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Abstract

The structure of bile salts has hydrophilic (hydroxyl groups) and hydrophobic (alkyl
groups) regions, resulting in amphiphilic properties. Bile salts can form aggregates and these
aggregates can act as supramolecular hosts for small molecules and encapsulate guest molecules
within their structure. Unlike other bile salts, sodium deoxycholate (NaDC), can form
supramolecular hydrogels through molecular self-assembly processes by adjusting the pH to

around neutral and controlling the temperature.

The aim of this work, was to investigate how cucurbit[7]uril (CB[7]), affects the properties
of NaDC hydrogel. Cucurbit[n]urils (CB[n]s) are a family of macrocyclic molecules characterized
by their pumpkin-shaped structure and a symmetrical hydrophobic cavity. By studying the
interactions of CB[7] in NaDC hydrogels, the aim was to understand the potential role of CB[7] in
modifying the hydrogel's properties and to determine if CB[7] can serve as a carrier for guest
molecules from the NaDC hydrogel to the surrounding medium. To gain a better understanding of
the effect of CB[7] and its localization within the NaDC gel, two projects were developed.

The objective of the first project was to study how the presence of NaDC aggregates affects
the binding dynamics of berberine, a natural isoquinoline alkaloid fluorophore, with the host CB[7]
in the presence of mobile aggregates of the NaDC. The presence of NaDC aggregates creates a
more heterogeneous environment for the host-guest interactions, potentially affecting the
dissociation of berberine from CB[7]. The results showed that the addition of NaDC aggregates
changed the distribution of berberine, causing berberine to bind to both CB[7] and NaDC
aggregates. The results also revealed that the addition of NaDC aggregates to the berberine@CBJ[7]

complex accelerated the apparent dissociation rate constant of berberine from CB[7].

The objective of the second project was to understand how the presence of CBJ[7] affects
the structure of the NaDC hydrogel and the release of a small molecule from the hydrogel into the
surrounding medium, and how this effect differs from the effect of cucurbit[6]uril (CB[6]). To
study these effects, | studied the hydrogel's structure using berberine, a hydrophobic and positively
charged guest, and rhodamine 6G, a hydrophilic and positively charged dye. The release of
rhodamine 6G from the NaDC hydrogel into the surrounding medium was also studied in the
presence of CB[7] and CBJ[6]. The results showed that the presence of CB[7] in the NaDC hydrogel

caused the transformation of the spherical aggregates into elongated structures, whereas CB[6] led



to the formation of fibrous structures, as observed in previous research conducted by our group.
Also, the release profile of rhodamine 6G from the NaDC hydrogel was not significantly affected
by the addition of either CB[6] or CB[7].
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Chapter 1: Introduction

1.1. Supramolecular chemistry

Supramolecular chemistry is the study of the interactions between molecules that are held
together by non-covalent forces, leading to a system. Supramolecular chemistry studies weak and
reversible interactions between molecules, in contrast to molecular chemistry, which is largely
concerned with the study of covalent bonds of molecules. Non-covalent interactions including
hydrogen bonding, metal-ion coordination, n-n stacking, and the hydrophobic effect are
reversible, giving the supramolecular system a dynamic behavior.! This reversible binding is
essential for different applications, in fields like drug delivery? and molecular sensors.>
Similarly, in biological systems, non-covalent and reversible interactions play a critical role in

many processcs.

In fact, biological systems, such as the structures of proteins, DNA, and RNA, served as
early inspirations for the study of supramolecular complexes. Complex formation by weak
intermolecular forces plays important roles in many interactions within the body, such as those
occurring in the cell membrane. For example, binding between antibodies and antigens which is
the main fundamental response of the immune system, is mostly by binding of the antigen to the
unique binding site on the structure of the antibody (Scheme 1.1) leading to a defense
mechanism. The ability of supramolecular systems to form specific 3-D structures is comparable

to the complex molecular interactions found in biological systems.

B + =

Scheme 1.1. A schematic representation of the antigen-antibody interaction.

When a single component is added to a supramolecular system, it can interact in a specific
way with the existing molecules, leading to a particular behavior of the whole system. However,
when more than one component is added, the interactions may become more complex. The
additional molecules could interact with one another as well as with the existing molecules,
forming new and different interactions that can change the overall behavior of the system. This

complexity can lead to a different behavior than what was observed with just the single component.



For instance, the binding dynamics between the frans-1-methyl-4-(4-hydroxystyryl)pyridinium
cation (HSP") and cucurbit[6]Juril (CB[6]) were investigated in the presence of different
concentrations of sodium cations (Na"). The analysis and interpretation of the results showed that

the addition of Na* led to the changing of the dynamics of the system.*
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Figure 1.1. Simulation of observed rate constant of the binding of HSP* to CB[6] in the
presence of different [Na*]. Reprinted with permission from Bohne’s work.* Copyright (2020)

American Chemical Society.

Figure 1.1 shows the simulation for the effect of changing Na* concentration on the
observed rate constant (kobs) for the binding of the guest molecule (HSP") with CB[6]. CB[6]
binds to Na" through the carbonyl portals of CB[6], which can change the rate constant of
binding of guest molecules to CB[6]. Interestingly, as the Na* concentration increases, there is a
non-linear change in the trend of the observed rate constants. The observed rate constant
decreases as the Na" concentration continues to rise until a certain point. After this point, as the
concentration of Na" increases further, the kobs starts to increase. This change in kobs from low to
high concentrations of Na" is not linear. Non-linearity in the observed rate constant in different
Na" concentration ranges highlights the complexity of competitive binding between guest
molecules with a host binding site, emphasizing the challenges of predicting such interactions.*
Because, the binding of one guest molecule can influence the binding of others and hence,

complicating the overall binding behavior.

The mechanisms of the interactions in supramolecular systems are poorly understood,

unlike the well-defined covalent bonds in molecular systems. For this reason, parameters



involved in the formation of a specific supramolecular system (product) from individual

molecules (reagents) are not clear.'

The long-term objective of studying supramolecular systems is to replicate the functional
diversity observed in living organisms. Overcoming the current lack of knowledge between the
potential supramolecular assemblies requires a deep understanding of how molecules in
biological systems self-assemble.’ Understanding the interrelationships between the dynamics,
thermodynamics, and structure of the system is essential for advancing the field of

supramolecular systems.
1.2. Self-assembled and host-guest systems

Supramolecular systems can be broadly divided as either host-guest systems or self-
assembled systems. Division of the supramolecular systems into host-guest and self-assembled
systems are based on the structural organization of the molecules involved. Self-assembly is the
spontaneous assembly of molecules into well-defined structures. Self-assembly occurs through
the recognition and pairing of complementary counterparts in a mixture, a phenomenon known
as self-sorting. For a process to occur spontaneously, AG must be negative. A negative AG can
happen in two ways: when AH is negative, along with an exothermic release of heat, and when
TAS is positive, indicating that a positive AH is overcome by the increase in entropy. Even an
endothermic reaction (positive AH) can proceed spontaneously if the increase in entropy is
significant enough to make TAS larger than AH. In a self-assembled system, the transition from
disorganization to organized assembly is often driven by thermodynamic forces. While the local
organization of molecules may lead to a decrease in entropy, the overall system can experience
an increase in entropy due to the release of solvent molecules. Self-assembled structures, such as
aggregates and micelles, form through intermolecular interactions. Micelles show an increase in
overall entropy, as their formation releases water molecules from the hydrophobic parts into the

surrounding solution, thus increasing the system's entropy.



Another type of supramolecular systems are host-guest systems which involve the
accommodation of a smaller molecule (guest molecule) within the cavity or binding to the
binding site of another molecule (host molecule). Cyclodextrins, cucurbiturils, and calixarenes
are well-known examples of host molecules. The specificity and strength of host-guest
interactions depend on factors such as the size, shape, charge, and functional groups of both the
host and guest molecules.” For example, Stella and colleagues studied how the presence of
charge affects the binding affinity between cyclodextrins and guests. Their findings showed that
neutral molecules showed a stronger interaction with anionically charged cyclodextrins in
comparison to neutral cyclodextrins. Also, when the guests had a charge (either positive or
negative), the complexes formed with neutral cyclodextrins showed a decrease in strength

compared to the interactions involving the neutral forms of the same molecules.®

Supramolecular chemistry contains systems that bring together both self-assembly and
host-guest interactions. These mixed systems involve molecules that can self-assemble into
larger structures, such as micelles, and they contain host-guest interactions between specific
molecules within the assembly. For example, a system that has amphiphilic molecules capable of
self-assembly and host molecules that can interact with guest molecules. Amphiphilic molecules
are compounds that contain both hydrophilic and hydrophobic regions within their structure.
Amphiphilic molecules may form the basic structure through self-assembly, while the host
molecules within this structure can selectively bind guest molecules. This combination of self-

assembly and host-guest interactions adds complexity and functionality to the system.
1.3. Gels

Gels are three-dimensional networks that form when molecules self-assemble into a solid
or semi solid state.” The unique properties and mechanical strength of gels are characterized by
the self-assembled structures they form, which can manifest as fibers, sheets, or clusters.

The structure of a gel can give mechanical strength, porosity, viscoelasticity, optical properties,
biological and chemical reactivity.!” Gels can be classified based on different criteria such as
solvent, composition, origin, and structure. In one classification, gels can be broadly divided into

solid and semi solid gels based on their physical properties and behavior (Figure 1.2).!!



Gels
Solid Gels Semi Solid Gels
Aerogel Xerogel Organogel Hydrogel

Cryogel

Figure 1.2. Different types of gels.

Aerogels, cryogels, and xerogels are porous materials with diverse properties and
applications.'? Aerogels are lightweight and excellent thermal insulators due to their high
porosity and low density. The most common type of aerogels are silica aerogels. Cryogels are
dried at very low temperatures, resulting in large pores suitable for rapid diffusion and
applications requiring low thermal conductivity.!® Xerogels, which are dried at ambient pressure,
are denser than aerogels and cryogels due to some pore collapse. Semi solid gels, in contrast,
contain a significant amount of solvent within their structure, giving them a softer structure that
allows them to deform more easily under stress compared to solid gels. One classification of the
semi solid gels is based on the type of solvent in the mobile phase of the gel (Figure 1.3). If the
mobile phase of the gel is an organic solvent, the gel is classified as an organogel, whereas if the
mobile phase is mostly water or other aqueous solvents, it is termed a hydrogel. The significant
advantage of organogels is their broader selection of liquid phases. However, the primary

disadvantage comes from their limited biocompatibility.'*
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Figure 1.3. Comparison of the hydrogels and organogels.

Since their mobile phase is comprised of aqueous solvents, hydrogels have a higher
polarity than organogels, which are predominantly less polar due to the presence of organic
solvents. Hydrogels and organogels have different properties due to their distinct structural
characteristics (Figure 1.3). Hydrogels generally have a higher pH-sensitivity, hydrophilicity,
and biocompatibility compared to organogels. The swelling behavior of hydrogels arises from
their high water content, causing them to be suitable for wound healing applications, tissue
engineering scaffolds, and pH-triggered delivery systems.!'> For example, Kim and coworkers
worked on a hydrogel, composed of a copolymer of N-isopropyl acrylamide and glycidyl
methacrylate functionalized with melamine units that showed responsiveness to changes in pH,

with significant drug release observed at pH 4.0.'®
1.3.1. Hydrogels

Hydrogels are a category of gels that incorporate mostly water as their mobile phase.
Hydrogels can shrink in response to specific conditions and external stimuli. The three-
dimensional network in hydrogels is formed by the immobile phase, which consists of
crosslinked polymers or other molecules within the hydrogel. This immobile phase of hydrogels

is responsible for shaping the hydrogel and giving a semi solid nature to it.



Table 1.1. Classification of hydrogels based on the nature of the interactions between

building blocks.

Hydrogels
CHEMICAL HYDROGELS PHYSICAL HYDROGELS
Covalent bonding Physical interactions
Mechanical strength is higher Show reversibility
High molecular weight gelators Low molecular weight gelators

Hydrogels can be classified into two main categories based on the interactions between
the building blocks: chemical hydrogels and physical hydrogels (Table 1.1). If the interactions
between the building blocks involve covalent bonds, the resulting hydrogel is termed a chemical
hydrogel. The covalent bonds in the chemical hydrogels’ 3-D network provide strength to the
hydrogel. However, the non-reversibility of the covalent bonds limits their tunability for some

applications.

Physical hydrogels are a class of hydrogels that form through reversible, and non-
covalent interactions. Physical hydrogels can be formed through different methods, in processes
such as crystallization, the aggregation of amphiphilic molecules, charge-charge interactions,
hydrogen bonding, and interactions involving proteins.!” Physical hydrogels could be smart
which means that responding to environmental stimuli, making them suitable for applications
where stimuli-triggered changes in the gel's properties are desired such as drug delivery'®, and
tissue engineering.'” For instance, chitosan microspheres that are sensitive to pH were
incorporated into a thermoresponsive hydrogel to form a smart composite hydrogel and because

of their electrostatic characteristics, they could bind and release salicylic acid as a model drug.?°

Physical hydrogels are divided into two types: physical entanglements and low molecular
weight gelators (LMWG). Physical entanglement hydrogels have polymeric gelators and possess
both hydrophobic and hydrophilic segments within their structure, leading to the formation of

micelles in specific conditions with high molecular weights. Micelles (Scheme 1.2), which are



formed by molecules with hydrophobic and hydrophilic segments, can aggregate at a critical
micellization concentration. The entanglement of micelles can form physical hydrogels. In
physical hydrogels, the hydrophobic core of the micelles is positioned on the inside, while the

outer part consists of the hydrophilic portion of the micelles, which interacts with water.
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Scheme 1.2. Schematic representation of the micellization in water.

When the building blocks have lower molecular weight, they are classified as LMWG,

forming supramolecular hydrogels.
1.3.2. Mechanical properties and viscoelasticity of supramolecular hydrogels

One of the aspects of supramolecular hydrogels is their low mechanical strength.
Mechanical strength is the ability of the hydrogel's network of building blocks to withstand
deformation under mechanical forces which can be studied by rheology. The mechanical strength
is affected by the cross-linking density of the 3-D network and the nature of the molecular
interactions within the hydrogel. Non-covalent interactions are easier to deform, especially when
compared to polymeric hydrogels. Understanding the factors that affect the formation of
supramolecular systems can help achieve a balance between bond reversibility and mechanical
strength in these hydrogels. This balance can be achieved by modifying the building blocks
within the hydrogels.

Supramolecular hydrogels show higher mechanical strength than liquids against

mechanical forces while retaining liquid-like characteristics because of their viscoelastic
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behaviour, which combines the characteristics of solids and liquids. In rheology, the viscoelastic
properties of a hydrogel are characterized by the storage modulus (G') and the loss modulus (G").
G' measures the gel's ability to maintain its shape under stress, while G" is the energy dissipated
when the gel is deformed. Typically, G' is higher than G", indicating solid-like behavior, in
contrast to liquids where G" is higher. This difference in the G' and G" values in hydrogels

distinguish them from liquids due to their viscoelastic nature.
1.4. Bile salts

Bile salts are steroids that have a key role in the body's fat absorption process. Bile salts
serve as surfactants by solubilizing fats in aqueous media.?! Amphilicity of the bile salts are due
to the presence of both hydrophilic (hydroxyl groups) and hydrophilic (alkyl groups) parts within
their structure. Sodium cholate (NaCh), sodium taurocholate (NaTC), sodium deoxytaurocholate

(NaTDC), and sodium deoxycholate (NaDC) are different types of bile salts (Chart 1.1).

b

OH

Chart 1.1. Molecular structures of bile salts including: (a) NaDC, (b) NaTDC, (c) NaTC,
(d) NaCh.

The primary factors of structural differences between bile salts are the presence or absence
of hydroxyl groups, and the conjugation with amino acids like taurine. These structural

modifications affect properties of the bile salts such as their solubility.
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1.4.1. Bile salts as hosts for small molecules

Due to the amphiphilic nature of the bile salts, they can form aggregates in a proper
solvent. This aggregation is different from traditional micellization in the sense that, in micelles,
one portion of the molecule is hydrophobic, and a tail hydrophilic group is present, which is not
the case for bile salt aggregates. The process by which bile salts aggregates form larger structures
is described by several models. In the more accepted model,?? it was proposed that bile salts form
two types of supramolecular aggregates. First, bile salts form primary aggregates (smaller
aggregates). Primary aggregates have hydrophobic binding sites within their structure, and guests
that are bound to the primary aggregates are well-protected from aqueous media. Pyrene, a
hydrophobic and neutral guest, binds to the hydrophobic binding sites of the bile salt
aggregates,” as indicated by its steady-state fluorescence, which is sensitive to the polarity of the

t.24

environment.”" By increasing the concentration of bile salts, some of the primary aggregates

assemble into larger secondary aggregates. Secondary aggregates are more hydrophilic, and

guests with higher hydrophilicity bind to the binding sites of secondary aggregates.?>-’

The structures of the primary and secondary aggregates vary for each bile salt, and the
binding of the small molecules to the aggregates of different bile salts also differs from one
another based on the properties of both host (aggregates) and guest. There are some studies in the
literature showing the connection between the properties and structures of guest molecules and
the bile salt aggregates. For example, it has been suggested that the binding efficiency of guests
to bile salts that form smaller aggregates, such as NaDC and NaTDC, is higher than the other
bile salts. Also, the residence time of the guest molecules inside in the aggregates depends on the
structure of the guest such as presence of short alkyl substituents in the guest structure.?® Also, it
was shown that the addition of a co-solvent, which results in changing the polarity, can affect the

binding and residence time of the guests in bile salt aggregates.?* 3
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1.4.2. NaDC supramolecular hydrogel

Among bile salts, NaDC aggregates can form a supramolecular hydrogel by acting as a
LMWG.3! Before gelation, NaDC molecules form mobile primary and secondary aggregates.
These aggregates eventually interact and organize, leading to the formation of a stable NaDC
hydrogel. A study showed that ionic interactions affect the formation of NaDC hydrogels. For
instance, adjusting the pH, can change the properties of the NaDC hydrogels such as mechanical
strength, sol-gel temperature, and crystallinity. By adjusting the pH to around neutral and
controlling the temperature based on the concentration of NaDC, immobile aggregates start to
form and create the gel network through physical interactions.*> NMR studies have shown that
more than half of the aggregates remain free in the aqueous phase after gelation, and the rest
become immobilized in the 3-D gel network.** The main driving force that causes the formation
of the NaDC hydrogel is hydrogen bonding.** During gelation, the complexity of the binding of
the guests to NaDC aggregates increases, as there are more binding sites available for these
molecules to bind. Hence, NaDC hydrogels create a supramolecular platform for small molecules
to bind differently in various parts of the mobile and immobile phases. Earlier studies in Bohne
group showed that adding pyrene to a freshly prepared NaDC hydrogel changes the polarity of
the microenvironment of pyrene. Changing the polarity of the microenvironment around pyrene

suggests an interaction between pyrene and the hydrophobic, immobilized NaDC aggregates.*
1.4.3. Effect of additives on the properties and function of supramolecular hydrogels

Different compounds can be added to supramolecular hydrogels as additives to change or
improve the hydrogel's properties. For example, Guiying Xu and co-workers showed that
addition of some of the amino acids such as L-lysine and L-arginine prevent gelation of the
NaDC in room temperature as observed by microscopy, IR and rheological studies.*® The
disruption of hydrogen bonds, leads to the transition of the gel to a solution in the presence of
these amino acids. In another study, it was shown that adding CB[6], increases the mechanical
strength of the NaDC hydrogel.*> CB[6] not only strengthens the NaDC gel but also changes the

distribution of guests within the gel.’’


https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Guiying++Xu
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1.4.4. Cucurbit[n]urils

Cucurbit[n]urils [CB[#n]s], are macrocycles that have two portals lined with carbonyl
groups, a hydrophobic cavity, and a symmetrical structure.*® The carbonyl portals and cavity of
CBjn]s can act as hosts for small molecules within the gel matrix. For instance, CB[6] was added
to a NaDC hydrogel as an additive, interacting with pyrene and modifying its release profile.>>*
The change in pyrene release from the gel to the surrounding medium occurred because pyrene
can interact with both NaDC aggregates and CB[6]. Therefore, adding CB[6] changed the
distribution of guest (pyrene) in the gel network. On the other hand, CB[6] can act as a guest and
an additive inside the NaDC aggregates. This interaction between NaDC hydrogel and CB[6]

changes the binding process between the guests and the binding sites within the supramolecular

hydrogel.

n=5-8,10

Chart 1.2. Molecular structure of CB|[#n]s.

1.5. Techniques
1.5.1. Absorption spectroscopy

Different molecules can absorb light at different wavelengths depending on the type of
molecule and its structure. UV-VIS spectroscopy can be used to determine the wavelength of the
absorbed light if it falls within the UV or visible regions of the electromagnetic field around 200
nm to 800 nm. In UV-VIS spectroscopy, the Beer-Lambert law is a basic concept that establishes

a quantitative connection between a sample's concentration and light absorbance.
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A= ecl =log— Equation 1.1

Equation 1.1 shows Beer-Lambert law. In this equation, 4 is the absorbance of the
sample, ¢ is the molar absorptivity, c is the concentration of the absorbing species in the sample,
and / is the pathlength of the sample. By UV-VIS spectroscopy and this law, samples can be
analyzed quantitatively. Light scattering is a major limitation of UV-Vis spectroscopy when
analyzing gels. Gels often have non-uniform structures or particles that scatter incoming light,

which causes deviations in absorbance readings.

UV-Vis absorption shows the ground state association of small molecules with NaDC
aggregates, indicating that UV-Vis spectroscopy is used to analyze the interactions between
these small molecules and NaDC aggregates when both are in their lowest energy state. For
example, Han and coworkers showed the binding of ferulic acid with NaDC monomers, primary
and secondary aggregates. Absorption and fluorescence measurements in this study showed that
the interaction between folic acid and NaDC involves both hydrophobic forces and hydrogen

bonding.*
1.5.2. Fluorescence-based techniques

Fluorescence-based techniques involve a characterization process where a molecule
absorbs light at specific wavelengths and emits light at longer wavelengths. Valuable
information into the interactions between the fluorophore and its surroundings can be obtained
by examining the different fluorescence properties, including lifetime, intensity, and quenching.
The advantage of fluorescence-based techniques compared to other spectroscopic techniques is
their high sensitivity even at low concentrations of the dyes. Supramolecular hydrogels are
formed by non-covalent interactions, and adding high concentrations of a dye could significantly
change their properties. Therefore, fluorescence-based techniques are useful for studying
supramolecular hydrogels, as they allow the properties of the gel to be studied without changing

the gel’s structure by adding only a small amount of dye.
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1.5.2.1. Steady-state fluorescence

Steady-state fluorescence is a fluorescence method in which the compound is
continuously excited by a light source, reaching its equilibrium state at a specific wavelength,
typically the maximum absorption wavelength of the fluorophore. By determining the
fluorescence intensity of a known concentration of an analyte, the amount of dye can be
quantified. The relationship between fluorescence intensity and analyte concentration is typically
linear within a specific range. As the concentration of the analyte increases, the number of
excited fluorescent molecules also increases. This direct correlation between fluorescence

intensity and analyte concentration allows for the quantification of the analyte.

Fluorescence measurements in different conditions help as a tool for studying molecular
interactions, structural changes, and environmental effects on samples. By titrating a titrant into a
solution, the binding isotherm can be obtained, providing information about the binding
interactions. Fluorescence measurements at different pH values can give information about
protonation/deprotonation processes. Also, changes in temperature during fluorescence studies
can explain conformational changes and thermal stability of the reaction. Steady-state
fluorescence can also help in the understanding of detailed characteristics of supramolecular
systems, such as NaDC aggregates. For instance, quenching studies of pyrene in the presence of

NaDC hydrogels were conducted to study the structure of the hydrogel.’
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1.5.2.2. Stopped-flow fluorescence technique

The stopped-flow technique is a fluorescence method in which two or more reactants are
rapidly mixed together, and the fluorescence of the reactants is monitored from the start of the

reaction until the reaction reaches an equilibrium state.*!

Stop syringe

Lamp—— | — Detector

Host Guest

Drive

Figure 1.4. Schematic representation of stopped-flow fluorescence.

The main components of a typical stopped-flow instrumentation include two syringes,
each containing a reactant, connected to a mixing chamber (Figure 1.4). This chamber has an
observation cell for monitoring the reaction. A rapid mixing allows simultaneous injection of
reactants into the observation cell, ensuring mixing within milliseconds. Detection of the reaction
employs spectroscopic methods like absorbance or fluorescence spectroscopy, which are chosen
based on the reactants and the nature of the reaction. This system enables the collection of time-
resolved data, capturing kinetics of the reaction immediately after mixing. Researchers can
analyze data from stopped-flow to obtain kinetic information, providing information about the
mechanisms and kinetics of rapid chemical reactions. Some stopped-flow systems also have

temperature control for studying temperature-dependent reaction kinetics.
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1.5.2.3. Fluorescence microscopy
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Figure 1.5. Schematic representation of a confocal laser scanning fluorescence

microscope.

A confocal laser scanning fluorescence microscope (CLSM) is a type of optical
microscope that uses fluorescent samples. A CLSM includes magnifying lenses, a dichroic
mirror, and a filter. The dichroic mirror and the emission filter then select the emitted light from
the sample. Fluorescence microscopes are useful for tracking the location of small molecules in
samples with different binding sites. The microscope has two pinhole apertures at confocal
positions, providing higher resolution compared to other optical microscopes. The second
pinhole, in the focal plane, selects only the light from the focal point, which is collected by the
objective. The advantage of the CLSM microscopes is their capacity of imaging the sample in a

hydrated state.



18

1.6. Objective

The aim of this research is to study the effect of CB[7] as an additive on the properties of
the NaDC hydrogel. In the previous studies, a more hydrophobic additive, CB[6], was used, with

results indicating its predominance in the immobile, hydrophobic region of the gel.*

Conversely,
CBJ 7], being more hydrophilic, is hypothesized to reside in the mobile phase of the gel and serve
as a carrier for small molecules from the hydrogel to the surrounding medium. The study will
involve an analysis of different parts within the hydrogel, including its immobile gel network and
dynamic aggregates. Structural analysis of the hydrogel will be conducted using CLSM. Kinetic
investigations will focus on the dissociation rate constant of a guest molecule from CB[7] in the
presence of NaDC aggregates using stopped-flow techniques in solutions. Furthermore, the
binding behavior of guest molecules to CB[7] and the primary and secondary aggregates of
NaDC will be analyzed using UV-VIS absorption and steady-state fluorescence spectroscopy.
The ability of CB[7] to change the transport of small molecules from the hydrogel to the

surrounding medium can significantly influence the release profiles of drugs, ultimately leading

to more effective and controlled delivery systems.
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Chapter 2: Effect of sodium deoxycholate on the dissociation process
of berberine cation from cucurbit[7]uril
2.1. Introduction
2.1.1. Cucurbit[n]uril chemistry

Cucurbit[n]urils (CB[n]s) have attracted considerable interest among several macrocycles
due to their wide range of uses in different fields, including biology, catalysis, and
pharmacology.* CB[n]s have high binding affinities towards organic compounds compared to
other macrocyclic hosts, such as p-cyclodextrin.2 Among CB[n]s, CB[7] has a large cavity and
high water solubility, which makes it a good host for small molecules.! Additionally, CB[7] is
capable of binding to some guests very strongly through non-covalent interactions. For instance,
adamantane guests can form complexes with CB[7] with equilibrium constants (Keq) reaching up
to 10! ML, The 1-adamantylammonium (Ada*) (Chart 2.1 (b)) complex with CB[7] has an
association equilibrium constant of (1.7 + 0.8) x 10** M in water at a temperature of 298.15 K.2
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Chart 2.1. Molecular structures of (a) CB[7] and (b) Ada’ cation.

While strong binding between guests and hosts is important, the equilibrium constant
alone can only give information about the quantity of guests that can bind to the hosts at
equilibrium. Keq is defined as the ratio of the association rate constant (k+) and the dissociation
rate constant (k-), and hence, the value of Keq does not provide information about the dynamic

processes of guest association and dissociation from the host (Equation 2.1). The Keq value can
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remain constant if both k+ and k- increase or decrease proportionally by the same amount;
however, the kinetics of complex formation will be affected.* The knowledge on the kinetics is
especially important when designing a delivery system in which the controlled dissociation of

the guest from the delivery system is critical .’

ks

-+ Equation 2.1
k_

Keq =

2.1.2. Effect of metal ions on the binding kinetics of CB[n]s with guests

Previous studies in our group showed that adding metal ions changes the association and
dissociation of organic molecules from CB[n]s. In these studies sodium cations were used in
competition to the binding of guests to CB[7].% 7 The findings from these studies showed that the
presence of other species, such as metal cations, has an impact on the kinetics of the binding of

guest molecules to CB[7].
2.1.3. Sodium deoxycholate

Sodium deoxycholate (NaDC, Chart 2.2) which is the final product of the complicated
chemical changes that occur during cholesterol metabolism,® can form a supramolecular
hydrogel.® In aqueous solutions, NaDC molecules form supramolecular aggregates. The stability

and structure of the NaDC aggregates are sensitive to temperature and pH.°

Chart 2.2. Molecular structure of NaDC.

At lower concentrations (4-6 mM) of NaDC, aggregates are formed that are called

primary aggregates. Primary aggregate formation arises from the interaction involving the
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hydrophobic face due to the presence of alkyl groups in the NaDC structure. As the
concentration of NaDC molecules increases (8-12 mM), some of these primary aggregates

further combine to form larger secondary aggregates.'*

Scheme 2.1. Schematic representation of the formation of NaDC primary (b) and
secondary (c) aggregates from NaDC monomers (a). Reprinted and modified with permission

from Bohne’s work.'* Copyright (2009) American Chemical Society.

NaDC aggregates form different environments that can accommodate molecules with
different properties within their structure by non-covalent interactions. NaDC aggregates have
hydrophilic and hydrophobic binding sites within their structure. Primary aggregates are more
hydrophobic. Secondary aggregates, on the other hand, are more hydrophilic.™® Hence, both types
of these aggregates can bind molecules differently based on the properties of the bound
molecules. For example, hydrophobic molecules bind to the primary aggregates, while molecules
containing hydrophilic moieties bind to the binding sites in secondary aggregates.*® Binding of
the small molecules to the bile salt aggregates depends on several factors, including the size,

shape, and hydrophobic characteristics of the guests.*

The dissociation of guest molecules from a supramolecular system is complex, affected
by various factors and identifying the primary parameters involved is essential for designing
rational drug delivery systems. NaDC is a main component in the formation of a supramolecular
hydrogel, which can be used as a drug delivery system. Understanding the interaction between
small molecules and hydrogel building blocks, like NaDC hydrogel, is important for determining
how these molecular-level interactions affect the release of small molecules from the hydrogel

into the surrounding medium.
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2.1.4. Fluorescent probes: binding, photophysical properties, and applications

A fluorescent probe is a type of molecule that binds to biological or chemical targets and
shows a difference in its fluorescence properties when bound or unbound to the target.
Depending on the structure and properties of the fluorophore, such as its excitation wavelength,
pH,* and solvatochromic behavior*® these molecules can be used to obtain useful information
about the environment around the fluorophore. Fluorophores have been used in many fields of
study, such as biology for cellular imaging,!’ chemical sensors,8 and food science.'® Moreover,
fluorophores bind to different macrocycles, which changes the photophysical characteristics of
the dye. These changes can be used to study the properties of the fluorophore-macrocycle
complex, such as the determination of equilibriums constants or to establish the possible

interactions occurring in the complex.?
2.1.4.1. Berberine as a fluorescence probe

Berberine (Chart 2.3), a natural isoquinoline alkaloid fluorophore with therapeutic
applications, can bind to macrocycles.?!22 When berberine is unbound, it has a very low
fluorescence quantum yield in water. However, the berberine’s fluorescence intensity increases
when it binds to specific macrocycles like CB[8], CB[7], and derivatives of calixarenes.?® 2
Furthermore, changing the microenvironment around berberine to be more non-polar results to a

shift in the steady-state fluorescence emission spectra towards shorter wavelengths.??
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Chart 2.3. Molecular structure of berberine chloride.
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2.1.5. Objective

The objective of this chapter is to investigate how the self-assembly of the NaDC
aggregates affects the dynamics of berberine binding to CB[7]. NaDC aggregates are present in
both the gel and aqueous phases of the hydrogel. Larger aggregates are immobilized inside the
gel structure, while smaller aggregates are mobile in the aqueous phase.? % In this chapter the
dynamics of berberine binding to CB[7] and NaDC will be investigated in solutions and not gels,
since mobile NaDC aggregates are known to be present in NaDC gels. The experiments in
solution were the starting point to study the dynamics of gel components, while studies on the

immobile phase of the gel would be the subject of the following chapter.

Steady-state fluorescence and UV-VIS spectroscopy were used to identify the presence of
different berberine species in an equilibrium state, including berberine binding to CB[7] and
NaDC primary and secondary aggregates. Kinetic studies were done using the stopped-flow
technique, in which the dynamics of berberine with NaDC and berberine complexed with CB[7]

in the presence of NaDC aggregates were investigated.
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2.2. Experimental Section
2.2.1. Materials

CBJ[7] (80%) was synthesized and purified by standard protocols in the Bohne group.?’
NaDC (Fluka, > 98%), sodium chloride (NaCl, Sigma-Aldrich, BioXtra, > 99.5%), deionized
water (Barnstead NANOpure deionizing systems, > 17.8 MQ cm™), 1-adamantylamine (Ada,
Sigma-Aldrich, 97%), berberine chloride (Sigma-Aldrich, 98 %) and methanol (Fisher, spectral

grade, > 99.9%) were used as received.
2.2.2. Sample preparation

Stock solutions of NaDC (0.2 M) were prepared by dissolving 82.92 mg NaDC in 1 mL
deionized water. Stock solutions of NaCl (0.2 M) were prepared by adding 58 mg NaCl to 5 mL
deionized water. Stock solutions of Ada (1 mM) were prepared by adding 0.75 mg Ada to 5 mL
deionized water which results in the protonation of this compound (adamantylammonium cation,
Ada*, pKa= 10.3). Stock solutions of CB[7] (0.2 mM) were made by adding 2.9 mg CBJ[7] to 10
mL deionized water. Stock solutions of berberine (0.5 mM) were made by adding 0.925 mg
berberine chloride to 5 mL spectroscopic grade methanol. All samples used in the experiments
were prepared using the methods described below one day before the experiments and the

temperature for all experiments was kept at 20 °C.

For stopped-flow experiments, solutions were prepared in volumetric flasks, and the final
concentrations were obtained by mixing the solutions from two syringes at a 1:1 ratio.
Appropriate amounts of stock solutions of berberine chloride, CB[7], NaDC and NaCl were
added to the volumetric flask, and the volumes were completed to 10 or 25 mL using deionized
water. Final concentrations of CB[7] and berberine were 0.75 and 0.25 uM, respectively. The
final concentrations of Ada* were 2, 5, 10, 20, 40, and 80 puM. Final concentrations of NaDC
were between 1 and 25 mM. The total concentration of Na* in all samples, arising from NaDC

and NacCl, was kept constant at 50 mM.

Solutions for steady-state fluorescence and absorption experiments were made in 3-dram
sample vials. Appropriate amounts of stock solutions of berberine chloride, CB[7], NaDC and
NaCl were added to the sample vials, and the volume was completed to 3 mL. Final
concentrations of berberine were 0.25 and 10 «M. The final concentrations of CB[7] were 0.25,



28

1, 5, 10, 30 M. Final concentrations of NaDC were between 1 and 50 mM. The final

concentrations of Ada* were 40 and 80 uM.
2.2.3. Instrumentation

Emission spectra were collected on a PTI QM-40 spectrophotometer using 10 x 10 mm
quartz cells. The excitation wavelengths for the collection of the emission spectra were 280, 345,
400, and 420 nm with the collection of the emission ranging between 400 to 750 nm. The
excitation spectra were measured using the emission wavelengths of 490, 500, and 650 nm with
the detection ranging between 250 to 650 nm. The step size was 0.5 nm, the integration time was

set to 0.25 s. The excitation and emission monochromator bandwidths were set to 2 and 5 nm.

Kinetic studies were conducted on an Applied Photophysics SX20 stopped-flow system
using a Hg-Xe vapour lamp as the excitation source. The samples were irradiated at 345 nm and
the monochromator bandwidth was set to 4.65 nm. Fluorescence emission was detected using a
cutoff optical filter that selectively transmits light with wavelengths longer than 395 nm. The
high voltage was adjusted to achieve a maximum signal of around 5 V. For each kinetic trace, 16

individual traces were averaged.
2.2.4. Data analysis for stopped-flow experiments

In a stopped-flow experiment, two or more reactants are rapidly mixed. This mixing
initiates the reaction, and the progress of the reaction is monitored over time. The resulting kinetic
trace shows how the concentrations of species in the mixed solution change over time. The
observables used to monitor the change in concentrations are fluorescence intensity values. The

averaged kinetic traces were fit to the sum of exponential function equation (Equation 2.2).

_ —k t -k t -k t .
Al = ay + aje™"obs1t 4 gye ™ obs2t + qgge™"obs3 Equation 2.2

Where, k values are observed rate constant for each kinetic component labelled with a
number, a values correspond to the amplitudes of each component, and ao is the offset. This
equation is a general one, but my data fit single exponential kinetics. All traces obtained were
fitted to a monoexponential function, leading to the recovery of one observed rate constant and

one amplitude.
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2.2.5. Checking for the purity of berberine
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Figure 2.1. (a) Normalized steady-state fluorescence emission spectra of 30 UM
berberine (1ex = 280 nm (black), 345 nm (blue), 400 nm (red)) in methanol. (b) Normalized
steady-state fluorescence excitation spectra of 30 UM berberine in methanol normalized at 450
nm collected at different emission wavelengths (tem = 490 nm (black), 500 nm (blue), 650 nm

(red)).

The purity of berberine was checked in fluorescence experiments to establish that
fluorescent impurity was not present, which would interfere with the experiments. By varying
the excitation or emission wavelengths, it becomes possible to identify additional peaks or
spectral changes that do not correspond to the spectra of the pure molecule. These variations in
excitation or emission spectra can result from contaminants that show fluorescence. The
emission spectra did not change when the sample was excited at different wavelengths (Figure
2.1 (a)). Excitation spectra of berberine at different emission wavelengths show a negligible
change around 360 nm (Figure 2.1 (b)) when the samples were detected at different emission

wavelength.
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2.3. Results
2.3.1. Absorption and steady-state fluorescence measurements

2.3.1.1. Effect of the addition of NaDC on the berberine steady-state fluorescence and

absorption spectra
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Figure 2.2. (a) Steady-state fluorescence emission spectra of 0.25 uM berberine (Aex =
345 nm) with (0, 1, 4, 6, 8, 10 mM) NaDC shown as a blue gradient (from light blue to violet)
and (15, 20, 30, 50 mM) NaDC in red gradient (from pink to black). (b) Normalized steady-state
fluorescence emission spectra of 0.25 uM berberine (1ex = 345 nm) with increasing NaDC
concentrations shown in panel (a). (c, d) Fluorescence emission intensity at 550 nm for different
concentrations of NaDC for two independent experiments. The plot shown in panel (c) is derived
from data in panel (a) and panel (d) is derived from the data shown in the appendix (Figure
A2.1).
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The addition of NaDC at concentrations in which the monomer, primary, and secondary
aggregates are present led to changes of the steady-state fluorescence emission intensity of
berberine (Figure 2.2 (a)). However, the shape of the emission spectra of berberine did not
change as the NaDC concentration was raised (Figure 2.2 (b)). The increase in the berberine
emission intensity slowed down in high NaDC concentrations (Figures 2.2 (c) and (d), [NaDC] =
30 mM). No quantitative analysis is possible because of the scatter in the data caused by the

difficulties in subtracting the spectra for the control experiments.
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Figure 2.3. Absorption spectra of 10 «M berberine in the absence (a, blue) and presence
of 1, 4, 8, 20, 50 mM (b—f) NaDC ([Na*] = 50 mM).

The absorption spectra of berberine shows three distinct peaks around 263 nm, 343 nm,
and 421 nm.?® Upon the addition of NaDC, a bathochromic shift for the peaks at 343 and 421 nm
was observed in the absorption spectra of berberine (Figure 2.3). The shift in the absorbance
maxima after the addition of NaDC indicates the binding between berberine and NaDC primary
and secondary aggregates. This shift to longer absorption wavelength indicates a change in the

polarity of berberine’'s microenvironment to a less polar environment than in water.?> 2
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2.3.1.2. Optimization of the excitation wavelength for berberine after binding to CB|7]
and NaDC
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Figure 2.4. Steady-state fluorescence emission spectra of 0.25 M berberine with an
excitation wavelength of (a) 345 nm and (b) 420 nm with 5 (black), 10 (blue), 15 (red), 25 mM
(green) NaDC ([Na*] = 50 mM).
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Figure 2.5. (a) Normalized steady-state fluorescence emission spectra of 0.25 M
berberine with an excitation wavelength of (a) 345 nm and (b) 420 nm, with 5 (black), 10
(blue),15 (red), 25 mM (green) NaDC ([Na*] = 50 mM).

Previous studies investigating the photophysical properties of berberine used excitation

wavelengths approximately at 345 nm and 420 nm.%% 3! The effect of the excitation wavelength
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on the emission spectra of berberine in the presence of NaDC was investigated and no changes in
the shape of the emission spectra were observed for the samples excited at each of the
wavelengths (Figure 2.4 and 2.5). The fact that the emission spectra of berberine do not change
when excited at 345 nm or 420 nm, with different NaDC concentrations, shows that the
microenvironment's polarity around berberine remains the same in NaDC solutions with varying
primary and secondary aggregate concentrations. If berberine molecules were distributed in
microenvironments with different polarities, a change would have been observed for the

emission spectra when berberine was excited with different wavelengths.
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Figure 2.6. Normalized steady-state fluorescence emission spectra of 0.25 «M berberine
(Aex = 345 nm, black; 420 nm, blue) with 5 (a), 10 (b), 15 mM (c) NaDC ([Na*] = 50 mM).

There is no shift in the normalized emission spectra of berberine with different
concentrations of NaDC that were excited with two different wavelengths (Figure 2.6). Changing

the NaDC concentration from 5 mM, where only primary aggregates are present, to 10 and 15
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mM, where secondary aggregates are also present, did not lead to a change in the normalized

emission spectra of berberine.
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Figure 2.7. Steady-state fluorescence emission spectra of 10 uM berberine with an
excitation wavelength of (a) 345 nm and (b) 420 nm with 1 (blue), 5 (red), 10 (green), 30 uM
(black) CBI[7].

Berberine forms a 1:1 inclusion complex with CB[7], and this binding leads to a 500-fold
enhancement in the berberine’s steady-state fluorescence emission intensity.?* The increase in
fluorescence intensity when berberine forms complexes with CB[7] is due to the rigid structure
of the berberine's surroundings inside the CB[7] cavity. This rigidity reduces pathways for
nonradiative decay, leading to an enhanced fluorescence intensity. There is no shift in the steady-
state fluorescence emission spectra upon binding of berberine with CB[7], when berberine is
excited at 345 and 420 nm (Figure 2.7). This finding shows that berberine in the presence of

CB[7] has a consistent structural conformation and binding behavior regardless of the excitation

wavelength used.
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Figure 2.8. Normalized steady-state fluorescence emission spectra of 10 «M berberine
(Aex = 345 nm) with 0 (black), 5 (blue), 20 (red), 30 «M (green) CBJ[7]. Spectra for 5, 20, 30 uM
CB[7] are overlapping. The low signal to noise ratio in the spectrum of berberine with 0 M

CB[7] is attributed to the low emission quantum yield of free berberine in water.

Normalized emission spectra of berberine, with and without CB[7], show that berberine
emission undergoes a hypochromic shift from around 510 to 500 nm upon binding to CB[7]
(Figure 2.8). The hypochromic shift of berberine emission is characteristic of berberine when
present in a less polar environment compared to water.?? In addition, there is no shift in the
maximum emission wavelength with different concentrations of CB[7], showing that even at
higher concentrations of CB[7], the same complex is formed between berberine and CB[7] as

observed at lower concentrations of the CBJ[7].
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Figure 2.9. Plot for the dependence of the steady-state fluorescence 10 uM berberine (Aex
= 345 nm) bound to different concentrations of CB[7], normalized to the emission at 500 nm of

the highest concentration of CBJ[7].

Addition of CB[7] to a solution containing berberine led to an increase in the emission
intensity of berberine when the CB[7] concentration was raised (Figure 2.9). The intensity
increase leveled off at higher CB[7] concentrations as expected for the formation of a 1:1
berberine-CB[7] complex.2* Complete binding of berberine was achieved when the concentration

of CB[7] was three times higher than that of berberine.
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2.3.1.3. Effect of CB[7] on the absorption spectrum of berberine
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Figure 2.10. Absorption spectra of 10 uM berberine with 0 (black), 1 (red), 10 (blue), 30
uM (green) CB[7] ([Na+] = 50 mM).

The absorption spectra of berberine with increasing CB[7] concentrations show that the
absorption maxima of berberine changes upon addition of CB[7] (Figure 2.10). This change in
the absorption spectra of berberine shows that there is an interaction in the ground state between
berberine and CB[7].

2.3.1.4. Relocation of berberine with the addition of NaDC from the berberine@CB|7]

complex

The addition of NaDC to a solution containing the berberine@CBJ[7] complex leads to a
change in the steady-state fluorescence emission spectra (Figure 2.11). By increasing the NaDC
concentration, the emission maxima shift from around 510 nm to 550 nm (Figure 2.11 (a, ¢)),
along with a decrease in the maximum emission intensity (Figure 2.11 (a)). At the highest NaDC
concentration tested, a small band appears at 510 nm, indicating that some berberine remains

bound to CB[7], while most has moved to NaDC aggregates.



38

18D
> [ |
- % 0.8 mg® . B ]
= )= |
g - 06 o%°
=] ]
£ N
T 04 L
£ ®
5 ° ¢
Z 02|
= 0 | | | | |
450 500 550 600 650 0 10 20 30 40 50
Wavelength / nm [NaDC]/ mM
545
c ® °
540 - o ° 1
[= >
S 535 ¢ z
=, € 08
& 530 £
£ L o
o 5251 706
2 5ol @ S
2 £ 04
z 5151 z
51of 02
505 | | | | | o bt
0 10 20 30 40 50 60 440 480 520 560 600 640

[NaDC]/ mM Wavelength / nm
Figure 2.11. (a) Steady-state fluorescence emission spectra of 0.25 uM berberine (Aex =
345 nm) and 0.75 uM CB[7] in the absence (black) and presence of low concentrations (1, 4, 6
mM) of NaDC shown as a red gradient from dark red to pink, and higher concentrations (8, 10,
15, 30, 50 mM) of NaDC shown as a blue gradient from purple to light blue. (b) Fluorescence
intensities of the 0.25 uM berberine (Aex = 345 nm) and 0.75 uM CBJ7] solution with different
NaDC concentrations at 510 nm (black circle) and 550 nm (blue square). The intensities were
normalized to the intensity of berberine@CB[7]. (c) Dependence of the maximum emission
wavelength of berberine@CB[7] on the NaDC concentrations. (d) Normalized spectra for the
emission of berberine@CBJ[7] at different NaDC concentrations. The data for panels (b),(c) and

(d) were derived from the data in panel (a).
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Free berberine and berberine bound to NaDC emit at around 550 nm (Figures 2.6), while
the berberine complexed to CB[7] emits around 510 nm (Figures 2.8) The emission intensity at
both of these wavelengths and also the emission maxima change with varying NaDC
concentrations (Figure 2.11 (b,c)) for solutions containing berberine and CB[7]. Normalized
emission spectra of berberine also show that the addition of NaDC to the berberine@CBJ[7]

complex causes a shift in the maximum emission wavelength of berberine (Figure 2.11 (d)).

2.3.1.5. Effect of addition of Ada™ on the berberine fluorescence when berberine is

bound to NaDC

Ada"* is a cationic and non-fluorescent guest known for its strong binding to CB[7].3 The
strong binding ability between CB[7] and Ada* plays an important role in displacing other guests
complexed with CB[7]. Guests that show an increase in their fluorescence on binding to CB[7],
like berberine, on displacement by Ada*, will show a decrease in their emission intensity due to a

change of berberine’s quantum yield inside and outside of the CB[7] cavity.

In the microheterogeneous system containing CB[7] and NaDC aggregates, berberine is
bound to both CB[7] and NaDC (Figure 2.11 (a)). However, there was no prior information
regarding whether Ada* can displace berberine that is bound to NaDC aggregates. This
information is required for the analysis of the kinetic data.
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Figure 2.12. Steady-state fluorescence emission spectra of 0.25 UM berberine (Aex = 345
nm) with 25 mM NaDC with 0 (black), 40 (blue), 80 uM (red) Ada* ([Na*] = 50 mM).

The emission spectra of berberine bound to NaDC were not affected when Ada* was
added up to a concentration of 40 uM, indicating that Ada* did not displace berberine bound to
NaDC aggregates (Figure 2.12). However, when the concentration of Ada* increased to 80 uM, a
slight decrease in the emission intensity of berberine bound to NaDC was observed (red trace in
Figure 2.12). This slight decrease in the emission intensity of berberine bound to NaDC, as the
concentration of Ada* increased to 80 PM, suggests that at this high Ada* concentration, some

berberine may be displaced from the NaDC aggregates.
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2.3.2. Kinetic measurements

2.3.2.1. Analysis of the displacement Kkinetics of berberine from the complex with CB|7]
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Figure 2.13. Kinetic traces (black) for the mixing of a solution containing 5 uM Ada+
with a solution containing of 0.25 uM berberine, 0.75 uM CBJ[7] and (a) 0, (b) 25 mM NaDC
([Na+] = 50 mM). The fit of the experimental data to a monoexponential function is shown in
blue and the residual between the experimental data and the fits are shown in the lower panels.

All the concentrations mentioned are after mixing.

The analysis of Kinetic traces involves fitting the data to a mathematical model (blue lines
in Figure 2.13) from which rate constants are obtained. Residuals between the kinetic trace and
the values obtained from the fit are calculated. If the mathematical model adequately fits the
experimental data, then the residuals are random around zero. For the stopped-flow experiments
described in this chapter, the traces show a random residual and fit to a mono-exponential decay

model.
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2.3.2.2. Determination of the association of berberine with NaDC aggregates
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Figure 2.14. (a) Stopped-flow kinetic traces for the mixing of 0.25 pM berberine to 0
(black), 2 (blue), 15 (green), 25 mM (upper red) NaDC over a time scale of 2 s. (b) Stopped-flow
kinetic traces for the mixing of 0.25 uM berberine in the absence (black) and presence (red) of

25 mM NaDC over a time scale of 0.025 s ([Na*]= 50 mM).

Stopped-flow experiments were conducted to study the kinetics of association of
berberine to NaDC aggregates. The association of berberine to NaDC aggregates cannot be
observed due to the rapid kinetics of berberine binding, which occurs faster than the millisecond
detection limit of the equipment (Figure 2.14). When the Kkinetics for a reaction is faster than the
detection limit of the experiment, the instrument will not be able to capture the change of
concentration over time. The change in concentration appears as a jump in the intensity followed
by a flat line (Figure 2.14 (a, b)). The initial fluorescence intensity increased as the NaDC
concentration was raised (Figure 2.14 (a)). The rise in initial intensity shows that berberine binds

to NaDC aggregates within the 1 ms mixing time of the equipment.
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2.3.2.3. Effect of Ada* addition on the berberine dissociation from the
berberine@CB][7] complex in the presence of NaDC
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Figure 2.15. (a) Stopped-flow kinetic traces for the mixing of the solution containing 0.25
UM berberine, 0.75 uM CBJ[7] and 25 mM NaDC with 2 (a, lower black), 5 (b, lower blue), 10
(c, red), 20 (d, green), 40 (e, upper black), 80 uM (f, upper blue) Ada+ ([Na+] = 50 mM). All the
concentrations mentioned are after mixing. Some of the traces are overlayed. (b) Averaged kobs
values for two independent experiments obtained by fitting the data using a monoexponential
decay function. The kobs values correspond the apparent dissociation rate constant (k_y;)
values. The values shown are averages for the values obtained from the data in panel (a) and
from Figure A2.2 in the appendix.

The effect of addition of NaDC to the kinetics of the displacement of berberine from the
CBJ7] complex were measured for different concentrations of Ada* (Figure 2.15 (a)). The Kobs
values obtained from kinetic traces show that until the Ada*® concentration reaches 40 uM,
raising the Ada* concentration changes the kops that corresponds to the berberine dissociation
from CB[7] in the presence of NaDC aggregates. The kons does not change significantly for Ada*
concentrations of 40 uM or 80 uM (Figure 2.15 (b)).
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2.3.2.4. Effect of the addition of NaDC on the displacement kinetics of berberine by
Ada* from the berberine@CB[7] complex

o = a
o = N D

ntensity

I
o
o)

c e
o N B

] ] ] | |
5 10 15 20 25 30
Time /s [NaDC]/ mM

mplitude

0.2 ° °

0 | | | | |

0 5 10 15 20 25
[NaDC]/ mM

Figure 2.16. (a) Stopped-flow kinetic traces for the mixing of 5 uM Ada* with solutions
containing 0.25 pM berberine, 0.75 uM CBJ7] and different concentrations of NaDC. Lower
concentrations of NaDC (0, 0.5, 2 mM) are shown as a blue gradient from light blue to purple

and higher concentrations (5, 6, 15, 25 mM) are shown as a red gradient from pink to black
([Na*] = 50 mM). All concentrations mentioned are after mixing. (b) Averaged kops values from

independent experiments obtained by fitting the data (panel (a) and appendix A 2.3) using a
monoexponential decay function. Error bars that are not visible are smaller than the data point

shown. (c) Amplitudes for traces in panel (a).

The kinetic traces of the dissociation of berberine from CB[7] by 5 uM Ada" change in
the presence of different NaDC concentrations (Figure 2.16 (2)). By fitting the traces, the

dissociation rate constant of berberine from CBJ[7] was found to be affected by the concentration

of NaDC (Figure 2.16 (b)).
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Figure 2.17. (a) Stopped-flow kinetic traces for the mixing of 40 uM Ada* with the
solutions containing 0.25 puM berberine, 0.75 uM CB[7] and different concentrations of NaDC.
Low concentrations of NaDC (0, 2, 5, 10, 12 mM) are shown as a red gradient from black to
light pink and higher concentrations (15, 20, 25 mM) are shown as a blue gradient from light
purple to blue ([Na*] = 50 mM). All concentrations mentioned are for after mixing. (b) Averaged
Kobs Values from two independent experiments panel (a) and Figure A 2.4 obtained by fitting the
data using a monoexponential decay function. Errors bars that are not visible are smaller than the
data point shown. (c) Amplitudes for traces in panel (a).

The same kinetic experiments were conducted using a higher concentration of Ada*
(Figure 2.17 (a)). In contrast to the experiments at the lower Ada* concentration, kobs values
increased continuously (Figure 2.17 (b)) and the amplitude of the kinetics decreased
continuously (Figure 2.17 (c)). In addition, errors in the averaged kons Values were smaller when

the higher Ada* concentration was used.
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Figure 2.18. (a) Stopped-flow traces for the mixing of 80 uM Ada+ with the solutions
containing 0.25 uM berberine, 0.75 uM CBJ7] and different concentrations of NaDC. Lower
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higher concentrations (15, 20, 25 mM) are in blue gradient from light purple to blue ([Na+] = 50
mM). All the concentrations mentioned are for after mixing. (b) kobs obtained by fitting the data

using a monoexponential decay function derived from data in panel (a). (¢) Amplitudes for the

traces in panel (a). Error bars are smaller than the data points shown.

Increasing the concentration of Ada* further to 80 uM led to different trends for the kobs
values and the amplitude of the Kinetics (Figure 2.18). The values for kops initially decreased,
followed by a discontinuous trend of increasing rate constants (Figure 2.18 (b)). Also, the trend

for the amplitudes is not continuous (Figure 2.18 (c)).
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2.4. Discussion

Studying the interactions between small molecules and the main building blocks of a
supramolecular hydrogel is not the primary focus in fields like drug delivery system
development. However, understanding how these molecules interact and how each component
affects the dynamics and interactions of the small molecules to be released is important. This
knowledge enhances our understanding of the function of supramolecular systems and ultimately
help in the rational design of more effective delivery systems.

Steady-state fluorescence experiments of berberine with CB[7] (Figure 2.7) and
berberine with NaDC aggregates (Figure 2.2) show that berberine binds to both of the CB[7] and
NaDC aggregates. The maximum emission of berberine bound to CB[7] and NaDC aggregates
differs due to the sensitivity of berberine’s emission to the polarity of its microenvironment.
When berberine enters the CB[7] cavity and forms a complex, the maximum emission of
berberine changes to a shorter wavelength. When NaDC is added to the solution containing
berberine and CB[7], the maximum emission shifts to a longer wavelength, indicating that some
of the berberine has exited the non-polar cavity of CB[7] and is bound to the NaDC aggregates
(Figure 2.11 (a)). Qualitative analysis of the wavelength shift of the berberine's steady-state
fluorescence emission spectra in different microenvironments supports that berberine is
distributed between the NaDC aggregates and CB[7] (Figure 2.11 (d)). In this
microheterogeneous system, there are two hosts for berberine: CB[7], which acts as a rigid host,
and NaDC aggregates, serving as a non-rigid host. A rigid host is one whose structure remains
relatively unchanged upon binding to a guest molecule, unlike non-rigid hosts where the host's
structure can undergo changes when interacting with guest molecules. As a positively charged
hydrophobic guest, berberine is well-suited for interacting with NaDC aggregates. The absence
of a spectral shift between free berberine and berberine bound to the NaDC aggregates (Figure
2.2 (b)) indicates that berberine does bind within the hydrophobic primary aggregates but binds
to the aggregates through electrostatic interactions between the cationic nitrogen of berberine and
carboxylate groups of NaDC, which are ionized at the pH of water used for this work. If
berberine was bound inside of the NaDC primary aggregates, a change in the maximum emission
wavelength would be expected due to the change in the microenvironment's polarity from bulk

water to the more hydrophobic site in primary aggregates.'* Adding NaDC to solutions
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containing the berberine@CB[7] complex led to changes in steady-state fluorescence emission
spectra maxima and quantum yield of berberine (Figures 2.11). The shift in the steady-state
fluorescence emission spectra of berberine shows that the presence of NaDC aggregates causes a
relocation of berberine from complexation with CB[7] to the binding with NaDC aggregates. At
lower concentrations of NaDC, primary aggregates are present. By increasing the NaDC
concentration, secondary aggregates begin to form with the association of primary aggregates. In
both concentration ranges where primary and secondary aggregates exist, berberine shows an
emission, providing evidence of its binding to both primary and secondary aggregates. The
concentration of NaDC molecules at which NaDC primary aggregates begin to form is at least
5000 times higher than the concentration of CB[7]. Hence, the high concentration of NaDC may
prevail over the relatively high binding affinity (Keq = (5.3 £ 0.7) x 10" M at 283 K)3? between
berberine and CB[7], making the binding between berberine and NaDC primary and secondary
aggregates the dominant interaction.?* This finding shows that even with a strong binding affinity
between berberine and CB[7], it is not the only factor determining the binding efficiency
between them when other binding sites are available. Differences in the quantity of binding sites
between two host molecules can lead to alternative weak interactions with more binding sites
superseding high binding affinity of the stronger host-guest interactions. Therefore, studying all
possible interactions between the components of a supramolecular system will enable the

prediction of the final supramolecular systems formed by individual molecules.

NaDC aggregates also affect the dynamics between berberine and CB[7], due to the
formation of primary and secondary NaDC aggregates in the solution phase. Berberine binds to
the NaDC aggregates, as evidenced by differences in amplitudes when mixing berberine and
various NaDC concentrations and an increase in the berberine’s fluorescence emission intensity
(Figures 2.2 and 2.14). Through steady-state fluorescence and kinetic experiments, it was found
that the dissociation and association of berberine from NaDC could not be detected under the
current experimental conditions, as the kinetics of association and dissociation occur more
rapidly than the resolution of the equipment allows. For future studies, laser temperature jump
could be used as a technique to analyze the dissociation and association of berberine from NaDC.
This technique involves rapidly heating the sample with a laser pulse, causing a sudden
temperature increase. The system's response to this thermal perturbation can then be monitored

as it relaxes back to equilibrium.
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Reaching the new equilibrium faster than the resolution of the equipment is considered as
a dead time of the instrument (Figure 2.14 (a, b)). Also, the concentration of Ada* at 40 uM was
shown not to displace berberine bound to NaDC aggregates as the emission intensity of berberine
did not decrease upon addition of 40 uM Ada* (Figure 2.12). Hence, when both CB[7] and
NaDC are present in the system with berberine, only the kinetics for the berberine@CB[7] was

observed in the stopped flow kinetic experiments.
B*@CB[7] s B* + CB[7] Equation 2.3

A previous literature report showed that the values of both k+ and k. for berberine with
CB[7] (Equation 2.3) are affected by changes in temperature and the salt concentration of the
solution; however, these dependencies are not explicitly represented in the equation.®
Consequently, a constant temperature and sodium cation concentration was maintained in my

studies.
Equation 2.4

CB[7] + Ada* 2 Ada*@CB|7]

Following the formation of the berberine complex with CB[7] and its dissociation, addition
of Ada* will lead to the complexation of CB[7] with Ada*® (Equation 2.4). If the concentration of
Ada* is in a range in which the rate of the association of Ada® to CB[7] is higher than the
reassociation of berberine to CB[7], Ada" will prevent the reassembly of the berberine and CBJ[7]
complex, as Ada* will enter to the cavity of CB[7] in a very fast process and hence, the only process

that will be observed is the dissociation of berberine from CB[7] in the presence of excess Ada*.
B*@CB[7] -» Bt + CBJ[7] Equation 2.5

B*@CB[7] - Na* - B* + CB[7] - Na* Equation 2.6

kobs = Kapp- Equation 2.7

In the literature, it has been mentioned that the presence of salts can form a ternary
complex between CB[7], berberine, and the cation (Equation 2.6).33 Hence, in the solution, there
will be two different types of complexes: one with berberine and CB[7], and another with
berberine, CB[7], and the cation. Hence, both the dissociation of berberine from CB[7] and from

CBJ7] with cation contribute to the observed rate constant, which is equivalent to the apparent
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dissociation rate constant. The apparent dissociation constant is a function of the dissociation of

berberine from CBJ[7] both with and without cation.

The presence of varying concentrations of NaDC monomers did not affect the
dissociation rate constant of berberine from the berberine@CB[7] complex. Upon increasing the
concentration of NaDC and the formation of primary aggregates (5 mM NaDC), the observed
rate constant increased. With further increase in the NaDC concentration and the formation of
secondary aggregates (12—25 mM NaDC), the increase in kobs continued. This increase in Kobs
displays a linear relationship within the range of 5 to 25 mM NaDC, which corresponds to the
presence of both primary and secondary aggregates. Formation of secondary aggregates does not
lead to a different observed rate constant change compared to primary aggregates (Figure 2.17
(b)). At higher concentrations of Ada™ (80 uM) the trend is not continuous and there is not a
relationship between the formation of aggregates and the values of kobs (Figure 2.18 (b)). This
might happen because Ada* could replace berberine in NaDC aggregates, leading to a more

complex process.

One possible mechanism for the acceleration of kobs upon addition of NaDC to berberine
complexed with CB[7] with and without cation is that the complex may relocate from bulk water
to aggregates. The increased likelihood of Ada®™ encountering the complex and displacing
berberine within CB[7] is attributed to the electrostatic interaction between the positively
charged Ada" and the negative charge of NaDC aggregates. Through the relocation of the
berberine@CB[7] complex from bulk water to NaDC aggregates and the electrostatic interaction
between Ada* and the NaDC aggregates increases the possibility of Ada*™ being present in the
NaDC primary and secondary aggregates, which facilitates the encounter of Ada* with the
berberine@CB[7] complex present in the aggregates, leading to the displacement of berberine.

If there were a mechanism based on the type of aggregates, it would involve the complex binding
to both primary and secondary aggregates. However, since primary and secondary aggregates
have different binding sites for molecules with varying hydrophilicity, any binding between the
complex and aggregates would likely result in a change in the trend of the observed rate constant
before and after the formation of secondary aggregates. Given that no such change in trend has
been observed, it shows that the mechanism does not involve binding of the complex to the

binding sites of the primary and secondary aggregates.
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2.5. Conclusion

The objective of this work was to study the dissociation kinetics of a hydrophobic
cationic guest (berberine) from CB[7] in the presence of different concentrations of NaDC, and
studying the interaction between the guest molecule and both CB[7] and NaDC aggregates. We
used changes in the fluorescence emission and UV-Vis absorption spectra of the guest molecule
as indicators of these interactions. The main findings suggest that the addition of NaDC caused a
shift and redistribution of the guest molecule between CB[7] and NaDC aggregates, indicating an
interaction with both hosts. It was also shown that the dissociation of berberine from the complex
with CBJ[7] changes upon the addition of NaDC primary and secondary aggregates to the system,
but there is no change in the presence of NaDC monomers. The relocation of the guest and
CB[7] complex from bulk water to the NaDC aggregates might explain this phenomenon. By
achieving the objective of this work, we concluded that simply adding a host to a supramolecular
system without studying the interaction of each component with each other makes it difficult to

predict the outcome.

In drug delivery systems, while the primary focus often lies on the equilibrium constant
between the drug and the delivery system, the crucial factor, after the drug reaches the body and
is distributed in the bloodstream, is the drug’s dissociation from the carrier into the surrounding
medium. Hence, studying the parameters affecting the dissociation rate constant of guests from

hosts is important for designing functional controlled delivery systems.
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Chapter 3: Characterization of NaDC hydrogels after the addition of
CBJ7] by fluorescence microscopy and release studies

3.1. Introduction

The interactions between components of a supramolecular system can be studied at the
macroscopic, microscopic, and molecular levels. At the macroscopic level, researchers explore
the bulk properties of materials. This exploration involves analyzing physical characteristics,
such as solubility, viscosity, and mechanical strength, which can be tailored by controlling non-
covalent interactions in the supramolecular systems.! On the molecular level, researchers study
how individual supramolecular components interact with each other in a supramolecular system,
forming unique structures. Molecular level research focuses on fundamental and mechanistic
understandings of the processes and interactions of individual molecules to form supramolecular
systems. This level of studies offers insights into the dynamics?, kinetics, and thermodynamic
processes involved in the formation of host-guest interactions® and the overall complexity of
these systems. Understanding interactions between the building blocks in the supramolecular
systems is a crucial step in designing functional materials, like molecular sensors or drug
delivery systems. A microscopic study of supramolecular systems involves examining their
structures in detail. There is no straightforward relationship that connects the microscopic,
macroscopic, and molecular length scales. To understand how each individual component
contributes to the overall functionality of a multi-component system like a supramolecular

hydrogel, it is important to get information at different length scales.*

In the previous chapter, the effect of NaDC, a main component of a hydrogel, on the
dissociation of a hydrophobic and cationic guest (berberine) from CB[7] was studied in aqueous
solutions, which also constitutes the mobile phase of the NaDC hydrogel at the molecular level.
It was shown that the presence of NaDC aggregates has an effect on the dissociation rate
constant of berberine from CB[7]. This result suggests that every component within a
supramolecular system has direct or indirect effects on the system's behavior at the molecular

level.

Introducing a new component to a supramolecular system, in which the new component

can be involved in non-covalent interactions, will change the properties of the system at different
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length scales.’ Previous studies in our group, showed that adding CB[6] changed the properties
of the NaDC hydrogels in each of the three length scales. It was shown that adding CB[6]
increases the mechanical strength of the NaDC hydrogel.® The change in the mechanical strength
of NaDC after the addition of CB[6] resulted in a macroscopic-level change. Also, the presence
of CBJ[6] in the NaDC hydrogel changed the immobilized spherical aggregates of NaDC to
fibrous structures at the microscopic level. The mechanical strength and structure of the gel
changed; however, the release profile of small molecules from NaDC hydrogel into the

surrounding medium was affected differently, depending on the structure of the small molecule

(Figure 3.1).
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Figure 3.1. Release profiles for pyrene (5 uM, left) and for rhodamine 6G (10 pM, right)
dyes from NaDC gels (50 mM) with different CB[6]/NaDC ratios: O (red circle), 0.05 (blue
square), 0.1 (green rhombus), 0.15 (black triangle). Reprinted with permission from [Sree
Gayathri Talluri, Effect of cucurbit[6]uril on the structure and dynamics of NaDC gels,
University of Victoria, 2021].”

The release kinetics for pyrene (Chart 3.1 (b)) from the NaDC hydrogel to the
surrounding medium slowed down after the addition of CB[6] (Figure 3.1 left). However, the
release of rhodamine 6G (Chart 3.1 (b)) was not affected by the addition of CB[6] (Figure 3.1
(right)) although the structure of the hydrogel was the same. These data suggest that
supramolecular systems can be optimized to achieve desired properties at different length scales.
For example, CB[6] can be added to change the strength of the hydrogel without affecting the

release of certain small molecules, such as rhodamine 6G. These results also show that pyrene
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has an interaction with CB[6], whereas rhodamine 6G does not. Pyrene is a neutral and
hydrophobic dye, making it a good candidate to have an interaction with the hydrophobic
aggregates of NaDC.® Rhodamine 6G, being a cationic dye, encounters the negative charge of the
NaDC aggregates, leading to a charge-charge interaction between them. Among non-covalent
interactions, charge-charge interactions are more favorable compared to the hydrophobic effect.
Hence, the positive charge of rhodamine 6G is the primary driving force for the interaction
between the aggregates and the dye, rather than the dye’s hydrophobicity. Therefore, CB[6] is
presumed to be within the aggregates, which is why it changes the structure of the immobilized

NaDC aggregates.

Chart 3.1. (a) Chemical structure of rhodamine 6G. (b) Chemical structure of pyrene.

In this chapter, CB[7] was added to the NaDC hydrogel because CB[7] is more soluble in
water than CB[6]. My hypothesis is that a certain percentage of CB[7] will become localized in
the mobile phase of the gel and interact with guests located in this portion of the hydrogel due to
the higher hydrophilicity of CB[7] than CB[6]. This interaction is expected to result in a
modification of the release of hydrophilic dyes from the NaDC hydrogel into the surrounding
medium. Also, if the hypothesis regarding the presence of most of the CB[7] molecules in the
mobile phase of the gel is correct, the gel structure of the NaDC hydrogel should be less affected
with the addition of CB[7] when compared with the effect observed with the addition of CB[6].

3.1.1. Objective

The objective of this work is to study how the addition of CB[7] affects the structure of
NaDC hydrogels and its impact on the release of rhodamine 6G from the hydrogel into the
surrounding medium. For this aim, a confocal laser scanning microscope (CLSM) was used to

obtain structural information, and release studies were done by using the static diffusion method.
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3.2. Experimental section
3.2.1. Materials

CBJ6] and CBJ[7] were synthesized and purified by standard protocols in the Bohne
group.’ Berberine chloride (Sigma-Aldrich, 98 %), methanol (Fisher, spectral grade, > 99.9%),
deionized water (Barnstead NANOpure deionizing systems, > 17.8 MQ cm™), NaDC (Fluka, >
98%), NaH,PO4 (Anachemia, > 98%), Na,HPO4 (Anachemia, > 98%), rhodamine 6G (Sigma

Aldrich, 99%) were used as received.
3.2.2. Sample preparation

For all hydrogels for microscope and release studies, the samples were made in 3-dram
sample vials. Stock solutions of NaDC (0.2 M) were prepared in deionized water and the
solutions were heated for 15 min at a temperature of 60 °C in a water bath. Stock solutions of
rhodamine 6G (0.5 mM) were prepared by adding 0.23 mg rhodamine 6G to 1 mL spectroscopic
grade methanol. Stock solutions of NaH,PO4 (0.5 M, 1.49 g) and Na,HPO4 (0.5 M, 1.77 g) were
prepared in deionized water and the salts were dissolved by sonicating for 30 s using a sonicator.
Buffer solutions (pH = 6.50 £ 0.01) were prepared by mixing the appropriate amount of
NaH2PO4 and Na;HPOy salts.

For microscope studies, solid CB[6] or CB[7] were added to the 3-dram sample vials.
Buffer and deionized water were transferred to the sample vial by using an Eppendorf pipette.
The sample vials were sonicated for around 30 s in the sonicator and heated for 15 min ata
temperature of 60 °C in the water bath. After 15 min, 2 M of the selected dye and 50 mM
NaDC were added to the sample vial, and the sample vials were heated for another 15 min at a
temperature of 60 °C in the water bath. The gaskets and coverslips for microscope experiments
were prepared and rinsed with deionized water and methanol and dried before using.
Approximately 150 xL of the gel was transferred to the gasket immediately after the heating
process using a 200 uL Eppendorf. A glass coverslip was carefully positioned on the side of the
gasket that was open to prevent drying the sample. After the heating process, the gels were rested
for 20-24 h. Berberine and rhodamine 6G concentrations were 2 uM. For CB[6]/NaDC samples,
the CB[6] concentration was kept at 7.5 mM and for CB[7]/NaDC hydrogels, final
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concentrations of CB[7] were 5.5 and 7.5 mM, respectively. The final volume of the samples was

500 4L

For release studies, the CB[7]/NaDC hydrogels were made by adding CBJ[7], buffer
solution, and deionized water to the sample vial. This solution was sonicated for around 30 s in a
sonicator to ensure the CB[7] is dissolved. Then the solution was heated for 15 min at 60 °C in a
water bath. While the solution was hot, appropriate amounts of rhodamine 6G and NaDC were
added to the sample vial. The sample vial was then heated another 15 min at 60 °C. CB[6]/NaDC
samples were prepared using the same procedure as CB[7]/NaDC, with the only difference of
addition of CBJ[6] instead of CB[7]. The concentrations of CB[6] in CB[6]/NaDC hydrogels and
CBJ7] for CB[7]/NaDC hydrogels were 5 mM. The concentrations of NaDC and buffer for all
gels were 50 mM. The final volume of the samples was 3000 x«L. An amount of 2000 x«L sample

was transferred to a triangular cell and rested for 20 h.
3.2.3. Instrumentation
3.2.3.1. CLSM experiments

The microscope experiments were done using a Zeiss LSM 880 microscope and the
system was set to a 20x long working distance (LWD) and 63 oil lens. Rhodamine 6G was
excited with a 488 nm laser and the emission was collected between 515 and 570 nm. Berberine
was excited at 405 nm and the emission was collected between 480 and 650 nm. The intensity of
the laser was set to 20%. The pinhole diameter was adjusted to 1 Airy Unit (AU) and the detector
gain was adjusted between 600 and 800 V. Images were captured using the software's
recommended pixel size and with a pixel depth of 12 bits. The temperature was the room
temperature. The measurements were done at a depth of 50-100 um from the surface of the
gasket. Features that are shown in microscope studies are related to immobilized aggregates and

mobile aggregates are shown as the background of the images.
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3.2.3.2. Release experiments by steady-state fluorescence

Release studies were conducted using the static diffusion method.!'? In this method, the
release medium is placed above the surface of the gel. To track the release of the dye from the
gel, aliquots from the release medium were periodically collected, and the amount of analyte was
analyzed using steady-state fluorescence measurements. Fluorescence emission spectra were
collected using a 10 x 10 mm quartz cuvette cell on a PTI QM-40 spectrophotometer. The
excitation wavelength was 480 nm and the wavelength range for the detection of the emission
was 490—700 nm. The step size was 0.5 nm, the integration time was set to 0.25 s and the
excitation and emission monochromator bandwidths were 2 nm. The integrated area was

measured between 530-580 nm.
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Scheme 3.1. Schematic representation of the static diffusion method for release studies.

The medium is a 50 mM phosphate buffer (pH = 6.50 + 0.01) added to the top of the gel
after a 20 h resting period (Scheme 3.1). The integrated area for the fluorescence of the
fluorophore was analyzed using steady-state fluorescence. A calibration curve for rhodamine 6G
in buffer was established by adding 2 uL of rhodamine 6G stock solution to the phosphate buffer
in the quartz cell for each measurement. The percentage of the released dye was calculated by
comparing the moles of the dye in the released medium and in the gel structure by using the

linear equation obtained from the calibration curve of the dye in the medium.
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3.2.4. Effect of CB[6] on the morphology of the NaDC hydrogel

Previous studies in the Bohne research group have shown that the presence of CB[6] as
an additive in the NaDC hydrogels led to a transition from spherical aggregates within the
immobile phase to fibrous structures.” Additionally, rheology studies suggested that the presence
of CB[6] enhances the strength of the NaDC hydrogel.® Also these results suggest that CB[6] is
incorporated into the gel during its formation. The low solubility of CB[6] in water can explain
this phenomenon, as CB[6] tends to prefer staying within the gel phase which has a higher
hydrophobicity compared to the mobile phase of the gel. CLSM can image the immobile
structure of the gel, but this technique does not image NaDC aggregates that are freely moving

because of their fast diffusion.

Figure 3.2. Confocal images of CB[6]/NaDC with a ratio of 0.15 gel tagged with
rhodamine 6G. The right and left panels represent the same region of the sample, captured at

different focal planes.

In previous studies, CB[6] was incorporated as an additive into NaDC hydrogel. Prior to
starting work on NaDC hydrogels modified with CB[7], the same experiment involving
CBJ[6]/NaDC with a ratio of 0.15 was repeated. The aim of this experiment was to compare the
results and assess their reproducibility. CLSM results obtained in the presence of CB[6] within
NaDC hydrogel showed that the presence of CB[6] changes the structure of NaDC spherical
aggregates inside immobile phase of the gel, transforming them into fibrous structures (Figure

3.2). The transformation of spherical aggregates to a fibrous structure was not reproducible
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compared to previous work. While fibrous structures were observed, they differed from those

reported by Talluri.”



63

3.3. Results

3.3.1. Optimizing the CB[7] concentration for NaDC hydrogel formation

For the CB[6]/NaDC hydrogel, the CB[6] concentration was adjusted to the highest level
at which the most significant structural changes in the NaDC hydrogel were observed. For the
CB[7]/NaDC hydrogel, I began by adding the same concentration as I did for CB[6]. However,
adding CB([7] at the highest amount achievable for CB[6] caused precipitation inside of hydrogel
(Figure 3.3 (a)). The CB[7]/NaDC ratio was reduced to 0.12 to achieve a hydrogel without
precipitation. However, even at this ratio of CB[7] to NaDC, white spots were visible to the
naked eye in the hydrogel (Figure 3.3 (b)). Reducing the concentration of CB[7] to achieve a
molar ratio of 0.11 for CB[7] to NaDC resulted in the formation of a hydrogel without any
visible precipitation (Figure 3.3 (c)).

=
Figure 3.3. NaDC/CB[7] hydrogels with NaDC/CB[7] ratios of (a) 0.15 (b) 0.12 (c) 0.11.

3.3.2 CLSM images of dyes with an NaDC/CB|7] ratio of 0.11

For CLSM experiments, different dyes were used in the hydrogel based on the dye’s
characteristics. Rhodamine 6G is a hydrophilic dye'! capable of forming a 1:1 complex with
CBJ[7]."? Also, thodamine 6G’s hydrophilic nature enables it to remain in the mobile phase of the
gel. In contrast, berberine chloride is hydrophobic, and the expectation is that it would prefer to
localize within the immobile aggregates rather than in the mobile phase. Berberine also binds to

the CB[7] cavity in a 1:1 ratio, primarily driven by the hydrophobic effect.!®
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Figure 3.4. Confocal images of NaDC/CB[7] gel tagged with rhodamine 6G at an

CB[7]/NaDC ratio of 0.11. All panels correspond to a same sample.

NaDC hydrogels consist of spherical aggregates within their structure.” When CB[7] is
added into NaDC hydrogels (Figure 3.4) containing the rhodamine 6G dye, it causes elongation
of the spherical aggregates characteristic of the gel in the absence of CB[n]s. The observation of
the elongated aggregates within the gel structure suggests that rhodamine 6G interacts with the
immobilized NaDC aggregates. This shift in aggregate shape signifies that CB[7] is integrating
into the hydrogel structure, although it does not induce the formation of fibrous structures like

CBJ[6] does.
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Figure 3.5. Confocal images of NaDC/CBJ7] gel tagged with berberine at CB[7]/NaDC
ratio of 0.11 in different depths (Z = 102-302 um) of hydrogel. The scale bars correspond to 20

um.

Monitoring the changes in different depths of the hydrogel tagged with berberine chloride
shows that the dispersion of the aggregates in a 3-D network (Figure 3.5). Figure 3.5 shows that
the dispersion of aggregates forming the immobile phase within the hydrogel is heterogeneous.
More heterogeneity and nonuniformity in the distribution of these aggregates in the solid
network of the hydrogel corresponds to a weaker mechanical strength compared to hydrogels
with uniformly dispersed aggregates or micelles.'"* Comparing the CLSM images of
CBJ[7]/NaDC hydrogels tagged with rhodamine 6G appear to show more aggregates compared to
those tagged with berberine.

Also, it was easier to identify immobilized aggregates in hydrogels with thodamine 6G

compared to gels tagged with berberine.
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3.3.3. Confocal images of dyes with NaDC/CB|7] ratio of 0.15

Figure 3.6. Confocal images of NaDC/CB[7] gel tagged with rhodamine 6G at
CB[7]/NaDC ratio of 0.15. Both panels correspond to a same sample.

Increasing the concentration of CB[7] to a point where visible solid particles start to
appear has resulted in a change in the structure of the NaDC hydrogel (Figure 3.6). The nature of
these particles differ from the fibrous structures observed in the CB[6] and NaDC hydrogel, as
the CBJ[7]-related structures are larger in size. These fibrous structures are also present in the

CBJ[7]/NaDC hydrogels tagged with berberine (Figure 3.7).
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Figure 3.7. Confocal images of NaDC/CB[7] gels tagged with berberine at CB[7]/NaDC
ratio of 0.15 ([NaDC] = 50 mM). All panels correspond to a same sample.

Figure 3.8. Confocal images of NaDC/CBJ7] gel tagged with berberine at CB[7]/NaDC
ratio of 0.15 in different depth (Z = 54-234 um) of hydrogel. The scale bars correspond to 20
MM,
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The presence of particles in different depths of the hydrogel shows that the hydrogel has
formed particles that have dispersed heterogeneously throughout the sample (Figure 3.8)

3.3.4. Release studies
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Figure 3.9. (a) Steady-state fluorescence emission spectra of known concentrations of
rhodamine 6G (Zex = 480 nm) in phosphate buffer used to establish the calibration curve. (b)

Calibration curve derived from the data in panel (a).

To determine the concentrations of the dye that have been released from the hydrogel, a
calibration curve was required (Figure 3.9 (b)). This calibration curve was constructed by
measuring the integrated area of the emission fluorescence spectra of known concentrations of
rhodamine 6G (Figure 3.9 (a)). This analytical approach allowed for the quantification of the

released dye's concentration into the surrounding medium.
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Figure 3.10. (a) Steady-state fluorescence emission spectra of the surrounding medium
collected at different times during the release of 10 uM rhodamine 6G (ex = 480 nm) from (a)
NaDC/CB[6] ( [NaDC] = 50 mM, CB[6] =5 mM ) and (b) NaDC/CB[7] ([NaDC] = 50 mM,
CB[7] = 5 mM) hydrogels. Data was obtained between 0-330 min.

Over time, the amount of dye being released from the hydrogel into the medium added to
the top of the gel is increasing, as shown by the higher fluorescence intensity of the medium.
This increase is attributed to the difference in the concentration of rhodamine 6G between the
hydrogel and the medium. The increase in the percentage of the dye being released, is indicated

by the rising intensity of the steady-state fluorescence emission (Figure 3.10).



70

% [Rhodamine 6G]

| l | 1 | l

0 50 100 150 200 250 300 350
Time / min

Figure 3.11. Release profile of 10 uM rhodamine 6G from (a) NaDC/CBJ6] ( [NaDC] =
50 mM, [CB[6]] =5 mM, circle,black ) and (b) NaDC/CBJ[7] ([NaDC] = 50 mM, [CB[7]] =5
mM, square, blue) hydrogels. Lines are drawn to guide the eye.

Figure 3.11 shows the release of rhodamine 6G from the NaDC hydrogel after the
addition of CB[6] or CB[7]. There is not a significant change upon addition of CB[7] or CB[6] to

the NaDC hydrogel on the release of rhodamine 6G to the surrounding medium.
3.4. Discussion

Adding additives is one way to change and modify the properties of hydrogels. '
Supramolecular hydrogels can be modified to have different functionalities due to the reversible
non-covalent bonds in their structure. CB[7] was added as an additive to NaDC supramolecular
hydrogels, and the structure of the hydrogel at the microscopic length scale and the molecular-
level release of small molecules from the hydrogel into the surrounding medium was observed.
The effect of adding CB[7] was compared to the effect of presence of CB[6] on the structure and
release of thodamine 6G from NaDC hydrogel to the surrounding medium. CB[6] has a smaller
cavity size and is more hydrophobic compared to CB[7], and the expectation was that the
localization of CB[6] and CB[7] would be different inside the hydrogel due to the heterogeneity
and the presence of different microenvironments with varying hydrophobicity inside the NaDC
hydrogel. The initial experiments served as a preliminary step towards a larger goal, which
involved incorporating both CB[6] and CB[7] into a NaDC hydrogel. The distinct localization of
CBJ6] within the immobile gel and CB[7] between the immobile and mobile phases could result

in different functions for each host molecule. CB[6] could be used to modulate the release of the
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guest molecule, while CB[7] could serve as a carrier, transporting the guest molecule from the

hydrogel to the surrounding medium.

It was observed that adding CB[7] to the NaDC hydrogel changed the gel differently
compared to CB[6] (Figure 3.3 (a)). There are two possible explanations for this phenomenon.
One possibility is that CB[7] tends to localize more within the mobile phase due to its higher
water solubility. Also, CB[7] can form a relatively weak complex with NaDC.!¢ During the
cooling stage of gel formation, the solubility of this complex may begin to decrease, leading to
the precipitation of the CB[7] and NaDC complex. Based on the literature, the equilibrium
constant of the CB[7] complexed with NaDC does not have a significant difference by changes
in temperature (15 to 55 °C) and hence, the likelihood that the observed particles are consist of a
NaDC monomer and CB[7] complex after gel formation is low.!® In comparison, the CB[7] is
more hydrophilic than CB[6] and the possibility for CB[7] to be incorporated into the gel
structure might be lower. Consequently, as the temperature decreases and gel formation begins,
CBJ[7] crystals might be shown as visible particles in the gel. CLSM images showed that adding
the highest amount of CB[7], with no visible particles in the hydrogel, changed the shape of the
NaDC immobile aggregates, making them appear elongated (Figure 3.4). This change for the
addition of CBJ[6] to the NaDC hydrogel resulted in a transformation of immobilized aggregates
into a fibrous structure (Figure 3.2). The higher solubility of CB[7] in water allows it to
distribute between the mobilized and immobilized phases of the hydrogel, resulting in less
incorporation into the gel's immobilized structure. The CLSM results for CB[6]/NaDC and
CB[7]/NaDC hydrogels show that the localization of these structurally similar hosts (CB[6] and
CBJ7]) is different. The presence of CB[6] within the immobile phase of the NaDC hydrogel
changed the release profile of hydrophobic and neutral dye, pyrene. On the other hand, CB[7]
could act as a carrier, affecting the rate of dissociation of these dyes from the immobile phase to
the surrounding medium. This distinct behavior indicates that in supramolecular hydrogels, even
small changes in the structure of a newly introduced component have a significant impact on the
final structure and localization of that component within the system. The qualitative analysis of
the aggregates in the microscope showed that hydrogels tagged with rhodamine 6G showed more
aggregates than those tagged with berberine (Figure 3.4, 3.5). The optimal distribution for
rhodamine 6G, a hydrophilic and cationic dye, is to bind to the external of the negatively charged

aggregates between the mobile phase and immobilized aggregates. Consequently, most of the
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rhodamine 6G molecules are visible under the microscope. In contrast, for berberine, a
hydrophobic and cationic dye, the best location inside the hydrogel is within the mobile and
immobile aggregates, which constitute the hydrophobic portions of the hydrogel. The portion of
berberine bound to immobilized aggregates can also be observed under the microscope.
However, the remaining portion which of the berberine molecules will appear as background
bound to mobile aggregates. Mobile aggregates constitute approximately 40% of the total
aggregates.!” For the CB[7]/NaDC hydrogel with visible particles, fibrous structures were
observed. These structures were heterogeneous and did not form a well-defined 3-D network
(Figure 3.8). The nature of these particles is still unknown. NMR studies on the particles can
help in understanding whether the particles consist solely of CB[7] or if they are CB[7]
complexed with NaDC monomers by the control experiments of NaDC monomers and also

CBJ[7].

The next step was to see if CB[7] changes the release of small molecules from hydrogel to
the surrounding medium. The hypothesis was that if the small molecules would have any
interaction with CB[7], the presence of CB[7] in the NaDC hydrogel must make its release slower
or faster compare with the results obtained by the presence of CB[6] in the NaDC hydrogel.
Rhodamine 6G was selected as the molecule for monitoring the release. Surprisingly, it was
observed that adding CB[6] and CBJ[7] resulted in the very similar release profile for rhodamine
6G (Figure 3.11). The initial expectation was that the interaction between CB[6] or CB[7] would
change the release of the rhodamine 6G from hydrogel to the surrounding medium. However, this
did not occur. The phenomenon can be explained by the fact that rhodamine 6G is cationic, while
the NaDC aggregates have a negative charge in their structure. As a result, there is a possibility of
a charge-charge interaction between the NaDC aggregates and rhodamine 6G. This interaction is
highly likely due to the significantly higher concentration of NaDC compared to CB[6] or CB[7],
which is approximately ten times greater, making the NaDC aggregates and rhodamine 6G
interaction the predominant interaction. To induce a change in the release of a dye upon the
addition of CBJ[7] to the NaDC hydrogel, the dye should have a neutral charge instead of being
cationic. The neutral charge of the dye prevents interactions between the aggregates and the dye,

allowing the dye to interact and form a complex with added hosts such as CB[7] and CBJ6].
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3.5. Conclusion

CB[7], a member of CB[n] family was used as an additive in the NaDC hydrogel. CB[7]
is in an equilibrium, residing both within the NaDC immobilized aggregates inside the gel
structure and also in the surrounding mobile phase. This equilibrium is crucial for understanding
the dynamics of the system and the interactions between the components. The release of a
cationic and hydrophilic dye when CBJ[7] is introduced into the hydrogel was measured. Despite
a binding affinity of the cationic dye to CB[7], the addition of CB[7] to the hydrogel does not
result in any discernible change in the release of the dye from the gel. This observation shows the
importance of considering all the interactions taking place within the hydrogel and signifies that
the presence of a host molecule (CB[7]) and a cationic guest molecule in a supramolecular
system does not guarantee their interaction or a desired outcome. The complexity of the release
mechanism is not solely determined by the overall structure of the hydrogel but extends to the
molecular-level interactions between the dye and the building blocks constituting the hydrogel.
The choice of drug delivery system must be thoughtfully tailored based on the unique

characteristics of the guest molecule, such as its charge and other physicochemical properties.

To achieve effective drug delivery, it is essential to understand the interaction between the
components at both macroscopic and microscopic levels which needs a comprehensive approach
when designing drug delivery systems, ensuring that they are optimized for the specific
properties and behaviors of the molecules involved, ultimately leading to successful and

controlled drug release.
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Chapter 4: Summary

Understanding the properties of supramolecular hydrogels across different length scales
is crucial for designing these systems from individual molecules. At the molecular level,
understanding the interactions between the gel components and guest molecules provides
information into binding mechanisms and enables the design of rational systems. At the
microscopic level, studying the gel's structure and morphology helps tailor its mechanical
properties. On a macroscopic scale, linking these properties allows for the development of
responsive materials with tunable properties. Studying supramolecular systems involves studying
their kinetic, thermodynamic, and structural aspects across different length scales, which are the
three main subcategories of research in this field. Understanding these subcategories is essential
for rationalizing the design of functional supramolecular systems which can serve as a specific

purpose (Figure 4.1).

Function

Thermodynamics Structure
Dynamics
4 4

. /

Figure 4.1. Schematic representation of the connection between supramolecular systems'

structure, thermodynamics, and dynamics.
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Understanding the thermodynamics of supramolecular systems provides
information about their structure, and vice versa. However, neither thermodynamics nor structure
alone cannot explain the mechanisms of these systems. The mechanism by which a
supramolecular system achieves its function, remains a gap in knowledge in this field. To
understand the mechanism, the dynamics of these systems must be studied. By investigating the
dynamics and mechanisms, researchers can gain a deeper understanding of how supramolecular
systems function. This understanding can then be used to design and control the thermodynamic
state and structure of supramolecular systems. Hence, understanding the mechanism of these

systems requires studying their kinetics.

Introducing new components to supramolecular hydrogels can significantly change their
kinetics. For example, adding a secondary host molecule like CB[7] alongside the primary host
(NaDC) can change the binding kinetics of small molecules. CB[7] can form complexes with
both NaDC and guest molecules, leading to competitive binding. This competition affects the

rates of association and dissociation and changes the overall kinetics of the system.

The primary focus of this study was to study how the host-guest interactions of CB[7]
affect the properties of the NaDC supramolecular hydrogel. To achieve this goal, several
approaches were taken, and each was focusing on a different dimension of the NaDC hydrogel.
First of all, the structure of the NaDC hydrogel was monitored after the addition of CB[7].
Secondly, the effect of NaDC aggregates on the dissociation of the guest molecule (berberine)
from CB[7] was studied as part of the mechanistic analysis in solution. Lastly, release kinetic
studies were conducted to analyze the release of a guest molecule (rhodamine 6G) from the
NaDC hydrogel in the presence of CB[7]. These studies were done to compare the addition of
CBJ6] in the NaDC hydrogel, as previously done by the Bohne group. CB[6] and CB[7] have
structural differences, and it is expected that they would localize differently within the NaDC
hydrogel.

It has been observed that CB[7] has less effect on the length of NaDC immobilized
aggregates, although it does not induce a fibrous structure in the gel network as CB[6] does.
Additionally, the incorporation of CB[7] into the NaDC hydrogel is more constrained compared
to CBJ6]. This difference in behavior can be attributed to CB[7]'s higher solubility in water and

its lower tendency to integrate into the gel structure compared to CB[6]. The steady-state
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fluorescence and UV-Vis absorption studies suggested that positively charged guests like
berberine might not exclusively form complexes with CB[7] due to the negative charges of the
NaDC aggregates. Positive charge of berberine lead to a distribution of berberine between
complexation with CB[7] and interaction with NaDC aggregates. Kinetic studies showed that the
presence of NaDC aggregates changes the dissociation rate constant of berberine from CBJ[7].
This change in the dissociation rate constant of berberine from CB[7] may be attributed to the
relocation of the berberine complexed with CB[7] from bulk water to the NaDC aggregates.
Additionally, the higher probability of the presence of positively charged Ada" in the negatively
charged aggregates could contribute to this effect. Release studies have also shown the
interaction between the positive charge of the guest (rhodamine 6G) and negative charges of the
NaDC aggregates as there is no change in the release upon the addition of CB[6] or CB[7]. For
future studies, it is suggested to use a hydrophobic and neutral guest.This approach eliminates
charge interactions between the NaDC aggregates and the dye, potentially providing clearer

insights between the effect of CB[6] and CB[7] interaction on the release of the guest.
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Appendix
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Figure A2.1. Steady-state fluorescence emission spectra of 10 uM berberine (lex = 345
nm) with 1 (a, lower black), 5 (b, lower blue), 10 (c, lower red), 15 (d, green), 20 (e, upper blue),
30 (f, upper black), 50 mM (upper red) (a — g) NaDC.

Intensity

Figure A2.2. Stopped-flow Kinetic traces for the mixing of a solution containing of 0.25
MM berberine with 0.75 pM CBJ[7] and 25 mM NaDC with 2 (black), 5 (lower blue), 10 (red), 20
(lower green), 40 (black), 80 uM (upper green) Ada* ([Na*] = 50 mM). All the concentrations
mentioned are after mixing. All traces except the green trace are overlapping.
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Figure A2.3. Stopped-flow kinetic traces for the mixing of 5 uM Ada* with solutions
containing 0.25 uM berberine, 0.75 uM CBJ7] and different concentrations of NaDC. Lower
concentrations of NaDC (0, 0.5, 2 mM) are shown as a blue gradient from light blue to purple

and higher concentrations (5, 6, 15, 25 mM) are shown as a red gradient from pink to black)

([Na*] = 50 mM). All the concentrations mentioned are after mixing.

Intensity

Time /s

Figure A2.4. Stopped-flow kinetic traces for the mixing 40 uM Ada* with solutions
containing 0.25 UM berberine, 0.75 uM CB[7] and different concentrations of NaDC. Low
concentrations of NaDC (0, 2, 5, 10, 12 mM) are shown as a red gradient from black to light pink
and higher concentrations (15, 20, 25 mM) are shown as a blue gradient from light purple to blue
([Na*] = 50 mM). All the concentrations mentioned are for after mixing.



