ corresponds to the baseline-corrected absorbance at 337 nm.

4. The baseline corrected absorbance (Acorr) at a particular wavelength (equation 3.6) was

obtained by subtracting the initial spectrum from the BSL spectrum in Figure 3.2

Acorr = Ainitial - ABSL
Eq. 3.6

5. Steps 2-4 were repeated for spectra collected at 20 h. Corrected absorbance values at 337 nm
are used to calculate MB% and LE%.

The baseline correction treatment was an approximation. For example, absorption of
pyrene approaches zero at 300-310 nm for a pyrene solution in water. However, the baseline
correction of the spectrum does not approach zero at 300-310 nm for the data under
consideration. However, at 337 nm, a substantial amount of scattering was subtracted from the

spectrum while calculating MB% and LE%.

3.2.8 Mechanism of dye release

The gel samples with CB[6]/NaDC ratios of 0 and 0.15 were prepared with rhodamine
6G (10 uM) and pyrene (5 uM) to investigate the dye release mechanism. After the 20 h resting
period, 15 mL of phosphate buffer (50 mM) was added on to the top of the gel as the surrounding
medium. The sample was left undisturbed for an average period of 6 h. During this time period,

the dye can diffuse into the surrounding medium from the gel. At the end of 6 h, the polarity of



the surrounding medium was analyzed by adding pyrene (2 uM) to 3 mL of release medium.

Four controls for this study include 50 mM NaDC solution, 7.5 mM CBJ6] solution, 50 mM
phosphate buffer, 0.15 CB[6]/NaDC solution. All the control solutions were prepared with
pyrene (2 uM).

The blank (50 mM phosphate buffer) is subtracted from the emission spectra of the
samples. The intensity of the | and 111 bands (based on the maxima of bands) for the pyrene

emission in the corrected spectra were used to determine the I/111 ratio.

3.3 Results

3.3.1 Release experiments of rhodamine 6G (10 uM) in NaDC-CBJ6] gels
The purpose of this study was to investigate the effect of CB[6] on the release of

rhodamine 6G from NaDC gels. Rhodamine 6G is a positively charged dye which emits

fluorescence in the range of 530-600 nm. For this study, gels at CB[6]/NaDC ratios of 0, 0.05,
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0.1, 0.15 were loaded with rhodamine 6G. Release medium was added to the top of the gel after

20 h of gel preparation. With time, rhodamine 6G diffuses into the release medium and the dye

release was monitored by collecting emission scans of the release medium at a given time. As

seen in the Figure 3.3, Figure B1, Figure B2, fluorescence intensities of the release medium at a

given time were unaffected by the presence of CB[6].
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Figure 3.3 Emission spectra of the surrounding medium collected at different time points during
the release of rhodamine 6G (10 uM) from NaDC gels (50 mM) with different CB[6]/NaDC
ratios: 0 (a), 0.05 (b), 0.1 (c), 0.15 (d). Time interval 0-400 min.

The amount of rhodamine 6G released at a given time was quantified by comparing the
fluorescence intensity with intensities of known concentrations of rhodamine 6G in the medium.
To achieve this, a calibration curve was constructed with known concentrations of rhodamine 6G

in the release medium (Figure 3.4, Figure B3, Figure B4).
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Figure 3.4 a. Emission spectra of known concentrations of rhodamine 6G in phosphate buffer
collected for the calibration curve. b. Calibration curve.

The percentage of dye released into the surrounding medium at a given time was
determined by comparing the number of moles of dye in the medium at a given time with the
initial number of moles of the dye in the gel. Percentage of dye released into the surrounding
medium was plotted as a function of time (Figure 3.5, Figure B5). A gradual release of the dye
was observed with time. As seen in Figure 3.5 and Figure B5, release of rhodamine 6G was
unaffected by the presence of CBJ[6] in the gel. The time period to reach half the maximum

release (T12) was 100 min for all the gels irrespective of the CB[6] concentration.
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Figure 3.5 Release profile for rhodamine 6G (10 uM) from NaDC gels (50 mM) with different
CB[6]/NaDC ratios: 0 (red), 0.05 (blue), 0.1 (green), 0.15 (black).
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3.3.2 Release experiments of rhodamine 6G (1 mM) in NaDC-CBJ6] gels

Release studies were also performed at a higher concentration of rhodamine 6G (1 mM)
to understand if at the higher concentrations of rhodamine 6G, release can be affected by the
presence of CB[6]. My hypothesis is that at higher concentrations of rhodamine 6G, dye
molecules compete with cations in buffer to interact with CB[6], which in turn may affect the
release pattern. Gels with CB[6]/NaDC ratios of 0, 0.05, 0.1, 0.15 were loaded with 1 mM
rhodamine 6G. At 1 mM rhodamine 6G, the dye concentration in the gel is high and fluorescence
intensities fall out of the linear range for the calibration curve. Therefore, instead of measuring
fluorescence, the release study was done by measuring absorbance of the dye into the release
medium at a given time. Absorbance was tracked over a time period of 550 min. As seen in
Figure 3.6 and Figure B6, the absorbance at 526 nm for rhodamine 6G at the end of the release
experiment is consistent for gels at CB[6]/NaDC ratios of 0, 0.05, 0.1. However, for gels with
0.15 CB[6]/NaDC ratio, the absorbance at 526 nm for rhodamine 6G at the end of the experiment

is almost three-fold higher compared to gels at lower CB[6]/NaDC ratios.
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Figure 3.6 Absorption spectra of the surrounding medium collected at different time points
during the release of rhodamine 6G (1 mM) from NaDC gels (50 mM) with different
CB[6]/NaDC ratios: 0 (a), 0.05 (b), 0.1 (c), 0.15 (d). Time interval 0-550 min.

A calibration curve with known concentrations of rhodamine 6G was constructed to
quantify the amount of dye released into the surrounding medium from the gel at a given time.
Absorbance values at 526 nm were plotted as a function of the dye concentration to determine

the calibration curve, which in this case is linear (Figure 3.7).
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Figure 3.7 a. Absorption spectra of known concentrations of rhodamine 6G in phosphate buffer
collected for the calibration curve. b. Calibration curve.

The percentage of dye released was determined by comparing the moles of dye in the
surrounding medium at a given time with the initial number of moles of the dye in the gel. The
percentage of dye released was plotted as a function of time. As seen in Figure 3.8 and Figure

B7, the release pattern of the dye is similar for gels at CB[6]/NaDC ratios of 0, 0.05, 0.1.
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Figure 3.8 Release profile for rhodamine 6G (1 mM) from NaDC gels (50 mM) with different
CB[6]/NaDC ratios: 0 (red), 0.05 (blue), 0.1 (green), 0.15 (black).

However for gels at CB[6]/NaDC ratios of 0.15, a burst release pattern was observed

where the percentage release reached a maximum value before the first reading collected at 60
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min. After an initial rise, the gradual fall of the amount of dye released for 0.15 CB[6]/NaDC gel
suggests that either the aggregation of the dye or that other absorption artefacts may be occurring
in the surrounding medium.

Results with the hydrophilic dye rhodamine 6G showed that at the lower concentration
of rhodamine 6G, release was unaffected by the presence of CB[6]. However at higher
concentrations of rhodamine 6G, dye release was found to be affected only at the highest

CB[6]/NaDC ratio studied.

3.3.3 Release experiments of pyrene (5 uM) in NaDC-CB[6] gels

Primary aggregates of NaDC have hydrophobic sites which can interact with
hydrophobic guest molecules.'*® | chose pyrene as a hydrophobic dye to perform release studies
and to understand how CBJ[6] affects the release of a dye which is known to interact with the
hydrophobic regions of the gel. Gels with CB[6]/NaDC ratios of 0, 0.05, 0.1, 0.15 loaded with 5
uM pyrene were used for the release experiments. Emission spectra of pyrene in the release
medium were collected at different time intervals (Figure 3.9, Figure B8). As seen in Figure 3.9
and Figure B8, fluorescence intensities of pyrene in the release medium at a given time varied
with the concentration of CB[6] in the gel, unlike the constant release of rhodamine 6G at the
lowest rhodamine 6G concentration studied. At a given time, fluorescence intensities of the

release medium were lower for the gels at highest CB[6]/NaDC ratios.
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Figure 3.9 Emission spectra of the surrounding medium collected at different time points during
the release of pyrene (5 uM) dye from NaDC gels (50 mM) with different CB[6]/NaDC ratios: 0
(@), 0.05 (b), 0.1 (c), 0.15 (d). Time interval 0-360 min.

The number of moles of pyrene in the medium at a given time was calculated by
comparing intensities at a given time with a known calibration curve of pyrene in phosphate
buffer (Figure 3.10, Figure B9). The percentage of dye released into the surrounding medium at a
given time was determined using equation 3.2 and the data obtained were plotted as a function of

time (Figure 3.11, Figure B10).
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Figure 3.10 a. Emission spectra of known concentrations of pyrene in phosphate buffer collected
for the calibration curve. b. Calibration curve.

As shown in Figure 3.11 and Figure B10, the amount of dye released from the gel into
the surrounding medium decreased with the increase in the CB[6]/NaDC ratio in the gel.
However, the relationship between the percent of dye released with the CB[6]/NaDC ratio is not
linear. Gels with a CB[6]/NaDC ratio of 0.05 reported a 10% dye release at the end of the
experiment. Gels with a CB[6]/NaDC ratio of 0.1 reported a 3% dye release at the end of the
experiment. The time period to reach half the maximum release (T1/2) was found to be around 95
min for the gels irrespective of the CB[6] concentration. The release results with pyrene (5 puM)
and rhodamine 6G (10 uM) indicate that CB[6] affects the release kinetics differently for each of
these dyes. These differences can be due to the different locations for the dyes in the gels due to

their different hydrophobicities.
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Figure 3.11 Release profile for pyrene (5 uM) from NaDC gels (50 mM) with different
CBJ6]/NaDC ratios: 0 (red), 0.05 (blue), 0.1 (green), 0.15 (black).

3.3.4 Loading efficiency of the dyes in NaDC-CB[6] gels

Release experiments require a 20 h resting period for gels before the addition of the
surrounding release medium. Due to this long resting period and the long time periods for the
release studies, dye precipitation from the gel could have occurred which would interfere with
the guantification of the release results. Previous evidence suggested that dyes, such as pyrene or
rhodamine 6G are likely to deposit on glass surfaces or precipitate when the solution is left in
glass containers for certain periods of time.1#” Therefore, it is required to rule out artefacts, such
as the dye precipitation to validate the release results.

Avrtefacts during the resting period of gels for 20 h between the gel preparation and
release studies is ruled out by performing loading experiments. In this control experiment, the
amount of dye in the gel was measured by collecting the absorption spectra before the resting
period at O h and after resting period at 20 h. The loading efficiency was determined using

equation 3.4. To minimize scattering from the gels, the gels were converted into the sol phase by
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heating at 60 °C for 15 min before taking measurements. Loading experiments were performed
for gels with rhodamine 6G and pyrene and the results are shown in Table 3.1.
Table 3.1 LE(%) of dyes in NaDC-CBJ6] gels at CB[6]/NaDC ratios of 0, 0.05, 0.1, 0.15. Dyes

under study are rhodamine 6G and pyrene. Errors correspond to data from two individual
experiments.

NaDC:CB[6] LE%

ratio . :
! Rhodamine 6G / 10 uM Rhodamine 6G / 1 mM Pyrene / 5 uM

without with baseline  without baseline without  with baseline
baseline corrections corrections baseline  corrections
corrections corrections

0 101+1 101+1 110+£20 102+4 100.£1

0.05 101+1 101+1 110.£1 101+3 97+1

0.1 1011 101+1 107+8 101+1 98+1

0.15 103+6 102+8 110+20 100+10  140+30

At higher concentrations of CBJ[6], | observed scattering from the sol sample which
appears as a continuous increase in the absorbance as the wavelength is decreased (Figures B11,
B12, B13, B17). Since Rayleigh scattering is inversely proportional to the fourth power of the
wavelength, scattering is more prominent in the spectra of dyes which absorb at shorter
wavelengths. Baseline corrections were performed for the raw data and the results are shown in
Table 3.1. The results for the loading experiments indicate that no dye precipitation occurred

during the resting period.



78

3.3.5 Mass Balance of the dyes in NaDC-CB([6] gels

Artefacts during the release study, which takes 7 h, were ruled out by performing mass
balance (MB) studies. My hypothesis is that a MB close to 100% indicates the absence of dye
precipitation during the release study. In this control experiment, the amount of dye in the gel
was measured by collecting the absorption spectra of sol samples before the resting period at 0 h.
At the end of the release study, the absorption spectrum of the sol sample was collected. The MB
was determined using equation 3.3. Mass balance experiments were performed for gels with
rhodamine 6G and pyrene and the results are shown in Table 3.2.

Scattering from the sol samples (Figures B14, B15, B16) was subtracted using baseline
corrections and the results for the calculated MB values were shown in Table 3.2. Results from
mass balance experiments indicate that dye precipitation during the release study did not occur.
Table 3.2 MB(%) for dyes in NaDC-CB[6] gels at CB[6]/NaDC ratios of 0, 0.05, 0.1, 0.15. Dyes

under study are rhodamine 6G and pyrene. Errors correspond to data from two individual
experiments.

NaDC:CBI[6] MB%

ratio
Rhodamine 6G / 10 uM Rhodamine 6G / 1 mM Pyrene / 5 uM
without with baseline  without baseline without  with baseline
baseline corrections  corrections baseline  corrections
corrections corrections

0 93+2 99+2 120+10 110.£2 11248

0.05 9743 101+£3 80+20 11545 113+3

0.1 96=+1 100.£1 90.+4 132+6 126+1

0.15 101+9 110£10 90£10 90+20 127+4
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3.3.6 Release mechanism of the dyes in NaDC-CB[6] gels

Pyrene was chosen for the release studies because it has unique photophysical
properties. The emission spectrum of pyrene has 5 vibronic bands, where the ratio of the vibronic
bands | (at the peak close to 368 nm in the emission spectra) and 111 (at the peak close to 378 nm
in the emission spectra) is sensitive to the polarity of the environment around pyrene.*'* The I/I1I
ratio of pyrene in phosphate buffer was 1.93+0.01, and in NaDC solutions this ratio was
0.77+0.01. The observed I/111 ratio for pyrene is the weighted average of /11l ratios for pyrene
located in different environments within the gel. For example, the I/111 ratio of pyrene in the
NaDC-CBJ[6] solution (1.28+0.06) was between the I/111 ratio in NaDC (0.77+0.01) and the I/111
ratio in CBJ[6] solution (1.92+0.03).

The purpose of this study was to identify if the release of the dye corresponds to the
release of the free dye or release of dye along with NaDC aggregates. The release medium at the
end of the release study was analyzed to obtain the information on the mechanism of dye release.
Pyrene (2 pM) was added to the release medium and the I/111 ratios were obtained to investigate
the polarity of the environment around pyrene. My hypothesis is that if NaDC aggregates
diffused along with the dye into the surrounding medium, | would expect a lower I/111 ratio. The
I/111 ratios for various release mediums are reported in Table 3.3. The results for the I/111 ratios
show that the polarity of the environment around pyrene in the release medium was unchanged
across different media and this value is close to the I/111 ratio in phosphate buffer. This result
indicates that release of pyrene from the gel into the surrounding medium corresponds to the

diffusion of free dye from the gel into the medium.
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Table 3.3 Pyrene I/I11 ratios in different release mediums.

Release medium I/II1 ratio

Rhodamine 6G/NaDC gel 1.95+0.02
Rhodamine 6G/NaDC-CBJ6] gel 1.90+0.01
Pyrene/NaDC gel 1.93+0.01

Pyrene/NaDC-CBJ6] gel 1.88+0.01

3.4 Discussion

Fluorescence correlation spectroscopy (FCS) experiments performed in the group
showed that the NaDC gel is made of aggregates out of which some of the aggregates are in the
aqueous phase of the gel while other aggregates are in the gel structure.®® The hydrophobic effect
and hydrogen bonding play a major role in the formation of bile salt aggregates.**® Rhodamine
6G is a positively charged molecule that can interact with the negatively charged carboxylate
groups on NaDC. Because of its hydrophilic nature, | expect rhodamine 6G to be located in the
aqueous phase of the gel. However, a fraction of rhodamine 6G molecules can interact with the
negatively charged carboxylate groups on the surface of the NaDC aggregates. Since rhodamine
6G in the aqueous phase is in equilibrium with the dye in the gel’s structure, the addition of the
surrounding medium displaces the equilibrium between free and bound rhodamine 6G in the gel
and the release rate is the time it takes to establish the new equilibrium.

For NaDC-CB[6] gels, the hydrogen bonds formed between hydroxyl groups of NaDC
and the carbonyls of CB[6] or/and electrostatic interactions between the carboxylate moiety of
deoxycholate and Na* ions bound to the portal of CB[6] are possible interactions involved in the

formation of the gel. The microscopy studies (chapter 2) suggested that CB[6] incorporates more
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NaDC aggregates into the gel structure from the aqueous phase by providing an extra handle for
hydrogen bonding and electrostatic interactions between the NaDC aggregates. As a result, there
will be fewer NaDC aggregates free to diffuse in the aqueous phase. Positively charged
molecules binding to the outer portals of CB[n]’s are well reported in the literature.'3 Besides
the interaction of rhodamine 6G with NaDC, a competition between Na* cations in the buffer and
rhodamine 6G for the binding to the portals of CB[6] is possible. Given the large excess of Na*
cations compared to rhodamine 6G in the gel, the binding of rhodamine 6G with CBJ[6] is
unlikely. My findings suggest that the diffusion of rhodamine 6G from the gel into the medium
was unaffected by the presence of CB[6], which excludes the possibility of CB[6] binding to
rhodamine 6G. The similar dye release pattern for NaDC and NaDC-CBJ6] gels (Figure 3.5)
indicate that the dye release corresponds to free rhodamine 6G in the aqueous phase of the gel.
These results show that the time it takes for rhodamine 6G to reestablish the equilibrium between
the gel’s structure and the entrapped aqueous phase is not affected by the addition of CB[6].

At the higher concentration of rhodamine 6G, the number of positively charged
rhodamine 6G molecules interacting with NaDC aggregates increases. The added interactions in
the gel at the higher rhodamine 6G concentration may have strengthened the gel which led to a
slowdown of the diffusion of free rhodamine 6G molecules from the aqueous phase into the
surrounding medium. This slow-down was reflected in the dye release studies, where the
percentage of dye released was lower for the gel with 1 mM rhodamine 6G (Figure 3.8)
compared to the gel with 10 pM rhodamine 6G (Figure 3.5). Although studies'*® showed that
rhodamine 6G forms a dimer at 1 mM, the release was expected to occur for the monomer
(Amax 526 NM) as the formation of dimer (489 nm) was ruled out based on the absorption

spectra. The addition of CBJ[6], as per my hypothesis, led to a higher fraction of NaDC
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aggregates to be immobilized in the gel structure compared to the aqueous phase. The inclusion
of rhodamine 6G bound NaDC aggregates from the aqueous phase into the gel structure leads to
enhanced hydrogen bonding interactions between NaDC/rhodamine 6G. Higher concentrations
of rhodamine 6G in the gel increase the likelihood of rhodamine 6G interactions with the portals
of CB[6] compared to Na* cations binding with CB[6]. The new interactions between
NaDC/rhodamine 6G and CB[6]/rhodamine 6G break the existing interactions between NaDC
aggregates and increases separation between the aggregates. The increased separation between
aggregates at higher CB[6]/NaDC ratios result in faster release of rhodamine 6G from the NaDC-
CBI6] gel as shown in Figure 3.8. A similar phenomenon was observed in a release study of
methylene blue, which is a cationic dye, from NaDC/NaCl gels in the presence of amino acids.”*
It was observed that L-lysine (L-Lys) disrupts hydrogen bonding between NaDC molecules and
the formation of new hydrogen bonding between NaDC and L-Lys (or between L-Lys and L-
Lys) influences the strength and ordering of the intermolecular interactions between NaDC,
NaCl, and water resulting in faster release of methylene blue. The concentration ratio between L-
Lys and NaDC is 1:1, whereas the concentration ratio in my case of rhodamine 6G to NaDC ratio
is 0.02:1. Therefore, the role of dye interactions with NaDC aggregates was ignored in the amino
acids/NaDC/NaCl study due to the predominance of other molecules in the system. A gel
breaking up as a result of new interactions through hydrogen bonding in the amino
acids/NaDC/NaCl work agrees with my understanding of release studies (Figure 3.8), where the
new interactions between amino acids and gel aggregates increases the separation between
aggregates leading to more aggregates becoming part of the aqueous phase, which resulted in the
faster release of methylene blue. A similar study of drug-NaDC interactions destroying the gel

structure was observed by Snowden and coworkers.*° In this study, addition of drugs into gels
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showed a spectral shift of a broad peak in the infra-red spectra, indicating the destruction of
hydrogen bonding between NaDC aggregates and the formation of new hydrogen bonding
interactions between NaDC and the drug molecule.

NaDC aggregates have sites that bind hydrophobic guest molecules.'*® Pyrene is a
hydrophobic dye primarily located in the hydrophobic regions of the aggregates. The I/111 ratios
of pyrene in 50 mM NaDC gel was 0.77 £ 0.01, which indicates that pyrene molecules are
located in a hydrophobic environment in the NaDC gel. Time resolved fluorescence
measurements for pyrene in NaDC gels were fit to two lifetimes corresponding to pyrene in
water and pyrene bound to NaDC aggregates. The I/111 ratios and lifetime measurements suggest
that pyrene is bound to hydrophobic regions of NaDC aggregates.%® Based on my hypothesis
from chapter 2, | expect that pyrene partitions between NaDC aggregates in the aqueous phase
and the gel structure. Based on the release data, the 22% of pyrene released correspond to the
maximum amount of pyrene that can be released based on its solubility in water (0.7 uM).

CBJ6] was chosen over the other members of the CB[n] family, which have larger
cavity sizes, to ensure that the inclusion of pyrene into the CB[6] cavity was not possible.
However reports suggest that pyrene can weakly interact with CB[6] (K = (3.1 £0.9) x 10°M!
in 50% wi/v of formic acid at 15 °C).*>! Due to pyrene’s hydrophobic nature and weak interaction
of this dye with CB[6], | expect a partitioning to occur for pyrene between aggregates in the
aqueous phase of the gel, aggregates in gel structure and with CB[6] in the gel.

Addition of CBJ[6] leads to the incorporation of pyrene bound to NaDC aggregates into
the gel structure. As more pyrene molecules become a part of the gel structure at higher
concentrations of CB[6], the number of pyrene molecules freely diffusing in the agueous phase

of the gel was decreased. Since, it takes more time for pyrene to travel through the aggregates in
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the gel structure, the amount of pyrene released from the gel was decreased. However, the effect
of CB[6] on the release kinetics with the CB[6] concentration in not linear, indicating that the
incorporation of aggregates into the gel structure reaches a limit above a specific concentration
of CB[6].

In a work on NaDC-TRIS gels, it was shown that increasing the TRIS buffer
concentrations led to an increase in hydrogen bonding interactions in the gel, which was reported
to increase the size of the water pockets in the gel.%? These larger water pockets at higher TRIS
concentrations led to faster release of large molecules, such as bovine serum albumin (BSA). In
my work, | have no evidence that suggested that hydrogen bonding interactions between
NaDC/CBJ6] increased the size of water pockets in the gel. However, even if the water pockets
are affected by CB[6], it had no impact on the release of a small molecule, such as pyrene.

Dual release kinetics in NaDC/TRIS gels were reported for the rhodamine B and
fluorescein dyes.*>? In this work, dyes are encapsulated in core-shell NaDC/TRIS gels, where the
core and shell are formed by varying the TRIS/NaDC concentration ratio. This study is a proof
of concept for combinatorial drug release from NaDC/TRIS gels, where the dyes rhodamine B
and fluorescein that are encapsulated respectively in the core and shell, have different release
rates due to microstructural differences between core and shell. In the NaDC/TRIS study, dyes
are loaded into different regions, such as the core/shell of the hydrogels during the sample
preparation to tune the release kinetics. Unlike the NaDC/TRIS study, CB[6] addition in the
work changed the localization of dyes in the gel between the aqueous phase and the gel structure.
In the absence of CB[6], although evidence suggested that location of pyrene and rhodamine 6G
are different in NaDC gels, the release kinetics are similar (red traces in Figure 3.5 and 3.11).

However, in the NaDC/TRIS study, the location of rhodamine B and fluorescein contributed to



85

distinct release profiles. The core/shell morphology reported in NaDC/TRIS gels cannot be
applied to my work because the preparation of NaDC gels and buffers used are different between
the two studies. Although the two studies were focused on achieving tunable release rates by
changing the microenvironment around the dyes, the strategy used to achieve this goal differed.
Investigation of the dye release mechanism further validated my observation that the
dye released corresponds to the dye in the aqueous phase. The similar I/111 ratios of pyrene in the
release medium and the phosphate buffer control experiment indicates that the dye released into
the surrounding medium corresponds to free dye. The I/111 ratio of the surrounding medium in
the pyrene release study show that pyrene released corresponds to diffusion of free pyrene from

aggregates in the aqueous phase.

3.5 Conclusion

While there were reports on changing the microenvironment around dyes and loading
these dyes into preferential regions of interest of the gel to tune the release kinetics, this is the
first study that reports on the role of an additive in changing the distribution of dyes in different
regions in the gel, thereby affecting the release properties. The study highlights the multiple
interactions between additive and gelator; between dyes and gelator are the key factors to tune
the release kinetics of small molecules from the gel. Although the results highlight that the
release kinetics changes as a function of additive concentration, it is evident that the
concentration of additive is not directly proportional to the percent of dye release. In order to
establish a generic understanding of the release mechanism, it is important that the release
kinetics be studied for dyes with different properties to ensure that the effect of additive
introduction to the gels is investigated instead of properties related to the effect of a specific dye.

This study points out that to understand how all components in a gel interact with each other is



integral in controlling the properties of a gel. This chemistry creates an opportunity to achieve

control in the rational design of drug delivery systems.

86
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Chapter 4 Role of CB[6] on the distribution and dynamics of small molecules in NaDC gels
4.1 Introduction

The release studies in chapter 3 suggest that the hydrophilic and hydrophobic dyes are
located in different regions of the gel. The hypotheses developed based on the DLS and
microscopy results in chapter 2 suggest that CB[6] plays an active role in the incorporation of
NaDC aggregates from the aqueous phase into the gel structure. The hypotheses generated in
chapter 2 and chapter 3 are tested in this chapter through colocalization studies using CLSM.

Colocalization studies are used to determine if two dyes are localized within a certain
volume in a given image. Colocalization occurs when dyes bind to targets that lie in close
proximity within the gel structure. For example, consider a sample tagged with two dyes A and
B. Dyes A and B are represented by red and green emission channels. In a given area, images are
collected in each emission channels. The images representing each channel are digitally
combined to give a merged image. In a merged image, colocalization of dyes A and B is
represented by the pixels with various shades of orange and yellow (formed by the fusion of
green and red colors). The merged image helps us identify the regions in the sample where the
dyes A and B are colocalized.

The intensity values of each pixel in the two channels representing dyes A (x-axis), B
(y-axis) are plotted against each other to generate a scatter plot (Figure 4.1). The scatter plot
correlates the relationship between two sets of data to determine if colocalization occurs. Scatter
plots are divided into 4 quadrants depending on the thresholds set for the red and green emission
channels. The lower left quadrant 4 in the scatter plot represents pixels that have low intensity
levels in both the channels. Quadrant 1 represents pixels with high green and low red intensities.

Quadrant 2 represents pixels that have low green and high red intensities. Pixels distributed in
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quadrant 1, 2 and 4 indicate a lack of colocalization (Figure 4.1 c-e). Quadrant 3 represents
pixels with high intensity levels in both green and red emission channels. These pixels are
considered to be colocalized (Figure 4.1 a-b). Besides qualitative indication of colocalization,

scatter plots can be used to identify populations in distinct regions of the sample.

ch2l,

.
—

ch2! ch2

Ch1 Ch1 Ch1

Figure 4.1 Scatter plots for the analysis of the microscopy images using two dyes A and B in a
sample showing the presence of colocalization (a,b) and the absence of colocalization (c-¢). 1-4
represents the different quadrants.

Colocalization studies are highly dependent on the resolution of the microscope. The
resolution of any super resolution fluorescence microscope is not sufficient to identify the
binding of two dye molecules through a comparison of their distributions in a given area in the
image. Therefore, two dyes colocalized in the same structure does not mean that an interaction
between these dyes occurs at the molecular level. Such a study of molecular association would
require techniques like fluorescence resonance energy transfer (FRET) or electron microscopy.

In multicomponent gels, colocalization studies have been used to distinguish between
self-sorting or co-assembly. In a work by Hamachi et al. two dyes that bind specifically to the

peptide or the amphiphilic phosphate gelators enabled the visualization of the type of self-
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assembly using confocal microscopy.*® The results from colocalization studies show that each
gelator entangles into separate fibers in the gels confirming the self-sorting mechanism. A
similar study of visualizing self-sorting of supramolecular fibers using colocalization studies has
been performed for functional protein gels.>

In this Chapter, colocalization studies are performed in a two-component gel system
made of the gelator NaDC and additive CB[6]. Studies tagging different components in the gels
with dyes to study the assembly process have been reported in the literature.'> Selection of dyes
for these studies relied on their structural similarity with the gelators, the labelling of gelators
with the dye via chemical bonds, or dyes containing gelators with self-assembled motifs.?53 15 In
contrast, selection of dyes in the current colocalization studies relies on the properties of NaDC
and CBJ6] as hosts to form supramolecular host-guest complexes.

For the first set of colocalization experiments, gels are tagged with rhodamine 6G
(hydrophilic dye) and nile red (hydrophobic dye) (Chart 4.1). While Rhodamine 6G is expected
to mainly be located in the aqueous phase of the gel, Nile red (pKa ~ 4) is expected to mainly be
localized in the hydrophobic regions of the NaDC aggregates located both in the aqueous phase
and the gel structure. For the second set of colocalization experiments, gels are tagged with
trans-4-[4-(dimethylamino)styryl]-1-methylpyridinium iodide (DSMI) and berberine (Chart
4.1). Berberine is known to interact with NaDC aggregates.*®® DSMI on the other hand, binds

inside the CB[6] cavity.’
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Chart 4.1 Chemical structures of a. rhodamine 6G, b. nile red. c. berberine, d. trans-4-[4-
(dimethylamino)styryl]-1-methylpyridinium iodide (DSMI). The Table shows the length and

height dimensions of dyes in A estimated using Chem Draw.

In chapter 3, it was observed that CB[6] has an effect on the release of a hydrophobic

dye from NaDC gels. However, the release studies reflect the mobility of a hydrophobic dye at a

macroscopic length scale from the gel into the release medium that was placed on top of the gel

(Figure 4.2). Studies in chapter 2 showed that the length scale matters when dealing with

multicomponent supramolecular gels and each length scale gives information which may or may

not reflect the information obtained on a different length scale. In this chapter, the effect of

CB(6] on the mobility of a hydrophobic dye within NaDC gels was studied at a microscopic

length scale (Figure 4.2).
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Figure 4.2 Cartoon representing length scale differences in diffusion of small molecules from the
gel.

Mobility of small molecules in gels at a microscopic length scale can be studied using
techniques, such as fluorescence recovery after photobleaching (FRAP), fluorescence correlation
spectroscopy (FCS), single particle tracking (SPT), nuclear magnetic resonance diffusometry
(NMRd). FRAP relies on local irreversible bleaching of a small area in the sample containing
fluorescent dyes with high intensity laser irradiation, followed by studying the recovery of
fluorescence as a result of diffusion of non-bleached dye molecules from surrounding areas into
the bleached area (Figure 4.3).2%8 Diffusion coefficients obtained from FRAP cover the range
from 0.01to 100 pum?s1.1 SPT is a technique in which single particle trajectories are tracked in
a sample.*6%-162 For SPT, a very thin sample is required to prevent losing the particles from the
focal plane for which the image is collected. Diffusion coefficients obtained from SPT cover the
range from 0.001to 10 um?s1.1%° Since SPT is a single molecule technique, it requires higher

sensitivity, resolution and signal-to-noise ratio compared to FRAP. FCS measures fluorescence
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intensity fluctuations as a result of diffusion of a fluorescent dye in and out of the volume under
focus.*63 Diffusion coefficients obtained from FCS cover the range from 0.1 to 100 um?s 2.2 |n
NMRd, a magnetic gradient is applied to a sample, and the relaxation processes of the molecules
are analyzed to study the diffusion.'64 195 Diffusion coefficients obtained from NMRd cover the
range from 0.001to 100 um?2s1,1%°

FRAP has proven to be a valuable technique to characterize diffusion processes in
hydrogels.*¢ In a work by Hennink et al. FRAP was used to show the continuous release of
proteins from hydrogels.8” In a multicomponent gel system, such as agarose-dextran gels, FRAP
has been used to show hindered diffusion of proteins and polysaccharides in gels compared to
the diffusion in aqueous solutions.®® In work by Hamachi et al. FRAP was used to show the
retainment of fluidity of individual fiber components in a self-sorted supramolecular gel
system.%3 In this chapter, | chose FRAP as a technique to study the mobility of a hydrophobic

dye within NaDC-CBJ6] gels.
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Figure 4.3 Top panel represents the basic FRAP approach. Red panels represent a sample region
containing fluorescent molecules. Panels a-e represents the baseline intensity (a), photo-
bleaching of a circular area (b), time-dependent recovery of fluorescence intensity within the
bleached region (c-e). The arrows reflect the intensity of laser light used during the process. The
bottom panel depicts a typical intensity profile obtained during a FRAP experiment.

FRAP experiments record temporal changes in fluorescence intensity in the bleached
area of the sample thereby generating a kinetic curve (Figure 4.3). The curve is fit to appropriate
models to extract the diffusion coefficient, half-life and mobile fraction in the samples under
investigation.®® The half-life (T12) is defined as the time it takes for the intensity to reach half of
the maximum intensity observed for the recovery (Figure 4.3). The shorter the half-life, the faster
the recovery and the higher the diffusion coefficient. The mobile fraction (M) is the fraction of
recovered fluorescence intensity and gives information about the percentage of freely diffusing
dye molecules in the sample (Figure 4.3).

The ideal fluorescent dye for FRAP studies should satisfy two criteria: the dye should
have a high quantum yield, i.e. be highly fluorescent, and the dye should be moderately
susceptible to photobleaching.'’ The latter is essential to permit bleaching during the bleaching

phase and limiting the bleaching during the recovery phase, when the sample is irradiated with
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an attenuated laser beam. For the FRAP studies in this chapter, the dye should meet an additional
criterion, i.e. the dye should be hydrophobic to ensure its localization inside of the hydrophobic
regions of the NaDC aggregates. Based on the above considerations, nile red was chosen as the

dye for the FRAP studies described in this chapter.

4.1.1 Objectives

The first objective of the colocalization experiments described in this chapter is to
obtain insights on the location of a hydrophilic and a hydrophobic dye in the gel. The second
objective of the colocalization experiments is to determine if CB[6] is present in the immobile
gel structure. The objective of the FRAP studies is to study how CBJ[6] affects the mobility of a

hydrophobic dye, such as nile red within NaDC gels at a microscopic length scale.

4.2 Experimental
4.2.1 Materials
NaDC (Fluka, > 98%), NaH2PO4 (Anachemia, > 98%), Na2HPO4 (Anachemia, > 98%), methanol
(Fisher grade), rhodamine 6G (Sigma Aldrich, 99%), N-(4-aminophenyl)imidazole (API, Sigma
Aldrich, 98%), 1,6-diaminohexane (DAH, Sigma Aldrich), hydrochloric acid (HCI, BDH 36.5-
38%), deionized water (Barnstead NANOpure deionizing systems, 17.8 MQ cm) were used as
received. Coverslip (24 x 60 mm, 0.16-0.19 mm thickness), Press-To-Seal Silicone isolator
(Round well, 9 mm diameter, 0.8 mm depth), adhesive on both sides, Grace Biolabs),
HybriWell™ Sealing System (21.6 mm x 21.6 mm X 0.25 mm), 110 pL approximate volume,
25.5 mm x 30 mm OD, Fluor “Friendly” Adhesive Chamber, Grace Biolabs) were used for
microscopy experiments.

The DAH salt was recrystallized by adding acetone (15 mL) to a 11 mmol DAH

solution dissolved in 1.85 mL concentrated HCI, followed by vacuum filtration to obtain white



95

crystals. The sample CB[6]-AA-3 (purity 91%) was used in this study. CB[6] was synthesized
and purified based on the standard protocols in the group.%® The CB[6] concentration was
determined by titrating the stock solutions with recrystallized DAH. In this titration, DAH?*
displaces API* bound with CB[6] leading to a decrease in the steady-state fluorescence intensity

of API*.

4.2.2 Colocalization studies with rhodamine 6G/nile red and rhodamine 6G/berberine

Rhodamine 6G (0.5 mM), berberine (0.5 mM) and nile red (0.5 mM) stock solutions
were prepared in methanol. Phosphate buffer stock solutions (0.5 M) at pH 6.5 were prepared by
mixing appropriate volumes of NaH2PO4 (0.5 M) and NazHPO4 (0.5 M) stock solutions. NaDC
stock solutions (0.2 M) were prepared in deionized water. The NaDC stock solution was heated
at 60 °C for 15 min to dissolve the NaDC solid. NaCl stock solutions (1 M) were prepared in
water.

For NaDC gels, 125 pL of the NaDC stock solution and 321 pL of deionized water was
added into a 3-dram sample vial. The solution was heated at 60 °C for 15 min. While this
solution was hot, 2 pL of each of the dye stock solutions and 50 puL of the phosphate buffer
solution were added, followed by heating of this mixture at 60 °C for 15 min. For NaDC-CB[6]
gels, 4.1 mg of CB[6] was dissolved in 321 pL of deionized water and 50 pL of the phosphate
buffer. The addition of phosphate buffer led to the solubilization of CB[6] at room temperature.
This solution was heated for 15 min at 60 °C. While the solution was hot, 2 pL of each of the dye
stocks and 125 pL of the NaDC solution were added, followed by heating at 60 °C for 15 min.

The final concentrations of NaDC and phosphate buffer in the gel samples were the
same at 50 mM. The final concentrations of CB[6] in the gel sample was 7.5 mM. The final

concentration of dyes in the gel samples was 2 pM each.
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For NaDC solutions, 125 pL of the NaDC stock solution and 296 pL of deionized water
was added into a 3-dram sample vial. The solution was heated at 60 °C for 15 min. While this
solution was hot, 2 pL of each of the dye stock solutions and 75 pL of the NaCl stock solution
were added, followed by heating of this mixture at 60 °C for 15 min. For NaDC-CBJ6] gels, 4.1
mg of CB[6] was dissolved in 296 uL of deionized water and 75 pL of the NaCl stock solution.
The addition of NaCl led to the solubilization of CB[6] at room temperature. This solution was
heated for 15 min at 60 °C. While the solution was hot, 2 pL of each of the dye stock solutions
and 125 pL of the NaDC solution were added, followed by heating at 60 °C for 15 min.

The final concentrations of NaDC and NaCl in the solutions were 50 mM and 150 mM,
respectively. The final concentrations of CBJ[6] in the solution was 7.5 mM. The final
concentration of dyes in the solutions was 2 uM for each dye.

Coverslips and gaskets were rinsed with water and methanol before use. Approximately
100 pL of the sample was transferred into the gasket immediately after sample preparation. The
gasket was sealed by placing a glass coverslip on top of the open side of the gasket. The gasket
was left at room temperature for 20 h (resting period) before carrying out any measurements.

For samples with nile red and rhodamine 6G, images were collected using an inverted
CLSM microscope (Zeiss LSM 880) equipped with a 488 nm Argon laser and a 543 nm He-Ne
laser. Images were collected using a 63 oil immersion objective (NA 1.4). Laser intensities
were set at 30% and 20% for the 488 nm and 543 nm lasers, respectively. The excitation filter
MBS 488/543 nm was used. The pinhole diameter was set to 2 Airy Unit (AU). The range for the
emission wavelengths for the channel detecting the rhodamine 6G emission was set to 515-550
nm, while the channel for the detection of nile red was set to 650-730 nm. The detector gains for

the rhodamine 6G and nile red channels were set at 800 and 700 V, respectively. The equipment
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was controlled using the Zen Black software. Images were acquired with an optimal pixel size
chosen by the software, and 12 bits of pixel depth. Images were collected with an optimal frame
size 0f 992 x 992 pixels. To avoid any surface effects at the coverslip, images were collected at a
particular depth in the sample (~50 pm).

For samples with berberine and rhodamine 6G, images were collected using an inverted
CLSM microscope (Zeiss LSM 880) equipped with a 488 nm Argon laser and a 405 nm diode
laser. Images were collected using a 63x oil immersion objective (NA 1.4). Laser intensities
were set at 20% for both the lasers. The excitation filters MBS 488 and MBS 405 were used. The
purpose of the laser filters is to select specific wavelengths to illuminate the dye of interest. The
pinhole diameter was set to 3 Airy Unit (AU). The range of the emission wavelengths for the
detection channel was set to 515-550 nm. The detector gain for the channel was set at 800 V.
Since both the dyes emit in the same spectral region, the experiment was done in two tracks,
where in track 1 the sample was excited with the 405 nm laser and in track 2 the sample was
excited with the 488 nm laser. Images were acquired with an optimal pixel size chosen by the
software, and 12 bits of pixel depth. Images were collected with an optimal frame size of 732
x 732 pixels. To avoid any surface effects at the coverslip, images were collected at a particular

depth in the sample (~50 pm).

4.2.3 Colocalization studies with DSMI and berberine

DSMI (0.5 mM) and berberine (0.5 mM) stock solutions were prepared in methanol.
Phosphate buffer stock solutions (0.5 M) at pH 6.5 were prepared by mixing appropriate volumes
of NaH2PO4 (0.5 M) and Na2HPO4 (0.5 M) stock solutions. NaDC stock solutions (0.2 M) were
prepared in deionized water. The NaDC stock solution was heated at 60 °C for 15 min to

dissolve the NaDC solid. NaCl stock solutions (1 M) were prepared in water.
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Gels and solutions were prepared in the same way as described in the previous section
with DSMI and berberine added as dyes. The final concentrations of NaDC and phosphate buffer
in the gel samples were the same at 50 mM. The final concentrations of NaDC and NaCl in the
solutions were 50 mM and 150 mM, respectively. The final concentrations of CB[6], DSMI,
berberine in gels and solutions were 7.5 mM, 2 uM and 2 uM, respectively.

Coverslips and gaskets were rinsed with water and methanol before use. Approximately
100 pL of sample was transferred into the gasket immediately after sample preparation. The
gasket was sealed by placing a glass coverslip on top of the open side of the gasket. The gasket
was left at room temperature for 20 h (resting period) before carrying out any measurements.

Images of the samples were collected using an inverted CLSM microscope (Zeiss LSM
880) equipped with a 488 nm Argon laser and a 405 nm diode laser. A 63x oil immersion
objective (NA 1.4) was used. The laser intensity was set at 20% and the excitation filters MBS
488 and MBS 405 were used. The purpose of the use of the laser filters is to select specific
wavelengths to illuminate the dye of interest. The pinhole diameter was set to 2 AU. The
emission range for the berberine channel detector was set to 515-550 nm and for the DSMI
detector this range was set to 580-650 nm. The detector gain for the berberine and DSMI
channels were set at 700 and 600 V, respectively. The equipment was controlled using the Zen
Black software. Images were acquired with an optimal pixel size chosen by the software, and 12
bits of pixel depth. Images were collected with an optimal frame size of 732 x 732 pixels. To
avoid any surface effects at the coverslip, the images were collected at a particular depth in the

sample (~50 pm).
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4.2.4 FRAP studies

The nile red (0.5 mM) stock solution was prepared in methanol. Phosphate buffer stock
solutions (0.5 M) at pH 6.5 were prepared by mixing appropriate volumes of NaH2PO4 (0.5 M)
and Na2HPO4 (0.5 M) stock solutions. NaDC stock solutions (0.2 M) were prepared in deionized
water. The NaDC stock solution was heated at 60 °C for 15 min to dissolve the NaDC solid.
NaCl stock solutions (1 M) were prepared in water.

Gels and solutions were prepared in the same way as described in the previous section
with nile red as the added dye. The final concentrations of NaDC and phosphate buffer in the gel
samples were the same at 50 mM. The final concentrations of NaDC and NaCl in the solutions
were 50 mM and 150 mM, respectively. The final concentrations of CB[6] and nile red in gels
and solutions were 7.5 mM and 2 pM, respectively.

Coverslips and gaskets were rinsed with water and methanol before use. Approximately
100 pL of sol was transferred into the gasket immediately after sample preparation. The gasket
was sealed by placing a glass coverslip on top of the open side of the gasket. The gasket was left
at room temperature for 20 h (resting period) before carrying out any measurements.

FRAP experiments were conducted on Zeiss LSM 880 microscope equipped with a 543
nm He-Ne laser and a 63x oil immersion objective lens (NA 1.4). Nile red was excited using a
543 nm laser (10% intensity) and the emission was collected in the range of 650-740 nm. The
MBS 488/543 nm laser filter was used to select specific wavelengths to illuminate the dye of
interest. Images upto 100 scans were collected at a resolution of 512 x 512 pixels over an area of
135 um? continuously. The size of the pinhole was set at 3 AU with a detector gain of 600 V. All
experiments were conducted at room temperature and at a depth of 100 um in the sample from

the surface of coverslip to avoid any surface artefacts.
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4.3 Results
4.3.1 Colocalization studies with rhodamine 6G/nile red and rhodamine 6G/berberine

The purpose of this colocalization study is to verify the hypothesis that a hydrophilic
dye and a hydrophobic dye are located in different regions of the gel. Colocalization experiments
were carried out for rhodamine 6G and nile red that correspond to a hydrophilic dye and a
hydrophobic dye, respectively. Rhodamine 6G and nile red interact with the gels differently.
Despite being mainly in the aqueous phase of the gel, rhodamine 6G due to its positive charge,
can interact with the negatively charged carboxylic acid groups on NaDC aggregates leading to a
distribution of rhodamine 6G between the aqueous phase and the gel structure. As discussed in
chapter 2, rhodamine 6G can weakly interact with the portals of CB[6], however given the
excess concentration of sodium cations compared to rhodamine 6G in the samples, the
interaction of rhodamine 6G with CB[6] is unlikely. Nile red is weakly fluorescent in water but
shows strong fluorescence in hydrophobic environments.'”* Mishra et al. showed that nile red
resides in the hydrophobic regions of NaDC aggregates.'3> Although CB[6] can accommodate
hydrophobic dyes inside its cavity,'’ the size of nile red is too large to fit into the cavity of
CB[6].172 Therefore, nile red does not interact with CB[6] in the gel.

It was evident from the microscopy results in chapter 2 that CLSM provides information
on the immobile gel structure, while the aggregates in the aqueous phase appear as a background
intensity. The bench mark of interest to show colocalization is the yellow color coding in the
merged image formed as a result of the mixing of the green and red emission channels specific to
the dyes and the distribution observed in the scatter plots.

Despite providing rich information about the sample, colocalization experiments often

result in artefacts that lead to the misinterpretations of the data. For example, strong fluorescence
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cross talk of dyes between the emission channels can result in false positives. High levels of
cross talk can make images unusable for extracting any quantitative colocalization
information.t’* Although nile red and rhodamine 6G have distinct emission profiles with their
maxima around 650 and 550 nm respectively, it is important to rule out the possibility of any
cross talk for the dyes between the emission channels. Cross talk can be examined by collecting
the images of gels with a single dye using the same experimental settings as for the
colocalization experiment. For samples with a single dye, features appearing in both the emission
channels is an indication of cross talk. Cross talk control experiments for nile red and rhodamine
6G in NaDC-CBI6] gels are shown in Figure 4.4. The results indicate that nile red is specific to
the red channel, whereas rhodamine 6G was detected in both channels confirming that cross talk

occurred for this dye.
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Figure 4.4 Confocal images of NaDC-CB[6] gel (0.15 CB[6]/NaDC ratio) tagged with
rhodamine 6G (a,b) and nile red (c,d). Left and right panels represent emission channels that
correspond to rhodamine 6G and nile red, respectively.

Due to cross talk between rhodamine 6G and nile red at the given bandwidths of the
detection channels, colocalization experiments were attempted with berberine and rhodamine
6G, which correspond to a hydrophobic and a hydrophilic dye, respectively. Since berberine and
rhodamine 6G have similar emission maxima, cross talk evaluation was not possible in this case.
Therefore, the dyes berberine and rhodamine 6G are excited separately with different lasers and
the obtained images were merged to get insights on the colocalization. Colocalization
experiments of berberine and rhodamine 6G in solutions act as a positive control. Unlike the

compartmentalized nature of gels, solutions are homogeneous, therefore, studies in solutions
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should reflect colocalization. The yellowish-green color coding in the merged images shown in

Figure 4.5 demonstrates the colocalization of dyes in solutions.

Figure 4.5 Confocal images of NaDC-CB[6] solutions tagged with berberine (green color) and
rhodamine 6G (red color) (2 uM each) at CB[6]/NaDC ratios of 0 (a-c), 0.15 (d-f). Panels (a,d),
(b,e) and (c,f) corresponds to the berberine channel, rhodamine 6G channel and merged
channels, respectively.

Results for colocalization studies for berberine and rhodamine 6G in NaDC gels are
summarized in Figure 4.6 and Figure C1. The aqueous phase in the gel has similar color coding
as for the image obtained for solutions, whereas the spherical features constituting the gel
structure are highlighted in yellow color. The scatter plot shows a relatively high contribution
from the berberine channel to the image with little contribution from the rhodamine channel.
These results indicate that the aqueous phase contains both the dyes while the gel structure is

predominantly occupied by berberine.
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Figure 4.6 Scatter plot and merged confocal image of NaDC gel tagged with rhodamine 6G and
berberine (2 uM each). The berberine channel is projected along the x-axis of the scatter plot.
The rhodamine 6G channel is projected along the y-axis of the scatter plot.

In the case of NaDC-CBJ[6] gels, as seen in Figure 4.7 and Figure C2, the aqueous phase
in the gel has similar color coding as the aqueous phase of the NaDC gel. Similar to the NaDC
gel, the gel structure for NaDC-CBJ[6] has a yellow color coding. The scatter plot indicates that
the majority of the contribution to the image is from the berberine channel with some
contribution from the rhodamine 6G channel. The data points in quadrant 3 of the scatter plot
suggest colocalization of dyes in the gel structure. In summary, results from colocalization
studies show that CB[6] affects the distribution of the hydrophilic dye between the aqueous
phase and gel structure. In the absence of CB[6], a hydrophilic dye is located mainly in the
aqueous phase, whereas in the presence of CB[6], the hydrophilic dye is also located in the gel

structure.
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Figure 4.7 Scatter plot and merged confocal image of NaDC-CB[6] gel (0.15 CB[6]/NaDC ratio)
tagged with rhodamine 6G and berberine (2 uM each). The berberine channel is projected along
the x-axis of the scatter plot. The rhodamine 6G channel is projected along the y-axis of the
scatter plot.

4.3.2 Colocalization studies with DSMI and berberine

The purpose of colocalization experiments with DSMI/berberine is to verify the
hypothesis that CB[6] plays an active role in incorporating NaDC aggregates from the aqueous
phase into the gel structure. Berberine and DSMI were chosen such that these dyes bind specific
to NaDC aggregates and CB[6], respectively. Berberine was known to bind to the bile salt
aggregates.'®® Studies showed that berberine can fit inside the CB[7] and CB[8] cavities,
however, the size of berberine is too large to fit inside the CB[6] cavity.”> ¢ DSMI has a low
quantum yield in water, but this dye exhibits strong fluorescence when bound inside the CB[6]
cavity due to the inhibition of the TICT process.'®’

The emission spectra of berberine and DSMI are not well separated, and therefore a
control experiment evaluating the cross talk of dyes between the emission channels was
performed. The results in Figure 4.8 show the occurrence of cross talk between emission

channels when both dyes are excited simultaneously.
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Figure 4.8 Confocal images of NaDC-CBJ6] gel tagged with berberine (a,b) and DSMI (c,d).
Left and right panels represent emission channels for berberine and DSMI, respectively.

Despite the cross talk between the dyes, the hypothesis stated above can still be verified
by specifically exciting DSMI in the gels. The absence of any visible features in the NaDC gel
(Figure 4.9a) showed that DSMI did not bind to NaDC aggregates. The fiber structures in Figure
4.9b show that DSMI was bound to CB[6]. DSMI localization in the fibers is an indication that
CB[6] is a part of the fiber structure. These results suggest that CB[6] plays an active role in

incorporating aggregates from the aqueous phase into the gel structure.
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Figure 4.9 Confocal images of NaDC-CBJ6] gels tagged with berberine and DSMI (2 uM each)
at CB[6]/NaDC ratios of 0 (a), 0.15 (b). DSMI was specifically excited using 488 nm laser and
the emissions in the red (berberine) and green (DSMI) channels were collected.

4.3.3 FRAP study

The purpose of the FRAP experiments is to study how the mobility within NaDC gels of
small molecules, such as nile red, is affected with the addition of CB[6]. In the FRAP
experiment, nile red molecules are bleached using a high-intensity laser power followed by
monitoring the recovery of fluorescence to estimate the transport properties of nile red in
different environments. FRAP experiments were performed for nile red in NaDC and 0.15
NaDC-CBJ[6] gels, both for the aqueous phase and gel structure, and in solutions. For each
sample, three sets of FRAP experiments were performed on different regions of the sample and
the experiments were repeated with independent samples to determine the reproducibility of
these experiments.

To perform a FRAP experiment, three circular regions of interest (ROI) were chosen in
an image.'’” ROI1 (highlighted in the white circle in Figure 4.10) corresponds to the ROl chosen
for bleaching, ROI2 (highlighted in the green circle in Figure 4.10) corresponds to the total area

covered by the gel structure enclosed by ROI1, and ROI3 (highlighted in the yellow circle in



108

Figure 4.10) corresponds to the background. While ROI1 is bleached, ROI1, ROI2 and ROI3 are
analyzed. Although in the NaDC gel the entire gel structure is covered by ROI1 (Figure 4.10a), a
similar circular area surrounding ROI1 as used for the NaDC-CBJ6] gel (Figure 4.10b) was

chosen as ROI2 to keep the conditions constant between the samples.

Gy

10 um P—
10 pm

Figure 4.10 Confocal images of NaDC gel (a), NaDC-CBJ6] gel (0.15 CB[6]/NaDC ratio) (b)
tagged with nile red showing regions of interest for a FRAP experiment.

The radius of ROI1 (white circle), ROI2 (green circle) and ROI3 (yellow circle) in
Figure 4.10 is 75 pixels (~7 pm), 150 pixels (~14 pum) and 75 pixels (~ 7 um), respectively.
Although the chosen ROIs are circular, the actual bleaching occurs in a cylindrical-like volume.
A cylindrical bleached volume avoids any non-bleached dye molecules to enter the focal plane
along the z-axis. Therefore, any influence from the diffusion along the z-axis can be neglected
and diffusion can be simplified to two dimensions.

The FRAP experiment has three stages, i.e. pre-bleaching, bleaching and recovery
stages (Figure 4.11). During the pre-bleaching stage, five reference images were acquired with a
10% laser intensity. Pre-bleach scans with low laser power serve as a control to determine that
the sample is not bleached by the laser irradiation during the recovery phase.”® During the

bleaching stage, ROI1 was bleached with a 100% intensity of the laser intensity for 100
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iterations corresponding to a total bleaching time of 38 s. The bleaching time period is kept
minimal to avoid any melting of the gel due to the high intensity laser power and to minimize
diffusion during the bleaching phase.!”® Finally, in the recovery stage, time scans (no time

interval between scans) were collected at 10% laser intensity. The total experiment time was 2.2

min.
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Figure 4.11 Fluorescence data for ROIs collected as a function of time in a. NaDC gel, b. NaDC-
CB[6] (0.15) gel. i, i, iii correspond to pre-bleaching, bleaching and recovery stages during the
FRAP experiment. Red, blue, green traces correspond to the ROI1, ROI2, ROI3, respectively.

Studies in the literature discuss potential artefacts and pitfalls in the FRAP
experiments.t>® For example, diffusion during the bleach period is often neglected in FRAP
studies leading to an underestimation of diffusion coefficients. To avoid this artefact, the
bleaching time period is kept minimal during FRAP experiments. Diffusion coefficients in FRAP
are dependent on experimental conditions, such as the radius, shape of the bleaching spot and
bleaching duration. Therefore, for the purpose of comparisons between chemically different
environments, the bleaching conditions are kept constant for all studies.

FRAP data were analyzed using the easyFRAP web-based tool.18: 181 |n the first part of
the analysis, at a given time, the intensities of the background (ROI3) were subtracted from the

measured intensities (ROI1 and ROI2) to correct for noise (eq. 4.1).



110

I(®rorr = I(®ronn — 1(Orors
I(Oror2r = I(Ororz = 1(Orors
Eq. 4.1
The data are normalized (Figure 4.12) using eq. 4.2 to correct for differences in

fluorescence intensities in ROI1 and ROI2 as a result of the laser fluctuations. The parameter
Npre IS the number of pre-bleaching steps. This correction is achieved by dividing corrected
intensities for ROI1 and ROI2 at each time point with the average of the pre-bleach intensity for
ROI1 and ROI2, respectively. Normalization also corrects for the loss in fluorescence due to
possible bleaching during acquisition by dividing the fluorescence intensity for ROI1 by ROI2
for each time point. The normalization rescales recovery curves to a reference axis of arbitrary

units between 0 and 1.
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Figure 4.12 Normalized fluorescence recovery data of nile red in a. NaDC gel, b. NaDC-CB[6]
(0.15) gel as a function of time. The observed T2 for nile red in the NaDC-CBI6] gel structure
for the shown experiment is 10£1 s.
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The quantitative parameters T12 and the mobile fraction were determined from the
normalized curves, such as the one shown in Figure 4.12. The error in T2 was determined from
the normalization curve by considering the time at which the normalized intensity of the
recovery curve is between 0.45 to 0.5.

The diffusion coefficient was calculated from T ,, using eq. 4.3 as proposed by Webb et al.**®

o 088xw
eff — 4T1/2

Eq. 4.3
where, Deft is the diffusion coefficient and w is the radius of the bleached area.

The mobile fraction was observed to be 1 for solutions and the aqueous phase and gel
structures of the NaDC and NaDC-CBJ[6] samples. The mobile fraction data suggest that
complete recovery occurs, indicating that all the bleached nile red molecules are free to diffuse
away from the bleached area and are substituted by nile red molecules diffusing from the
surrounding area. Results in the aqueous phase (Figure C3, C4) and solutions (Figure C5, C6)
showed that recovery is faster than 1 s, suggesting that Dett is higher than 10 um?s™%, In the case
of the NaDC gel structure, instant recovery is observed (< 1s) (Figure 4.12a). However, for the
NaDC-CBJ[6] gel structure (Figure 4.12b, Figure C7, Figure C8), T2 values in the range of 4-30
s corresponding to a Defr range of 0.4-3 um?s-t was observed, indicating a slower diffusion of
nile red with the addition of CB[6]. The distribution of T12 values obtained from the study of
different NaDC-CBJ6] gel structures show that these structures are heterogeneous, and thereby
showing that analyzing different areas in the sample is required. In summary, FRAP results show
that the diffusion of nile red molecules is different in the chemically different environments of

the NaDC and NaDC-CB[6] gels.
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4.4 Discussion

Colocalization studies with rhodamine 6G and berberine showed that the distribution of
dye molecules between the aqueous phase and the gel structure was affected by CB[6]. Although
my initial hypothesis based on the studies described in chapter 3 suggested that a hydrophilic dye
and hydrophobic dye are located in the different regions of the gel, colocalization studies showed
that this distinct separation of dyes based on hydrophobicity does not occur. The distribution in
quadrant 3 of the scatter plot for NaDC-CB[6] gels (Figure 4.7) suggests that berberine and
rhodamine 6G are colocalized in the image, whereas the distribution in quadrant 1 for NaDC gels
(Figure 4.6) suggest the absence of colocalization in the image.

In the case of NaDC gels, for a hydrophilic dye, such as rhodamine 6G, green coding in
the aqueous phase and the gel structure shows the interaction of rhodamine 6G with the NaDC
aggregates (Figure 4.6), as the aggregates are present both in the aqueous phase and the gel
structures. In Figure 4.6, the insignificant contribution from the y-axis channel (represented by
rhodamine 6G) to the scatter plot suggests that the majority of the rhodamine 6G molecules is
located in the aqueous phase and the emission appears as the background emission. In figure 4.6,
the hydrophobic dye berberine, which corresponds to the x-axis in the scatter plot, suggest that
the majority of berberine is located in the gel structure.

For the NaDC-CBIJ6] gels, the yellow color coding observed for the fibers and the
contribution of the y-axis to the scatter plot (Figure 4.7) indicate that the distribution of
rhodamine 6G between the aqueous phase and gel structure has changed with the addition of
CBIJ6]. Since berberine is mainly localized in the NaDC aggregates, contribution of the x-axis to
the scatter plot (Figure 4.7 compared to Figure 4.6) suggests that more NaDC aggregates are

incorporated in the gel structure in the presence of CBJ[6].
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The DLS and microscopy studies in chapter 2 provided evidence that NaDC aggregates
from the aqueous phase are incorporated into the gel structure in the presence of CB[6].
However, the role CB[6] plays in this incorporation of aggregates remains unclear. Information
on the role of CBJ[6] can be obtained using CLSM where the dyes are specifically designed to
target NaDC and CBJ[6]. The results from colocalization studies with berberine and DSMI in
NaDC and NaDC-CBJ[6] gels show that CB[6] molecules are a part of the gel structure (Figure
4.9). The incorporation of CB[6] molecules into the gel structure likely occurs because of the
interactions between the negatively charged NaDC aggregates and CB[6] meditated by cations in
the buffer, leading to the incorporation of NaDC aggregates from the aqueous phase into the gel
structure.

Colocalization experiments showed that the dye molecules are distributed between
different regions of the gel, which are the aqueous phase and the gel structure. Release studies in
chapter 3 showed that the diffusion of a hydrophobic dye bound to NaDC aggregates is slowed
down with the addition of CB[6], whereas the diffusion of a hydrophilic dye predominantly
located in the aqueous phase is unaffected by the presence of CB[6]. The diffusion captured by
these release studies is an overall measurement of dye release from the gels into the surrounding
medium and regional differences in the diffusion of dye molecules within the gels as a result of
their distribution between different regions of the gel are not evident from the release studies.
Therefore, studies on the diffusion within the gels are necessary to bridge between dynamic
information at the structural level from an overall effect for the release. FRAP studies were used
to address the diffusion within the gels, which can then be related to bulk release properties.

Colocalization experiments showed that more aggregates are incorporated into the gel

structure with the addition of CB[6]. Since nile red binds to NaDC aggregates, nile red is located
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in the gel’s structure and in the aggregates that are free in the aqueous phase of the gel. In the
presence of CBJ[6], a larger fraction of nile red molecules resides in the gel structure as a larger
proportion of the aggregates are located in these structures. As a result, when an area of the gel
structure is bleached, | expect recovery in the gel structure to be fast as more nile red molecules
are located in the gel structure surrounding the bleached area compared to the aqueous phase.
However, FRAP studies showed that the recovery is slower in the gel structure compared to the
aqueous phase. These results indicate that besides the availability of dye molecules surrounding
the bleached area, the rate of mobility for these molecules is a crucial factor to determine the
diffusion. The mobile fraction of 1 indicates that the slower recovery observed in the NaDC-
CBJ[6] gels is not due to the presence of immobile dye molecules outside the bleached region in
the gel structure. These results suggest that the viscosity in the gel structure is higher compared
to the aqueous phase resulting in slower diffusion.

Viscosity changes in the gel structure with the addition of CB[6] could be tested in the
future using molecular rotors like 9-(2,2-Dicyanovinyl) julolidine (DCVJ). When excited,
molecular rotors undergo intramolecular rotation and return to the ground state through a non-
radiative decay.®? Any changes in the viscosity affect this rotation and therefore the fluorescence
properties of these molecules. For example, an increase in the viscosity of the environment
surrounding the probe hinders the intramolecular rotation leading to an increase in the emission
fluorescence of the probe. The hydrophobic nature of DCVJ facilitates its localization in NaDC
aggregates. Assuming that the viscosity in the aqueous phase in the gel will be similar to that in a
solution, the emission fluorescence measured in solutions and gels for NaDC and NaDC-CB[6]

(0.15) can be compared. If my hypothesis is valid, I predict that the emission fluorescence will
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be higher for DCVJ in the NaDC-CBJ6] gel compared to the emission fluorescence for this dye
in the NaDC gel.

FRAP results showed correlations between the mobility of small molecules at a
macroscopic and microscopic length scales. In solutions and the aqueous phase of the gel, the
observed fluorescence recovery is instantaneous. The FRAP result supports the release studies,
where the release of the dye that is predominantly in the gel’s aqueous phase is not affected by
the addition of CB[6]. However, the observed fluorescence recovery and half-life were slowed
down in the gel with the addition of CB[6]. This result is consistent with the release studies,
where the diffusion of the dye (pyrene) predominantly in the gel structure is affected by the

addition of CB[6].

4.5 Conclusions

The colocalization experiments captured the distribution of dye molecules between
different regions in the gel. The results from colocalization experiments complemented the
information obtained on the regional differences in the diffusion within the gel as observed in
FRAP studies. FRAP studies discussed in this chapter provided the proof of concept that length
scale considerations go beyond the molecular structure and an emphasis on bulk release is not

sufficient to understand the mobility in multicomponent gels.
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Chapter 5 Summary

Gels have been investigated for many applications in materials science. However,
application-based studies did not focus on the understanding of the complexity of gels. In this
thesis, the properties of gels were studied from a mechanistic point of view. Additives in
supramolecular gels are used as a strategy to change the distribution of small molecules between
the compartments of the gel, thereby tuning the properties of this material, such as the release of
small molecules from the gel. Based on the understanding developed in this thesis, the locations
of the different dyes in the gels and how the dye localization is affected with the addition of

CBIJ6] is highlighted in Figure 5.1.

£} NaDC aggregates ™ CB[6)

@ Pyrene @ Berberine ¥ DSMI A Rhodamine 6G

Figure 5.1 Schematic representation of dye localization in NaDC and NaDC-CB[6] gels.

CLSM studies are consistent with previous findings that the NaDC gel is made of
aggregates in the aqueous phase and the gel structure. Structural studies for the NaDC-CBJ[6]
gels showed that the effect of CB[6] on the structure of aggregates begins in solution and is

translated into the sol and gel structures. Thermo-reversibility and kinetics of gel formation
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indicate that the effect of CB[6] on NaDC gels extends beyond changes to the gel’s structure.
Release studies with dyes of different hydrophobicity revealed that the release of a hydrophilic
dye and a hydrophobic dye was affected differently by CB[6]. While colocalization studies
provided insights on the location of dyes of different hydrophobicity and CB[6] in the gels,
dynamics using FRAP shed insights on the heterogeneity for the diffusion in gels. This work also
highlights that structure, dynamics and release studies were equally important to understand the
complexity of NaDC-CB[6] gels. For example, release studies alone did not reveal any
information on the structural and dynamical heterogeneity inside the gels.

Structure, dynamics and release studies revealed complementary information and
correlations were observed between these studies. Structural differences in gels (i.e. gel structure
and aqueous phase) with the addition of CB[6] captured by DLS and CLSM were comparable to
the observed diffusion differences between different regions in the gels. However, the arguments
developed from structural studies were not enough to explain the dynamics studies, reflecting
that the combination of two studies contributes to the better understanding of the functional
properties of the gels. The differences in release of dyes was consistent with colocalization
studies revealing the location of dyes in the gels. A correlation was seen between the
colocalization studies showing the location of CB[6] in the gel and changes in gel structures of
gels in the presence of CB[6]. The effect of CB[6] on the release of a hydrophobic dye from the
gels is consistent with diffusion of the dye within the gel structure. The observation that diffusion
in the aqueous phase of the gel is unaffected by the presence of CB[6] is consistent with the
unaffected release of dye located in the aqueous phase, such as rhodamine 6G, during the release
experiments. The combination of dynamics, structure and release led to non-trivial connections.

For example, incorporation of aggregates from the aqueous phase of the gel into the gel’s
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structure led to formation of fibers. Diffusion of dyes in the fibers was slowed down eventually
affecting the release properties.

The techniques and methods developed in this thesis presents a tool box when probing
multicomponent gels. The tool box helps us to unlock the opportunity to control the properties in

gels.
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Appendix
Appendix A.

Table A-1 Resolution of the objective lenses used for imaging gel samples during CLSM

experiments.

Obijective lens type Wavelength of laser /  Numerical aperture Resolution / nm

nm (NA) of the lens
63x 514 1.4 220
20x LWD 514 0.4 780

Determination of average size of gel structures in NaDC, NaDC-CB[6] gels using the ImageJ
analysis:

1. Open tiff file of the image in ImageJ (Figure A-1).

Figure A-1 Image of NaDC-CB6 gel tagged with rhodamine 6G (2 uM) at the CB[6]/NaDC ratio
of 0.05. This image was taken after a 20 h resting period at room temperature. The concentration
of NaDC in this sample is 50 mM.

2. The image dimensions in pixels need to be converted into um. To set the image
dimensions in um, in Figure A-1, draw a line along the scale bar using “line icon” in the
window, go to “analyse” -> “set scale”. Set the known distance and units (in Figure A-1

known distance is 10 um) and click ok.



131

3. Chose an area in the image using the “rectangular box” icon. Go to “image” and click on
“duplicate”.

4. Click “image” in the settings, select “type 8 bit” for analysis.

5. Click “image”-> “adjust”-> “threshold”. Adjust the min and max in the threshold such
that all particles of interest in the image are selected (highlighted in white in Figure A2)

and click apply.

Figure A-2 Image of selected area in NaDC-CB6 gel tagged with rhodamine 6G (2 uM) at
CB[6]/NaDC ratio of 0.05 after adjusting the threshold.

6. In the settings, choose “analyze”-> “set measurements”, select on the all required

measurements, click ok.
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Figure A-3 Image of selected area in NaDC-CB6 gel tagged with rhodamine 6G (2 uM) at
CB[6]/NaDC ratio of 0.05 that shows particles highlighted for size analysis.

7. Choose “analyze”-> “analyze particles”. Choose the particle size of interest (default: O-
infinity) and circularity between 0-1 (1 for perfect circle), show outlines. Enable display
results, clear results, summarize and exclude on edges and click ok. Highlighted particles

for analysis are shown in Figure A3. Average size of particles are summarized in Figure

A4,
Summary
Slice Count |Total Area |Average Size |%Area
'SG171019LSM NaDC-CB6 63x-L1.tif 24 124.048 5.169 0.997

Figure A-4 Summary of size analysis of selected area in NaDC-CB6 gel tagged with rhodamine
6G (2 uM) at the CB[6]/NaDC ratio of 0.05.

A DLS control experiment to verify the size distribution profile of NaDC solutions in
the current study. Peaks ~ 1 nm and ~500 nm corresponds to primary and secondary aggregates

of bile salts.
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Figure A-5 Size distribution profile of 25 mM NaDC solution in water.
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Appendix B.
B-1- B-5: Release experiments with NaDC-CBJ[6] gels tagged with 10 uM rhodamine

6G were performed to confirm the reproducibility of these experiments. As seen in Figure B-5,
release of rhodamine 6G was unaffected by the presence of CBJ[6] in the gel. Time period to
reach half the maximum release (T12) was 100 min for all the gels irrespective of CB[6]

concentration. The release pattern and Tu2is in agreement with the data in Figure 3.3.
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Figure B-1 Emission spectra of the surrounding medium collected at different time points during
the release of rhodamine 6G (10 pM) dye from NaDC gels (50 mM) with different CB[6]/NaDC
ratios: 0 (a), 0.05 (b), 0.1 (c), 0.15 (d).
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Figure B-2 Emission spectra of the surrounding medium collected at different time points during
the release of rhodamine 6G (10 uM) dye from NaDC gels (50 mM) with different CB[6]/NaDC
ratios: 0 (a), 0.05 (b), 0.1 (c).
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Figure B-3 a. Emission spectra of known concentrations of rhodamine 6G in phosphate buffer
collected for the calibration curve. b. Calibration curve.
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Figure B-4 a. Emission spectra of known concentrations of rhodamine 6G in phosphate buffer
collected for the calibration curve. b. Calibration curve.
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Figure B-5 Release profile for rhnodamine 6G (10 uM) dye from NaDC gels (50 mM) with
different CB[6]/NaDC ratios: 0 (red), 0.05 (blue), 0.1 (green), 0.15 (black). Panels a and b
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correspond to the data collected for two independent experiments on different days.

400

B-6 — B-7: Reproducibility of the release experiments of NaDC-CBJ[6] gels tagged with

1 mM rhodamine 6G was tested. As seen in Figure B-7, release pattern of the dye is similar for

gels at CB[6]/NaDC ratios of 0, 0.05, 0.1. However for gels at CB[6]/NaDC ratios of 0.15, burst

release pattern was observed where the percentage release reached maximum before the first

reading collected at 60 min. The release pattern was observed to be consistent with Figure 3.6.
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Figure B-6 Absorption spectra of the surrounding medium collected at different time points

/ nm

during the release of rhodamine 6G (1 mM) dye from NaDC gels (50 mM) with different

CB[6]/NaDC ratios: 0 (a), 0.05 (b), 0.1 (c), 0.15 (d).
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Figure B-7 Release profile for rhodamine 6G (1 mM) dye from NaDC gels (50 mM) with

different CB[6]/NaDC ratios: 0 (red), 0.05 (blue), 0.1 (green), 0.15 (black).
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B-8 — B-10: To confirm the reproducibility, release experiments with NaDC-CBJ[6] gels

tagged with 5 UM pyrene were performed. As seen in Figure B-10, the amount of dye released

from the gel into the surrounding media decreased with the increase in the CB[6]/NaDC ratio in

the gel. The release pattern and T12 (95 min) were in agreement with the data in Figure 3.9.
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Figure B-8 Emission spectra of the surrounding medium collected at different time points during
the release of pyrene (5 uM) dye from NaDC gels (50 mM) with different CB[6]/NaDC ratios: 0
(@), 0.05 (b), 0.1 (c), 0.15 (d).
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Figure B-9 a. Emission spectra of known concentrations of pyrene in phosphate buffer collected
for the calibration curve. b. Calibration curve.
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Figure B-10 Release profile for pyrene (5 uM) dye from NaDC gels (50 mM) with different
CB[6]/NaDC ratios: 0 (red), 0.05 (blue), 0.1 (green), 0.15 (black).

B-11 — B-13: Loading experiments were performed to test the loss of any dye to the
walls of sample vial while the gel was formed. As seen in Figure B-11 and B-13, scattering from
sol samples was observed at the shorter wavelengths. Baseline corrections were performed on the

raw data and LE% was determined using equation 3.4 (Table 3.1).
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Figure B-11 Absorption spectra for rhodamine 6G (10 uM) in NaDC gels (50 mM) at different
CB[6]/NaDC ratios: 0 (red), 0.05 (blue), 0.1 (green), 0.15 (black) collected at 0 h (solid lines)
and 20 h (dashed lines) after sample preparation during different days (a,b).
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Figure B-12 Absorption spectra for rhodamine 6G (1 mM) in NaDC gels (50 mM) at different
CB[6]/NaDC ratios: 0 (red), 0.05 (blue), 0.1 (green), 0.15 (black) collected at 0 h (solid lines)
and 20 h (dashed lines) after sample preparation during different days (a,b).
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Figure B-13 Absorption spectra for pyrene (5 uM) in NaDC gels (50 mM) at different
CB[6]/NaDC ratios: 0 (red), 0.05 (blue), 0.1 (green), 0.15 (black) collected at 0 h (solid lines)
and 20 h (dashed lines) after sample preparation on different days (a,b).

B-14 — B-16: Mass balance experiments were performed to test the loss of any dye to
the walls of sample vial during the release. As seen in Figure B-14 and B-16, scattering from sol
samples was observed at the shorter wavelengths Baseline corrections were performed on the

raw data and MB was determined using equation 3.3 (Table 3.1).
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Figure B-14 Absorption spectra for rhodamine 6G (10 uM) in NaDC gels (50 mM) at different
CB[6]/NaDC ratios: 0 (red), 0.05 (blue), 0.1 (green), 0.15 (black) collected at 0 h (solid lines)
and end of the release studies (dashed lines) on different days (a,b).
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Figure B-15 Absorption spectra for rhodamine 6G (1 mM) in NaDC gels (50 mM) at different
CB[6]/NaDC ratios: 0 (red), 0.05 (blue), 0.1 (green), 0.15 (black) collected at 0 h (solid lines)
and end of the release studies (dashed lines) on different days (a,b).
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Figure B-16 Absorption spectra for pyrene (5 uM) in NaDC gels (50 mM) at different
CB[6]/NaDC ratios: 0 (red), 0.05 (blue), 0.1 (green), 0.15 (black) collected at 0 h (solid lines)
and end of the release studies (dashed lines) on different days (a,b).

B-17: A control experiment was performed in the absence of the dye with gels at

CB[6]/NaDC ratios of 0, 0.05, 0.1, 0.15 to show the scattering from the sol. As seen in Figure B-

17, scattering from the samples is dominant at shorter wavelengths and increased with the

CB[6]/NaDC ratio in the gels.
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Figure B-17 Absorption spectra for NaDC gels (50 mM) at different CB[6]/NaDC ratios: 0 (red),
0.05 (blue), 0.1 (green), 0.15 (black) in the absence of the dye.
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Appendix C.
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Figure C-1 Confocal images of NaDC gel tagged with berberine (2 uM) and rhodamine 6G (2
M) collected using a 63x objective lens. Images a, b and ¢ correspond to the merged, berberine
and rhodamine 6G channels, respectively.
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Figure C-2 Confocal images of NaDC-CBJ[6] gel (0.15 CB[6]/NaDC ratio) tagged with berberine
(2 uM) and rhodamine 6G (2 uM) collected using a 63x objective lens. Images a, b and ¢
correspond to the merged, berberine and rhodamine 6G channels, respectively.
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Figure C-3 FRAP analysis of the aqueous phase in the NaDC gel tagged with nile red showing a.
Regions of interest bleached (white circle) and analyzed (white, green, yellow circles), b.
Fluorescence recovery over time in the regions of interest with white, green and yellow circles
representing ROI1, ROI2, ROI3, respectively. Red, blue and green traces correspond to ROI1,
ROI2, ROI3, respectively, c. Normalized fluorescence recovery curve with time.
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Figure C-4 FRAP analysis of the aqueous phase in the NaDC-CB[6] (0.15) gel tagged with nile
red showing a. Regions of interest bleached (white circle) and analyzed (white, green and yellow
circles), b. Fluorescence recovery over time in the regions of interest with white, green and
yellow circles representing ROI1, ROI2, ROI3, respectively. Red, blue and green traces
correspond in to ROI1, ROI2, ROI3, respectively, c. Normalized fluorescence recovery curve
with time.
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Figure C-5 FRAP analysis of the NaDC solution tagged with nile red showing a. Regions of
interest bleached (white circle) and analyzed (white, green and yellow circles), b. Fluorescence
recovery over time in the regions of interest with white, green and yellow circles representing
ROI1, ROI2, ROIS3, respectively. Red, blue and green traces correspond to ROI1, ROI2, ROI3,
respectively, c. Normalized fluorescence recovery curve with time.
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Figure C-6 FRAP analysis of NaDC-CB[6] (0.15) solution tagged with nile red showing a.
Regions of interest bleached (white circle) and analyzed (white, green and yellow circles), b.
Fluorescence recovery over time in the regions of interest with white, green, yellow circles
representing ROI1, ROI2, ROI3, respectively. Red, blue and green traces correspond to ROI1,
ROI2, ROI3, respectively, c. Normalized fluorescence recovery curve with time.
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Figure C-7 FRAP analysis of NaDC-CBJ6] (0.15) gel structure tagged with nile red showing a.
Regions of interest bleached (white circle) and analyzed (white, green and yellow circles), b.
Fluorescence recovery over time in the regions of interest with white, green and yellow circles
representing ROI1, ROI2, ROI3, respectively. Red, blue andk green traces correspond to ROI1,
ROI2, ROI3, respectively, c. Normalized fluorescence recovery curve with time. The observed
Tasz for nile red in NaDC-CBJ[6] gel structure is 7+3 s.
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Figure C-8 FRAP analysis of NaDC-CB[6] (0.15) gel structure tagged with nile red showing a.
Regions of interest bleached (white circle) and analyzed (white, green, yellow circles), b.
Fluorescence recovery over time in the regions of interest with white, green and yellow circles
representing ROI1, ROI2, ROI3, respectively. Red, blue and green traces correspond to ROI1,
ROI2, ROI3, respectively, c. Normalized fluorescence recovery curve with time. The observed
Taz2for nile red in NaDC-CB[6] gel structure is 20+10 s.
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