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Due to their biocompatibility and stimuli-responsive nature, supramolecular
hydrogels derived from natural products are attractive for a number of biomedical
applications, including diagnostics, targeted drug delivery and tissue engineering.
Nucleosides, the building blocks of nucleic acids, are desirable candidates for forming
supramolecular gels as they readily engage in reversible, noncovalent interactions.
Guanosine (G 1), in particular, is unique in that it has multiple faces for noncovalent
interactions and can self-associate into stable higher-order assemblies, such as G4-
quartets and G-quadruplexes. This self-assembly of G 1 and its derivatives into G4-
quartets has long been known to induce hydrogelation. However, the requirement of
excess salt and the propensity of G 1 to crystallize persist as limitations for G4-
hydrogels. Thus, recent interest has focused on developing G4-hydrogels with

improved lifetime stabilities and lower salt concentrations.



The work described here focuses on a long-lived G4-hydrogel made from G 1 and
0.5 equiv. of KB(OH)4. Gelation occurs through the formation of guanosine-borate
(GB) diesters and subsequent assembly into cation-templated G4¢K*-quartets. The
physical properties and stability of the GB hydrogel can be readily manipulated by
varying the gelation components. For example, merely altering the identity of the
cation drastically alters the gel’s physical properties. Namely, while GB hydrogels
formed with K* are self-supporting and robust, mixing G 1 with LiB(OH)a results in a
weak gel that readily dissociates upon physical agitation.

Small molecules, such as cationic dyes and nucleosides, could be selectively
incorporated into the GB hydrogel through reversible noncovalent and covalent
interactions. One such dye and known G4-quartet binding ligand, thioflavin T (ThT)
fluoresces in the presence of the GB hydrogel. The ThT fluorescence increases as a
function of gelator concentration with a sharp increase correlating to the gel point.
Thus, this ThT fluorescence assay is a new method for probing the formation of G4-
hydrogels. Additionally, ThT acts as a molecular chaperone for Li* GB hydrogelation.
Substoichiometric amounts of ThT results in faster hydrogelation, increased gel
strength and improved recovery of a hydrogel destroyed by external stress. Insights
gained from this research have implications towards development of biomaterials,

biomolecule sensing, and drug delivery.
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Chapter 1: Introduction

1.1 Introduction

Molecular recognition and self-assembly is the driving force for a number of
physiological processes, including DNA duplex formation and protein synthesis.
Recently, there has been a great deal of interest in utilizing these noncovalent
interactions to develop functional materials, such as gels, through self-association of
small molecules.*” The nucleoside guanosine G 1 has many binding faces and can take
on a variety of different motifs upon self-assembling, including the G4-quartet
(Scheme 1.1).2° These G 1 assemblies readily form organo- and hydrogel materials.
Scheme 1.1 The nucleoside guanosine (G 1) and its derivatives, such as hexanoate

guanosine (G 2), have multiple binding faces that allow for various self-assembled
motifs, such as the G4-quartet.
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As is often typical with gel studies, our interest in G 1’s ability to gel water arose
serendipitously. In an effort to modulate the selectivity of nucleoside transport across
an organic phase with G 2 and its assemblies, borate salts were added to the aqueous

source phase.'® While this additive was quite effective for inhibiting cytidine extraction
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and transport, adding borate in the presence of G 1 had the unexpected outcome of
forming a robust, transparent G4-hydrogel.!%!2 This thesis, “Guanosine-Borate
Hydrogels-Form and Function”, describes not only those transport studies with G 2,
but also details the physical properties, structural composition, and potential

applications of the guanosine-borate (GB) hydrogels.

1.2. Thesis organization

This thesis is organized into seven chapters. Chapter 1 provides an introduction to
gels with an emphasis on those formed through the supramolecular motifs and
guanosine self-assemblies. As gel studies were not my initial research focus, Chapter
2 discusses the use of a lipophilic guanosine derivative, namely G 2, to extract and
transport small molecules, such as nucleosides, across an organic interface. By
employing various additives, we were able to modulate transport selectivity. While
doing so, we serendipitously discovered the soft material that is the focus of the
subsequent chapters. Thus, in Chapter 3, | introduce the G4-hydrogel formed from G
1 and potassium borate. This guanosine-borate (GB) hydrogel is robust and has a long
lifetime stability. The mechanism of gelation is described in more detail in Chapter 4.
Additionally, this chapter introduces the use of a fluorescent dye to monitor the gelation
process. In Chapter 5, | discuss the Li* GB system, and the dramatic impact adding a
dye has on its physical properties. Chapter 6 provides insight into the ongoing and
future work with this unique, robust hydrogel system. And lastly, Chapter 7 details the

synthetic methods and experimental procedures.



1.3 The obscure gel state: A colloidal confusion

While gels are commonplace in numerous aspects of our daily life, the definition
of a gel has long been disputed and has continuously evolved over the past 150 years.
The first working definition was proposed in 1861 by the Scottish chemist Thomas
Graham.'® He describes his substances as having "...the rigidity of the crystalline
structure [which] shuts down external impressions, [but] the softness of the gelatinous
colloid [which] partakes of fluidity and enables the colloid to become a medium for
liquid diffusion, like water itself.” Sixty-five years later, scientists were still grappling
with the definition. In 1926, Dorothy Jordan Lloyd referred to the gel state as the
“colloidal condition” and suggested it is “easier to recognize than to define.”!* She
wrote further that “only one rule seems to hold for all gels, and that is that they must
be built up from two components, one which is liquid at the temperature under
consideration, and the other of which, the gelling substance proper, often spoke of as
the gelator, is a solid. The gel itself has the mechanical properties of a solid, i.e., it can
maintain its form under stress, of its own weight and under mechanical stress, it shows
the phenomenon of strain.” In the years that followed, numerous others continued to
build upon and refine the definition.*>-

Today, we define a gel as a substance that has: (1) a continuous microscopic
structure with macroscopic dimensions that is permanent at the time scale of an
analytical experiment and (2) solid-like rheology despite being predominantly
liquid.>*81% A gel achieves these rheological properties by forming a solid-like network
(gel phase) which restricts the bulk flow of the liquid component (sol phase) (Figure

1.1). When the sol is comprised of an organic solvent, the resulting gel is referred to as



an organogel. Conversely, if the solvent used to form the gel is water, the resulting gel

is called a hydrogel.

Figure 1.1. Gels maintain a solid-like rheology by establishing a fibrous network (gel)
that can immobilize the liquid phase (sol).

Gels can be categorized into two different classifications: chemical gels and
physical gels (Figure 1.2).2 Chemical gels are gels in which the 3D network is formed
and held together by covalent crosslinking. This results in an essentially permanent gel
network only faltering when covalent bonds are broken. Details and examples of such
polymeric systems will be discussed in the following section. Conversely, the fibrous
network of a physical gel is formed through noncovalent interactions, such as van der
Waals forces, hydrogen bonding, Coulombic interactions, etc. Supramolecular gels, in
which small organic molecules self-assemble to form fibers, are an example of physical

gels and will be discussed at length in section 1.5.



Figure 1.2. Because the networks are covalently linked and thus essentially permanent,
chemical gels swell or shrink when exposed to an external stimulus. Conversely,
physical gels are held together by reversible, noncovalent forces and therefore can often
be degraded with stimulus.

1.4 Polymeric gel systems

The word polymer originates from the Greek word polymeres, meaning “having
many parts”.2’ Thus in a chemical sense, a polymer is a macromolecule consisting of a
large number of repeating structural units joined by same type of linkage. The
development of synthetic polymer materials has been revolutionary, and polymer-
based products are commonplace, namely as plastics, rubber, and synthetic fibers.?* 2
In addition to these materials, polymeric compounds are also efficient at inducing
gelation and forming soft materials.?*%" Thus, the focus of this section will be on the

use of polymers to form gels.



1.4.1 Common examples of synthetic polymer gels

Gels formed with polymers are incredibly common in our day-to-day lives (Figure
1.3). For example, the polymer polyvinylpyrrolidone (PVP 3) is used in many hair gels
and creams and is common in a number of ointments and teeth whitening gels.?3° The
first soft contact lenses were made with the polymer gel formed with poly (2-
hydroxyethyl methacrylate) (PHEMA 4).3! Polyacrylamide (PAM 5) gels are often
used in biological labs as a separation medium used for gel electrophoresis.3?33
Polydimethylsiloxane (PDMS 6) gels mimic soft adipose tissue and are thus regularly
used for implantations.®** And superabsorbent sodium polyacrylate (SPA 7) gels are
frequently used in diapers and sanitary napkins.®® Additionally, these and other
common synthetic polymers, such as polyethylene glycol (PEG 8) and polyvinyl
alcohol (PVA 9), have found roles as media for tissue engineering and drug delivery
applications.3™ 4

In addition to the aforementioned synthetic polymer gel systems, many
biopolymers are also capable of forming gels. Nucleic acids,*** proteins, such as
collagen, gelatin, and albumin, “6°° and polysaccharides, such as hyaluronic acid,
alginate, chitosan, and dextran,~>° have all been shown to form gels. These naturally-

derived polymer gels are frequently used in pharmaceuticals, cosmetics, and food and

also are highly attractive for the biomedical applications discussed earlier.3"43
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Figure 1.3. Some common synthetic polymer subunits used in polymer gels.

1.4.2 Chemically crosslinking polymer gels

As already discussed, gels can be classified as being either physical gels
(noncovalent and usually reversible) or chemical gels (covalent and generally
irreversible). Polymer gels can fall into either category. In this section, I will focus on
some processes employed to chemically crosslink polymers and form gels. Often,
chemical gels are formed by polymerizing monomeric precursors in presence of a
crosslinker that chemically links the polymer chains. One archetypal example of this is
the formation of polyacrylamide gels. Free-radical polymerization of monomeric
acrylamide 10 in the presence of N, N-methylenebisacrylamide 11 results in a matrix
with polyacrylamide backbones covalently bound to bisacrylamide crosslinkers

(Figure 1.4).%
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Figure 1.4. Free radical polymerization of acrylamide in the presence of N, N*-
methylenebisacrylamide results in a polyacrylamide (PAM) gel network chemically
crosslinked by bisacrylamide linkers.

In addition to incorporating a crosslinker during the polymerization process,
chemical gelation can also occur through the formation of an interpenetrating polymer
network (IPN).24%657 An IPN is a network comprised of two or more polymers that are
interlaced. Because the networks are intertwined the polymers cannot be separated
without breaking covalent bonds, and the resulting gel is permanent. IPN gels are of
great interest due to their high resilience and toughness, but will not be discussed in
further detail here.?45®

Finally, chemically crosslinking can also be done post-polymerization. That is, a
crosslinker can be covalently bound to the polymerized chains themselves. One typical
crosslinker used with preformed polymers is glutaraldehyde (Figure 1.5).43%96!
Glutaraldehyde 13 is a dialdehyde which can undergo condensation reactions with
amino or hydroxyl functional groups. Shown in Figure 1.5 is just such an example of
this crosslinking reaction with the polysaccharide chitosan 12. The resulting
biodegradable and biocompatible hydrogel can easily swell in water or biological fluids

and has thus been proposed as potential system for wound dressing and controlled drug



release.>>>> Another important means of covalently crosslinking polymers utilizes

borate ester chemistry. This topic will be the focus of the next section.
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Figure 1.5. The polysaccharide, chitosan 12, is chemically crosslinked by
glutaraldehyde 13 via imine linkages to form a biocompatible hydrogel.

1.4.3 Chemically crosslinked polymer gels: Borate gels

As mentioned, another commonly employed manner of chemically crosslinking
preformed polymers is through the introduction of borate ester linkages. Borate esters
are anionic, tetravalent species formed by reaction of cis-diols with B(OH)z or B(OH)4~
(Scheme 1.2). Borate-diol chemistry has been applied extensively to numerous
processes, including chromatographic separation of sugars and nucleosides,®%5
modulation of sugar conformation to direct reaction progression,®*%° and templation of
base-pairs by nucleic acid analogues.%®6’

There are many examples of hydroxylated polymer gels crosslinked with borate
esters.%88! This is common practice, in particular, with polysaccharides as they contain
numerous alcohol functionalities and generally result in a biocompatible material.
Indeed, polysaccharides such as cellulose, scleroglucan, alginate, and guar gum all

result in borate ester formation and hydrogelation when combined with sodium
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tetraborate/borax.%%7%72-> Additionally, the material formed by mixing guar gum with
borax results in a “slime-like” material that was produced and sold by Mattel as a
novelty-item and toy for children.81:82

Scheme 1.2. Borate esters are formed under basic conditions with boric acid and a cis-
1,2-diol. This process is dynamic and can easily be reversed upon acidification.
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Probably the most well-known example of a borate based polymer gels, however,
is that formed with polyvinyl alcohol (PVA) (Figure 1.6).”8 PVA is a synthetic polymer
formed through hydrolysis of polyvinyl acetate, the major component in most
household adhesives. PVA consists of repeating 1,3-diol units which, in the presence
of borate anion (boric acid and sodium hydroxide or sodium tetraborate/borax), form
borate esters. Specifically, two diol units of the polymer backbone can chelate to the
boron center and form what is referred to as a borate diester. This diester formation
results in a crosslinked polymer network capable of gelling water. Because this gel can
be made using household products, namely all-purpose glue and borax, this reaction is

a common household science experiment and classroom demonstration®8!
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Figure 1.6. Polyvinyl alcohol 9 is commonly crosslinked by borate ester linkages to
form the PVA borate hydrogel, commonly described as “slime”.

One of the most attractive qualities of borate-based gels is the dynamic and stimuli
responsive nature of the B-O bonds. Tetravalent borate esters exist in a pH-dependent
equilibrium with free boric acid/borate and uncomplexed diol (Scheme 1.2).28% Thus,
under slightly basic pH conditions, this equilibrium favors the borate esters, the
polymer network is covalently crosslinked, and the gel is stable. However, as the pH is
lowered and the system becomes more acidic, the borate esters dissociate, and the gel
degrades. This behavior is particularly attractive for targeted and self-regulated drug

release applications.34-88

1.4.4 Physically crosslinked polymer gels

In addition to the aforementioned chemical gels, physical crosslinking of polymer
gels is also quite common. Recall, in contrast to the covalently linked networks within
chemical gels, physical gels rely on noncovalent interactions, such as ionic forces,
hydrophobic interactions, n-nt stacking, and hydrogen bonding. As these bonds are
generally transient and labile, the crosslinks and thus the materials are often stimuli-
sensitive and attractive for biomedical applications.

A prototypical example of a physical gel is the hydrogel formed with one of the

most universally used biopolymers, alginate 14.2 Alginate is a polysaccharide obtained
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from brown algae consisting of mannuronic and guluronic acid units covalently linked
in different sequences. In the presence of multivalent cations, such as Ca?* or Ba®*, the
carboxylate functionalities of sodium alginate are crosslinked and form a hydrogel
(Figure 1.7). As the exact composition of the polysaccharide depends on its origin of
the alginate, the mechanical properties of the resulting gel can be readily manipulated,

making alginate gels incredibly attractive for a variety of applications.>
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Figure 1.7. Sodium alginate 14 forms an ionically crosslinked hydrogel network in the
presence of calcium ions.

1.5 Molecular self-assembly driven gelation: Supramolecular gels

Supramolecular gels are a type of physical gel in which the gel network is formed
through the noncovalent association. While this could technically refer to the
noncovalent crosslinking of polymeric species, it is primarily used to describe gelation
resulting from small organic molecule assembly. These small organic molecules, often
referred to as low molecular weight gelators (LMWG), are arbitrarily defined as being
less than 3000 Da in molecular weight. In contrast to polymer gels, supramolecular gels

comprised of LMW gelators (also known as molecular gels) undergo a microphase
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separation via a nucleation mechanism (Figure 1.8).1%8 That is, gelation occurs via a
hierarchical, step-wise process whereby the molecular building blocks must first
aggregate to form one-dimensional nuclei. These nuclei then associate and grow to
form small aggregates and fibers, which bundle and branch. Finally, fiber entanglement
forms a 3D fibrous network, commonly referred to as a self-assembled fibrillar network
(SAFIN). While molecular gelation can sometimes occur by just mixing the LMW
gelator under the correct conditions (i.e. concentration, solvent, temperature, etc.) more
often than not, heating the sample is required. Cooling the solution of gelator results in
a supersaturated solution that goes on to induce gelation. Because the molecular
gelation process involves reversible, multistep assembly, the resulting gel material is

often highly responsive and thus attractive for many applications.?*’

H

\o
\“_,‘
o
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Figure 1.8. Molecular gelation occurs via a nucleation process, in which the LMW
gelator must first assembles to form a self-assembled fibrillar network (SAFiIN).

1.5.1 Historical perspective and examples of LMW gelators

The earliest account of a molecular gel was from Lipowitz in 1841 when he

reported the gelation of water by lithium urate.®” Since this time, numerous LMWGs
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have been discovered and developed (Figure 1.9).37188-% Qne of the most notable
aspects of this compilation is the diversity of the structures and functionalities present.
However, despite this diversity, every one of these molecules is indeed capable of

forming a gel network via noncovalent interactions.
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Figure 1.9. Some examples of the diverse class of molecules that act as LMW gelators.

One of the longest known gelator, 12-hydroxystearic acid 15, readily immobilizes
organic solvents to form organogels.®”% This fatty acid derivative obtained from castor
oil aggregates via ionic interactions, van der Waals forces between the alkyl tails, and

hydrogen bonding interactions between the hydroxyl groups. Similarly, lipophilic
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quaternary ammonium salts, such as 16, form organogels through ionic interactions and
poor solubility of the cationic ammonium in many organic solvents.*®

Derivatized natural products, such as, dibenzilydene-D-sorbitol 17'% and other
protected sugars,'! can gel both water and organic solvents depending on the extent of
the hydroxyl protection. Additionally, while cholesterol itself is not a gelator, many
synthetic cholesterol derivatives are. These analogues associate through van der Waals
interactions and result in gelation.1%? For example, the derivative Sa-cholestan-3p-yl N-
octadecylcarbamate 18 was shown to immobilize both benzyl alcohol and ethanol at
low temperatures.%®

Dendrimers, such as the bola-amphiphile 19, are also often used to induce
molecular gelation.***1% Newkome and coworkers suggested this gel forms through
hydrogen bonding interactions of the polar head groups with bridging water
molecules.’® Hydrogen bonding is also the primary mechanism for amide and urea-
based molecular gelators. In this case, assembly occurs when the N-H of the amide or
urea functionality hydrogen bonds with the oxygen of the carbonyl of another unit.%’
Examples of such gelators are 20 and 21. Tris(alkoxy)benzamide 20 can induce
molecular gelation in both polar and non-polar organic solvents,' while Feringa and
colleagues found the tripodal tris-urea 21 derivative readily gelled most non-polar
solvents.19%110 Interactions of amide functionalities will be discussed in detail in the
subsequent section regarding amino acids and peptide-based gelators.

Supramolecular gels have also been derived from alkanes,}*'? gemini
surfactants,}*11®  polyaromatics'!”1® and metal coordination complexes.!

Furthermore, there are many examples of multicomponent LMW gelating systems, in
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which two or more small molecular compounds are combined to form the molecular
gel.%%% However, beyond the aforementioned examples, a staggering number of
supramolecular gels comprised of LMWG are derived from the building blocks of
proteins and nucleic acids. Thus, molecular gels derived from amino acids, peptides,

and nucleosides will be the focus of the following sections.

1.6 Amino acid and peptide-based molecular gels

Supramolecular gels derived from biomolecules are of great interest due to their
potential as a biocompatible and biodegradable material. Amino acids and peptides
contain numerous functionalities both in their backbones and their side chains that can
readily engage in noncovalent interactions. Thus, not surprisingly, a large number of

molecular gels have been developed using amino acid and peptide derivatives.

1.6.1 Noncovalent interactions of amino acids and peptides

Amino acids are small organic compound containing both an amino group and a
carboxyl group attached to a single carbon.*?° The core structure is shown in Figure
1.10. Amino acids are differentiated by the side chains (R group) off the a-carbon.
These side chains range from polar, nonpolar, acidic, basic, and aromatic and ultimately
define the 20 natural amino acids. Peptides are the short chains of these amino acids
linked via amide bonds (Figure 1.10).

Because of the diversity of the side chains, amino acids and peptides can access a
wide range of different noncovalent interactions that can be utilized to induce gelation.
Thus, in addition to the hydrogen bonding and electrostatic interactions of the

backbone, hydrophobic, ©- 7 stacking, electrostatic, and additional hydrogen bonding
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interactions can be designed into the gelator by careful selection of side chains.
Furthermore, because the sequence can help to dictate the secondary (a-helix, B-sheet,
etc.) and tertiary structure of the peptide, the identity of the side chains are essential for
forming the SAFIN and inducing gelation. The diversity available to peptide-gelators

is one of the reasons they are so commonly used for molecular gels.

R

HO
\H)\NHZ

)

Amino acid 5 E = E Q
PN -7
° Y WAE A

HO B NH 3 o R ! ° R :
\”/\N)Kr 2 Parallel
o H ) o

R R H O R
PPN

Dipeptide

manQ

Anti-parallel

e

Ry

R (0] R
HO_~ )J\rH : - = =
(0] R (0] H R
\C[)]/\H R \([)]/\NHZ = 'll X ! lll B ~
~ \ﬂ/\’Tj \”/\’}l ~.
R 0] H R (0] H

ToonnQ

Tripeptide

o~ M2 p-Sheet
2
o R (0] R

Tetrapeptide

Figure 1.10. Amino acids are small biomolecules comprised of a carboxylic acid and
an amine. Peptides are covalently linked amino acids connected by amide (or peptide)
linkages. The sequence of a peptide, defined by the identity of its side chains (R),
dictates the secondary structures. One common example of a secondary structure is the
B-sheet, which is a commonly employed motif for peptide-based gelators.

1.6.2 Amino acid gelators

As amino acids contain functional groups with both hydrogen bond donors and

acceptors, they are widely used as LMW gelators.*?1?2 Generally, addition of alkyl
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chains or aromatic groups provides a level of amphiphilicity that allows for elongated
aggregations and gelation in certain solvents. One of the simplest examples of this is
the derivatized L-leucine 22 reported by Hanabusa (Figure 1.11).12® The addition of a
long alkyl chain to the amino acid results in surfactant-like behavior for this molecule
and gelation of nonpolar organic solvents. Similar alkylation processes has resulted in
gels formed with L-alanine, L-serine, and L-lysine. Furthermore, L-lysine, with its
amine-containing side chain, is frequently functionalized due to the ease of synthesis
and its history as producing efficient gelating derivatives.’** For example, the
amphiphile 23, synthesized from L-lysine and w-aminododecanoic acid, forms

hydrogels through self-assembling into stable micellar fibers.1
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Figure 1.11. Alkylated amino acid derivatives of L-leucine 22 and L-lysine 23 are
efficient LMW gelators.

In addition to these alkylated amino acid derivatives, Feringa and van Esch
developed a series of hydrogelators, such as the methionine-containing compound 24
in Figure 1.12. These derivatives are comprised of various lipophilic amino acid units
covalently attached to a 1,3,5-trisamide-cyclohexane core.'?5127 These analogues were
found to be an excellent hydrogelator with some of the lowest minimum gel
concentrations reported for molecular gelators (~ 0.03 wt%). The authors proposed that
fibers are formed through stacking of the cyclohexane moieties. These aggregates are

highly stabilized (reflected in the low gelator concentrations and a high gel-sol
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transition temperature) through both hydrophobic and strong intermolecular hydrogen

bonding interactions.
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Figure 1.12. Cyclohexane-methionine derivative 24 forms strong hydrogels at low

gelator concentration. Aggregates of 24 are proposed to form via hydrogen-bonded
stacks with cyclohexane cores.

1.6.3 Peptide gelators

While simple amino acid derivatives are often very effective gelators, peptide-
based gelators provides a level of functional diversity and design, as well as, the
possibility for intramolecular interactions. Often, peptides require protecting groups to
aid gelation. For example, the fluorenyl-9-methoxycarbonyl (Fmoc) protected

phenylalanine dipeptide 25 has been shown to be a good gelator in aqueous solutions

(Figure 1.13).128-131
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Figure 1.13. The dipeptide Fmoc-Phe-Phe 25 immobilizes water by forming
nanofibers stabilized by n-n stacking and hydrogen bonding. Reprinted with permission

from John Wiley & Sons.!3!

Here, the anti-parallel B-sheets are interlocked through n-m stacking interactions,
which ultimately results in a nanocylindrical, fibrous architecture.’® Similar n-n
stacking interactions are also responsible for inducing the gelation of the tripeptide 26
in o-dichlorobenzene (Figure 1.14). The resulting organogel has a blue-emitting

fluorescence response and is capable of incorporating graphene nanosheets.*?
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Figure 1.14. The pyrene-containing tripeptide 26 forms organogels stabilized by n-n
stacking. In o-dichlorobenzene, the gel fluoresces blue. Additionally, graphene
nanosheets could successfully be incorporated into the material. Reprinted with
permission from John Wiley & Sons.*3?

20



The Xu group showed that at acidic pH both enantiomers of the polyalanine peptide
27 could successfully form hydrogels at concentrations as low as 4 mM (Figure
1.15).1% In addition, they found that in the presence of one equivalent of the antibiotic
vancomycin, the D-27 gel becomes a clear solution. Interestingly, however, under the
same conditions (i.e. 1 equiv. vancomycin), the L-27 gel is unaffected. The authors
rationalized this by considering the ligand-receptor interactions of vancomycin with
alanine residues. Specifically, the antibiotic is known to selectively bind to D-alanine

dipeptides over the L-enantiomer.
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Figure 1.15. While both enantiomers of Fmoc-Ala-Ala 27 form hydrogels, only the gel
comprised of the D-enantiomer dissolves in the presence of the antibiotic vancomycin
(Van). Reprinted with permission from the American Chemical Society.!3

Because both of the carboxyl and amine functionalities of the peptide termini (and
some side chains, for that matter) are ionizable, peptide-based gels are commonly pH-
dependent and can respond to changes in acidity. For example, the previously discussed
hydrogels formed with 27 readily form at pH 3. However, as the pH is raised towards

neutral, the gel undergoes a gel-sol transition and becomes a clear solution. Adams and

colleagues exploited this quality in their peptide gel formed with 28 (Figure 1.16).
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Again, at acidic pH, 28 forms a self-supporting gel, while at higher pH it is a free-
flowing solution. Thus, they were able to use the hydrolysis of glucono-3-lactone (GdL)

to gluconic acid as a pH adjuster to trigger gelation.3*
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Figure 1.16. Examples of pH (28) and enzyme (29, 30) responsive peptide gelators.

In addition to pH-triggers, enzymes have also been readily employed to form or
degrade  peptide  gels.**%  Hamachi reported the breakdown of
boronophenylmethoxycarbonyl-protected (BPmoc) tripeptide 29 hydrogels in the
presence of oxidase enzymes (Figure 1.16).1%1%° These oxidase enzymes readily
catalyze the redox reactions of specific substrates and produces hydrogen peroxide. In
the presence of hydrogen peroxide, the BPmoc moiety of 29 undergoes an
oxidation/elimination reaction and degrades leaving the peptide unprotected. This
process results in the dissolution of the gel. Thus, the authors suggest that this peptide

gel could be used to screen for biomarkers.
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While the last example utilized enzymes for gel dissolution, Xu and coworkers
showed that they could induce gelation of 30 in the presence of phosphatase (Figure
1.16).1%° The enzyme, phosphatase, efficiently dephosphorylates peptides. Thus, when
combined with tetrapeptide 30, it readily claves the phosphate group from the
phosphorylated tyrosine moiety. After phosphate cleavage, this derivative becomes a

potent hydrogelator, and thus, the dephosphorylation ultimately prompts the gelation.

1.6.4 Peptide amphiphiles

In addition to the previously discussed peptide gelators, a class of synthetic peptide
derivatives capable of gelation has been developed known as peptide amphiphiles
(PASs). Peptide amphiphiles, such as 31, are molecules comprised of a polar peptide
segment covalently attached to an aliphatic or aromatic tail .1**-1%* The peptide segment
contains a [-sheet forming portion, necessary for forming the filamentous
nanostructure, and a charged portion, which aids in water solubility. An example of a
peptide amphiphile is shown in Figure 1.17. Peptide amphiphiles undergo dynamic
self-assembly to form peptide nanofibers with their bulky polar head outward and their
hydrophobic tails inward. Hydrogels produced from peptide amphiphiles have been
shown to be efficient as controlled drug release systems, cell culture scaffolds and for

regenerative-medicine applications. 4147
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Figure 1.17. The general structure of a peptide amphiphile (PA) consists of a charged
peptide segment (region III), B-sheet segment (region Il) and an aliphatic tail (region
). PAs, such as 31, self-assemble to form nanocylinders with a hydrophilic exterior
and a hydrophobic core. These self-assemblies form the fibrous network and induce
gelation in water. Reprinted with permission from the Royal Society of Chemistry'4’
and the AAAS 146

1.7 Nucleoside-based molecular gels

In addition to the previously discussed amino acid and peptide-based gelators,
another class of molecular gels based on natural products involves of self-assembly and
molecular recognition of nucleobases, nucleosides, and nucleic acids.1#34°
Nucleobases are known for their ability to form the complementary hydrogen bonds
that establish and maintain the structure of our DNA and RNA. Because of the strong
affinity of these assemblies, it is probably not surprising that there are a number of

examples of molecular gels derived from nucleosides and nucleotides.
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1.7.1 Noncovalent interactions of nucleobase

Nucleobases are nitrogen-containing heterocycles that are key components of
nucleosides, nucleotides and nucleic acids (Figure 1.18).1°%%15! These nucleobases fall
into two categories: purines (adenine 32 and guanine 33) and pyrimidines (uracil 34
and cytosine 35). While pyrimidine ring consist of a single face of three hydrogen bond
donors and acceptors, the fused bicyclic structure of the purine results in multiple faces
for hydrogen bonding interactions. In addition, because of their aromatic nature,

nucleobases are also efficient n-stacking molecules.
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Figure 1.18. The hydrogen bond donors (red) and acceptors (blue) of the purine and
pyrimidine nucleobases, along with the aromaticity of the systems, provide multiple
options for self-assembly and molecular recognition. When a nucleobase is covalently
bound to a D-ribose via a glycosidic bond, it is referred to as a nucleoside.
Phosphorylation of the ribose sugar forms a nucleotide. This charged phosphate
functionality (green) can engage in stabilizing electrostatic interactions.

25



The ribose sugar of nucleosides and nucleotides can also be an important feature
for noncovalent interactions. Nucleosides are formed by covalently attaching a
nucleobase to a ribose sugar via an N-glycosidic bond (Figure 1.18). This ribose ring
is phosphorylated in a nucleotide, the backbone monomer of nucleic acids, DNA and
RNA. The anionic phosphate moiety (green) of nucleotide adds further potential for
electrostatic interactions.

The most pertinent of these noncovalent interactions is undoubtedly Watson-
Crick base pairing, the stabilizing motif present in nucleic acids (Figure 1.19). Here,
complementary nucleobase pairs, adenine-uracil (thymine in DNA) and guanine-
cytosine, form 2 and 3 hydrogen bond, respectively along the Watson-Crick edge.
While this hydrogen bonding pattern is certainly the most prevalent, it is not the only
possible arrangement. Indeed, if we consider base pairs in which at least two hydrogen
bond are formed, there are 28 base-pairing motif possible among the four
nucleobases.®*! A few examples of these are shown in Figure 1.19, including the
reverse Watson-Crick and Hoogsteen base pairs.

Because the purines A 32 and G 33 have additional hydrogen bonding donors and
acceptors, these nucleobases can also form higher aggregates, such as the base triples
(Figure 1.19). Though there are several other combinations, two examples of
nucleobase triples are shown in Figure 1.19, the U<A<U triple and the G*G+C
triple.’>11%2 These assemblies are important as they are commonly found in triplex

DNA structures.
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Figure 1.19. Some relevant binding motifs of nucleobases.

In addition to pairing with the other nucleobases, each of the nucleobases can also
form homodimers. The purine nucleobase, in particular, have high propensity for self-
assembly, due to additional binding faces. Furthermore, these self-assemblies have a
tendency to polymerize into larger structures such as ribbons or tapes. Guanine-
containing molecules are of particular interest due to their ability to form higher order
assemblies with biological and chemical relevance.®*% These guanine assemblies will

be the discussed at length in an upcoming section.

1.7.2 Natural nucleobase gelators

Just as with peptide gelators, derivatization of nucleosides and nucleotides is
generally required to induce gelation.*® The major exception to this is guanosine-based
gelators, which will be the focus of the subsequent section. Polymerization of
nucleotides into strands of DNA, RNA, or oligonucleotides can also result in

immobilization of solvent, but because these species are normally larger than the
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molecular weight limit of LMWG, they will not be addressed here.** That being said,
there are a few examples of molecular gels formed with the canonical nucleotides.

In 2005, Oda and coworkers explored the gelating ability of a bis-quaternary
ammonium gemini surfactant 37 with 5’-nucleotide monophosphate counteranions,
namely 5'-uridine monophosphate 36 (Figure 1.20).1** Interestingly, the authors
observed that while the 5’-UMPesurfactant conjugate did not gel at 10 mM, addition of
1 equiv. of its base pairing partner adenosine turned the free-flowing solution into a
self-supporting hydrogel. Conversely, adding excess uridine to the solution had no
effect on the macroscopic properties. Thus, the authors proposed that this gelation was
the U-A hydrogen bonding motif is essential to gelation. The same authors reiterated
these findings with monocationic surfactants in 2007.1%

More recently, Gupta and Kumar showed that combining 5'-adenosine
monophosphate 38 with B-iron oxyhydroxide (B-FeOOH) formed a superparamagnetic
molecular hydrogel.®>® While these systems require time to form, the resulting hydrogel
is highly responsive to both pH and temperature. They suggested that the 5'-AMP 38
1s acting as a “templating agent” binding both to the metal center and to other 5'-AMP
38. Furtthermore, they authors noted that addition of 5-AMP 38 to the B-FeOOH
transformed the system’s morphology from nanorods to spherical nanoparticles which

resulted in the porous hydrogel.
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Figure 1.20. While combination of 5’-uridine monophosphate (5’-UMP 36) and gemini
surfactant 37 forms a clear solution, addition of its complementary nucleoside
adenosine, to the system results in a self-supporting hydrogel. Furthermore, when
supplemental uridine was added to the system, no gelation was observed. Reprinted
with permission from Elsevier.?>*

Similarly, Liu and coworkers recently reported the formation of a 5'-AMP 38+Zn?*
hydrogel (Figure 1.21).% This gelation was selective for 5'-AMP 38, forming free-
flowing solutions with all the other nucleotides, A 32, adenosine, and 5’-adenosine
triphosphate (ATP). Furthermore, the divalent Zn?* ions are also critical for
hydrogelation. When exchanged for other divalent and trivalent metal ions, such as
Cu?*, A", Ni?* or Ca?*, no gel formation was observed. Thus, the authors propose that
the Zn?* is interacting both with the phosphate moiety and the adenine nucleobase to
induce gelation, as shown in Figure 1.21. In addition to the aforementioned hydrogels,

there are also a number of two-component gel systems that consist of a nucleobase or

nucleoside hydrogen bonding with a non-nucleobase substrate. Examples include
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adenine and riboflavin,**® adenine and benzene tricarboxylic acids, %! and thymidine

and melamine. 16!
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Figure 1.21. In the presence of Zn?*, 5'-adenosine monophosphate (5'-AMP 38) self-
assembles to form fibrous networks and induce hydrogelation. Reprinted with
permission from the Royal Society of Chemistry.’

1.7.3 Derivatized nucleoside and nucleotide gelators

As mentioned, gelation with nucleobase-containing molecules generally requires
derivatization, frequently with the addition of lipophilic linkers or tails, to introduce a
level of hydrophobicity. Additionally, appending different hydrogen bonding or n-n
stacking functionalities can also induce gelation and stabilize the fibrous network.1*?
Some relatively simple examples are shown in Figure 1.22. For instance, the diacylated
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uridinophosphocholine derivative 39 forms stable, opaque hydrogels when the acyl
chains were between 16- 20 carbons long.%2 Microscopy indicated that gelation was
the result of entanglement of helical nanofibers. The authors proposed these helices are
governed by hydrophobic and m-m stacking interactions. The association of the
lipophilic acyl chains establishes a hydrophobic core while the uridine residues
stabilize the assembly through m-m stacking interactions and phosphocholine domain

adds a level of hydrophilicity.
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Figure 1.22. Examples of derivatized nucleosides that act as LMW gelators.

Benzyltriazole-appended 2'-deoxyuridine (Rs= H) and ribonucleosides (Rs= OH)
40 were found to be efficient hydrogelators (R2= H or alkyl) (Figure 1.22).163164 |
fact, the 2'-deoxy derivatives all formed gels at relatively low concentrations at room

temperature, with the exception of an unfunctionalized benzyl derivative (R>=H). The
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ribonucleoside analogues also formed hydrogels, but generally required higher
minimum gelator concentrations. The best gelator was the ribonucleoside derivative
with a four-membered chain (R2= CsHo). The authors propose that this gelator provides
the ideal balance between hydrophilicity and hydrophobicity.

Addition of a lipophilic urea linkage at the 5'-position resulted in a unique 2'-
deoxyadenosine hydrogelator 41 (Figure 1.22).1%° While gelation of LMW species
generally requires a heating-cooling method, this compound form gels after one minute
of ultrasound irradiation. Furthermore, this analogue did not gel when heated and
cooled, but instead formed an opaque solution or precipitate. Because of this, the
authors proposed that the formation of an oxidized adenine species of 41 (formed by
hydroxyl radicals produced in the sonication process) is inducing gelation due to
increased interactions with water.

Lastly, Marlow and coworkers recently reported a cytidine-based gelator 42 formed
with acyl chains of various lengths at the 4-N-position of the cytosine ring (Figure
1.22).1% These compounds formed gels in mixed solvent systems of dimethylsulfoxide
(DMSO) or ethanol (EtOH) and water. At low fractions of DMSO or EtOH, the authors
observed either weak or no gelation and precipitation. However, as more of the polar
organic solvent was added, gelation did occurred and the opacity of the system
improved. Additionally, the gel systems formed with EtOH were found to be stronger
than those formed with DMSO. This is presumably due to the efficacy of DMSO to
disrupt hydrogen-bonded networks.

In addition to these simple derivatives, there has also been great interest in

combining nucleobases with other known gelating molecules. For example, Snip,
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Shinkai, and Reinhoudt, developed a cholesterol derivative of uracil 43 (Figure
1.23).1%7 As mentioned in Section 1.5, cholesterol-based derivatives have been shown
to be excellent gelators, forming helical fibers. Thus, the authors designed 43 in hopes
of establishing cholesterol-based helical core structure with nucleobase at its terminus.
As anticipated, the uracil-cholesterol conjugate readily forms stable gel in organic
solvents and scanning electron microscopy (SEM) showed established networks of

helical fibrils.
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Figure 1.23. Uracil-cholesterol derivative 43 self-assembles in organic solvents to
form a fibrous gel network. Addition of lipophilic adenosine 44 breaks up these
assemblies and weakens the gel.

To assess the role of the nucleobase unit, a lipophilic derivative of adenosine 44
was added to the system. The authors hypothesized that uracil’s complementary base
pair could hydrogen bond to the nucleobase and potentially increase m-n stacking
interactions. The result of this, they hoped, would be an increase in gel stability.
Interestingly, however, addition of even a small amount of 44 resulted in a significant
weakening of the gel. This suggests that the uracil unit of 43 is involved in some

intergelator hydrogen bonds, which are essential for a fiber formation and gelation. The

importance of these uracil assemblies was further demonstrated by methylating the
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hydrogen bond donor site of uracil. The material formed with the methylated derivative
was notably weaker than gel formed with 43.

Similarly, Ju and coworkers synthesized an adenine conjugate of oleanlic acid 45
(Figure 1.24).1%8 Qleanlic acid (OA) is a natural pentacyclic triterpenoid that is known
to form organogels when derivatized. The authors proposed that the OA unit would
provide a rigid skeletal structure which allows the derivative to self-assemble, while

adenine adds the ability to hydrogen bond and engage in n-n stacking interactions.

Figure. 1.24. Oleanic acid-adenine derivative 45 forms gels in THF/water mixtures (a).
Addition of its complementary base pair, U 43, results in sheet-like crystalline
structures which disrupt the gelation (b). Reprinted with permission from the Royal
Society of Chemistry.1%

Indeed, the oleanlic acid-adenine conjugate 45 was found to form gels in THF/water
mixtures (Figure 1.24). Just as with the cholesterol conjugate 43, addition of the

complementary base pair, uracil 34, weakens the gel and lowers gel-sol transition

temperature. SEM images show that the addition of U 34 has a dramatic impact on the
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gel’s morphology. Specifically, while the 45 alone forms a well-developed SAFiIN,
when U 34 is present, a closely packed sheet-like crystalline structure was observed.
Godeau and Barthélémy developed a family of novel glycosyl-nucleoside lipids
(GNL 46) formed via a double click reaction (Figure 1.25).1%° The GNL amphiphiles
could efficiently immobilize both organic and aqueous media, forming clear gels in
both water and chloroform. Microscopic studies showed that the morphology of the
system varies significantly with solvent. Specifically, in water, the derivatives
generally formed entangled or circularly organized nanofibers, while in chloroform,
the gelator formed vesicles or particles. The authors proposed that this suggests the
hydrophobic segments of the GNL significantly impact its gel properties. These
derivatives have also recently been shown to be effective for delivering
oligonucleotides into human cells!™ and have been functionalized as a fluorinated

amphiphile.t"
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Figure 1.25. Functionalized nucleobase derivatives, such as glycosyl-nucleoside lipid
46, peptide-nucleobase conjugate 47, and nucleobase-peptide-glycoside derivative 48,
combine the self-association and molecular recognition properties of nucleobases with
the gelation properties of peptides and/or sugar moieties.
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Similar analogues have been introduced by Xu and coworkers in recent years.
Specifically, the group combined nucleobases and peptide sequences (such as the
adenine nucleopeptide 47) to form biostable and biofunctional hydrogels (Figure
1.25).172 These nucleopeptide gels could also be formed with guanine and thymine
nucleobases. The authors further functionalized the nucleopeptides to contain
glycosides.1”317* Nucleobase-peptide-glycoside conjugates, such as 48, also readily
form hydrogels which were found to be biocompatible with mammalian cells.
Additionally, the authors found that hydrogels formed with the thymine-conjugate were
effective media for delivering oligonucleotides into human cells.

The same group also recently developed an enzyme-catalyzed procedure for
inducing hydrogelation with nucleosides (Figure 1.26).1" Alkaline phosphatase (ALP)
catalytically dephosphorylates phosphate-containing substrates. Thus, in the presence
of the 5'-adenosine monophosphate peptide conjugate 49, ALP readily removes the
phosphate linkage and results in the formation of nanofibers and hydrogelation. The
authors used this same ALP assay to induce gelation of phosphorylated
nucleopeptides'’2 and nucleobase-peptide-glucosamine conjugates.'’®

Shimizu and coworkers introduced a family of nucleobase bolaamphiphiles 50- 52
in 2001 (Figure 1.27).1"” When the diadenine derivative 50 was combined in an
equimolar mixture with the dithymine amphiphile 51 in ethanolic aqueous solutions, a
gel was formed. Similarly, the heteroditopic bolaamphiphile 52, with a single adenine
and a single thymine residue, also forms a gels in ethanol-water mixtures. Individually,
50 forms microcrystalline solids, while 51 forms a fibrous network after several days,

suggesting thymine units could be self-assembling.
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Figure 1.26. The 5’-adenosine monophosphate derivative 49 forms a clear, free-
flowing solution in water (A). Upon reaction with the enzyme alkaline phosphatase
(ALP), however, the phosphate group of 49 is cleaved, resulting in hydrogelation (B).
Reprinted with permission from the Royal Society of Chemistry.1’

Indeed, the same researchers reported gelation of water with the 3’-phosophorylated
bolaamphiphile 53 (Figure 1.27).1"® Here, the authors argued that in addition to the
hydrophobicity imparted by the oligomethylene linker, hydrogen bonding between the
5’-hydroxyl and water molecules is critical for gelation. Furthermore, the preference
for neutral or slightly alkaline pH implies that ionization of the phosphate moieties is

also important. Lastly, evidence obtained from UV-visible spectroscopy suggests the

stacking of the thymine residues stabilizes the fibers.
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Figure 1.27. Bolaamphiphiles 50 and 51 form gels in aqueous media when combined
in a 1:1 mixture. Similarly, heteroditopic derivatives, such as 52, can self-associate to
form gels. The phosphorylated dithymidine derivative 53 self-assemble in water to
form the fibrous network and self-supporting gel shown. Reprinted with permission
from the American Chemical Society.'’

Lastly, studies utilizing the sulfide-crosslinked uridine and adenosine derivatives
54-57 further emphasized the importance of balancing hydrophobicity and
hydrophilicity (Figure 1.28).17918 Gels formed with these derivatives depend on the
linear self-association of the nucleobases A 32 and U 34 via hydrogen bonding.
Altering the identity of the protecting group from isopropylidene 54 to cyclohexylidene
55 has little effect on the gel’s properties. However, fully deprotecting the molecule to
form 57 results in insolubity in almost all organic solvents. Furthermore, compound 57
was found to efficiently immobilize aqueous solutions. Dimethylated derivative 56 can

form hydrogels as well as organogels. In fact, gels formed with 56 in polar organic

solvents had consistently lower minimum gelation concentrations and generally higher
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gel-sol transition temperatures than the cyclohexylidene derivative 55. Thus, this

suggests that the hydrophobic moiety plays a major role in stabilizing the gel network.
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Figure 1.28. Sulfide-linked A/U nucleoside derivatives 54-56 immobilize organic
solvents through linear self-association. The most efficient of these organogelators is
56, suggesting the protecting group’s identity is pertinent. Furthermore, derivatives 56
and 57 form hydrogels.

In addition to the instances described, there are several other examples of
nucleobase-containing LMW gelators that will not be discussed here.}* Similarly,
natural and synthetic analogues that mimic nucleobase hydrogen bonding motifs are
commonly employed to induce gelation, but will not be elaborated on now.117181-185

Instead, the following section will focus on the supramolecular gels formed with

guanosine (G 1) and its derivatives.
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1.8 Guanosine-based molecular gels

While a number of interesting nucleoside-based hydrogels have been discussed,
molecular gels formed with guanosine (G 1) derivatives should not be overlooked. In
fact, because G 1 has three faces with hydrogen bonding donors and acceptors, its
proclivity for self-assembly is unmatched among the nucleosides.®2150151153 These
unique self-assemblies have been exploited to impart reversibility and responsiveness,
and some of the gels formed with G 1 and its derivatives show notable promise for

separations and biomedical applications.

1.8.1 Guanosine binding motifs: G-ribbons & G4-quartets

Because of the additional hydrogen bond donors and acceptors, guanine-containing
molecules can self-assemble into complex and unique aggregates.®® The most common
and significant of these assemblies are shown in Figure 1.29. In addition to
homodimers, guanosine G 1 can self-assemble into ribbon structures, which are
maintained through hydrogen bonds between the amide proton at the N1, the amide
oxygen 06, the amino protons at N2 and the lone pair at either the N3 or the N7.
Generally, these ribbon structures formulate the gel network of guanine-based
organogelators (Section 1.8.2).

Planar G4-quartets, on the other hand, are composed of four guanine bases
noncovalently linked together by eight intermolecular hydrogen bonds (Figure 1.29).
These motifs generally require stabilization from metal cations, such as K*, Na*, Ba*",
or Sr**. Some exceptions to this include aryl 8-substituted G 1 derivatives,'®® G4-

7

quartets on gold surfaces'®” and the recently reported 5'-ferrocene derivatives.!®®

Individual G4-quartets readily stack on top of one another to form G-quadruplex
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suprastructures and G-wires. These G4-quartet structures are often observed in

guanosine-based hydrogels (Section 1.8.3-7).
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Figure 1.29. Guanine-containing molecules can form a variety of different self-
assembled motifs, including G-ribbon I, G-ribbon Il and the G4-quartet.

1.8.2 Guanosine-based organogelators

As G 1 is generally insoluble in organic solvents, derivatization is required to
induce gelation. Fortunately, in addition to being relatively easy to functionalize, the
ribose sugar of G 1 provides a platform for addition of lipophilic chains that will not
directly block any of the hydrogen bonding donors and acceptors. To this end,
functionalization at the C8 of the guanine base is also common. Thus, in recent years,

a vast array of G 1 organogelators has been developed.
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Araki reported the gelation of a family of alkylsilylated guanosine derivatives, such
as 58 and 59 (Figure 1.30).18%1%2 These derivatives efficiently induced gelation of
alkane solvents. Detailed structural analysis led the authors to conclude that the
formation of hydrogen-bonded G-G base pairs and sheet-like structures is critical to

this gelation (Figure 1.31).

Figure 1.30. Alkylsilylated guanosine derivatives 58 and 59 form organogels in alkane
solvents.

These sheets consist of anti-parallel G-ribbons with additional inter-tape hydrogen
bond linkages between the N2 amino protons and the N3. These linkages ultimately
lead to the formation of two-dimensional hydrogen-bonded sheets. Upon heating the
gels, the system undergoes a phase transition to liquid crystal form. The authors suggest

that this is due to selective cleavage of the inter-tape hydrogen bond.
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Figure 1.31. The alkylsilyated derivatives, such as 58 and 59, induce gelation through
the formation of G-ribbons. These ribbons (middle ribbon is blue for differentiation)
are stabilized through additional inter-tape hydrogen bonds (shown in red).
Montesarchio and coworkers reported the gelation of the acylated polyether 60 and
amino acid-functionalized 61 (Figure 1.32).1% These “bi-tailed” derivatives formed
stable gels in polar organic solvents such as methanol, ethanol, and acetonitrile.
Derivative 62, on the other hand, was not found to induce gelation under the same
conditions. Thus, this suggested that having two long aliphatic chains is essential for
this gelating system. Furthermore, addition of charged groups or markedly hydrophilic
functionalities resulted in poor gelation, again suggesting that gelation requires a level

of lipophilicity.
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Figure 1.32. Bi-tailed guanosine derivatives 60 and 61 form organogels in polar
organic solvents while the mono-tailed 62 does not.

Liu’s group showed that the lipophilic guanosine derivative 63 gelled both
chloroform and toluene (Figure 1.33).1%* Gelation in toluene was slightly more
efficient than in chloroform, presumably due to the added stacking stabilization from
aromatic hydrocarbon solvent. The authors found that these gels formed through G-
ribbon I assemblies and saw no evidence for G-ribbon Il formation.

Cy2H250
C12H250

C12H250

Figure 1.33. Guanosine derivative 63 can immobilize toluene (a) and chloroform (b).
Gels formed with toluene were slightly stronger than those in chloroform. The authors
suggested that this is due to additional -  stacking interactions with toluene. Reprinted
with permission from Elsevier.%*

The authors next demonstrated the dynamic nature of these noncovalent G-ribbon
structures. Addition of K* to the system resulted in reversible dissolution of the gel due
to G4-quartet formation (b) (Figure 1.34). Removal of the K* with the cryptand [2.2.2]

reformed the gel (c). Protonation of the cryptand expelled K* and dissociated the gel
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again (d), while subsequent addition of base reformed it (e). Thus, these studies show

the highly responsive nature of this G-organogel.
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Figure 1.34. Gels formed with 63 are stabilized by G-ribbon structures. Addition of
K* forms G4-quartet motifs and thus breaks up the gel. This process can be reversed
by extracting the K* with cryptand [2.2.2]. Furthermore, acid-base chemistry was
employed to reversibly switch between the G4-quartet and G-ribbon motifs. Reprinted
with permission from Elsevier.1%

45



Recently, Yi and coworkers utilized the adamantyl-derivatized 64 to form
organogels in dichloromethane or acetonitrile (Figure 1.35).1%® Interestingly, 64
formed G-quadruplex structures at low concentrations in acetonitrile and reversibly
transformed at higher concentrations into G-ribbons which formed a gel network. This
gel network is stabilized both by the hydrogen-bonded guanine assemblies and
intermolecular hydrogen bonds between adjacent amantadine amide groups. Sonication
of 64 was found to aid in the gelation process, lowering the critical gelation
concentration. Microscopy showed that the morphology of the gel shifted from
hexagonal columnar structures to twisted flower-like structures upon sonication.
Interestingly, the tri-acylated derivative 65 did not gel in any organic solvent. The
authors argue that this demonstrates the delicate balance between hydrophobicity and
hydrophilicity necessary for gelation and shows the dramatic impacts of the increased

steric effects with 65.
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Figure 1.35. Adamantane-functionalized guanosine derivative 64 forms organogels in

dichloromethane and acetonitrile. However, the trisubstituted derivative 65 does not
gel organic solvents.
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While these and other organogel examples!481%-19 are indeed pertinent, the vast
major guanosine-based gels are hydrogels. Thus, the remainder of this work will focus

on the ability of G 1 and its derivatives to immobilize aqueous solutions.

1.8.3 Guanosine hydrogels: A brief history

The Scandinavian biochemist Ivar Bang first reported the gelation of guanylic acid
in 1910.1%° This instance is considered the first report of a guanosine hydrogel.
Interestingly, however, as the study was primarily focused on structural elucidation,
the observed gelation appears more as an afterthought than a prominent result. In fact,
the observed gel formation is mentioned only twice in Bang’s 19-page report. He wrote
“...das ganze Filtrat gelatiniert beim Abkihlen, wenn die Lésung gentigend stark
konzentriert ist. Wir finden also auch hier eine Ubereinstimmung zwischen der
Guanylsaure and der Thymusnucleinsdure, die bekanntlich auch nach Kochen mit
Alkali bei Gegenwart von Alkaliacetat gelatiniert.” This translates as “...the whole
filtrate gelatinizes upon cooling, when the solution is concentrated enough. We also
observe here a relationship between guanylic acid and thymonucleic acid, which is
known to form a gel after boiling in alkali, in the presence of sodium acetate”. Two
years later, Levene and Jacobs reported that the nucleoside guanosine (G 1) could also
form gels writing: “...however, guanosine — a simple guanine pentoside — shares with
guanylic acid the property of gelatinizing when it contains only slight proportion of
mineral impurity.”?% This being said, it would take another 50 years to elucidate the
structure of the G-assemblies within these gel networks.

In 1962, Gellert, Lipsett, and Davies reported fibers of dried gels of 3'-guanosine

monophosphate and 5’-guanosine monophosphate (3’ and 5'-GMP, respectively) form
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layers of hydrogen-bonded tetramers based diffraction experiments.?t Shortly
thereafter, Fresco and Massoulie reported that the helical structure of polyguanylic acid
is similarly stabilized through the stacking of hydrogen-bonded G4-quartets.2? Many
guanine nucleosides and nucleotides were subsequently found to form hydrogels
through the formation of similar helical arrangements.?%-2% |n the two decades that
followed, the implications of pH on GMP assemblies?®” and the role of stabilization
played by alkali cations? were both established.

In recent years, the interest in G-quadruplex structures has heightened due to the
potential biological implications of these suprastructures (i.e. as a pertinent motif for
fragile X syndrome, gene expression and telomerase inhibition).2°1% Additionally, the
structural composition of G4-quartets and higher order assemblies have extensively
characterized through advanced solution and solid-state NMR techniques.®2%%-217 This
being said, the interest in guanosine-based hydrogels has not diminished.20%:211:218-226
Recent studies have focused primarily on developing novel guanosine-based gelators,
improving the lifetime stability of guanosine hydrogels and utilizing these materials for

biomedical and drug delivery applications.

1.8.4 Recent advances: Binary mixtures

One major issue plaguing many molecular gels is the propensity of the gelator to
crystallize over time. This is indeed the case with guanosine-based hydrogels. Shown
in Figure 1.36, is an example of this. While G 1 initially forms a transparent gel in the
presence of excess potassium chloride, over time, the nucleoside begins to crystallize,
and the gel network breaks down. This crystal formation is due to the fact that the gel

is a metastable, kinetically trapped state with monomers in both the gel and sol
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phases.??” Over time, the free sol gelators aggregate and form nucleation points. This
effectively decreases the gelator concentration and more gelator molecules are released
from the gel into to the sol phase to incorporate into the crystals. Recently, a number
of research groups have worked to address this issue with binary mixtures. It is
generally believed that these materials have increased lifetime stabilities due to an

added level of disorder associated with binary systems.
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Figure 1.36. Guanosine (G 1) initially form G4-quartet hydrogels in the presence of
KCI (A). Over time, however, G 1 precipitates and the gel network dissociates.
Reprinted with permission from the Royal Society of Chemistry.??

McGown reported binary hydrogels formed with mixtures of 5’-guanosine
monophosphate (5'-GMP 66) and guanosine (G 1) (Figure 1.37).22° At neutral pH and
room temperature, 5'-GMP 66 is too soluble to form a hydrogel, while G 1 is too
insoluble. Mixtures of the two, however, form stable hydrogels. The authors argue that
5'-GMP 66 helps to solubilize G 1, while the insolubility of G 1 helps to promote
gelation at low concentration of 5-GMP 66.The resulting binary mixture exhibits a
unique thermoresponsiveness that can be adjusted by ratio, cation, or pH.

Depending on the ratio of the G 1 to 5-GMP 66, this system can be either

thermodissociative or thermoassociative. Thermodissociative behavior (i.e. the system
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gels with decreased temperature and liquefies when the temperature is raised) is typical
for most molecular gels. However, the observed thermoassociative behavior (i.e. the
gel forms at higher temperatures and liquefies at when the temperature decreases) is
unusual with LMW gelators. Thermoassociative behavior is relatively common in
polymer hydrogels, which undergo a discontinuous phase transition from sol to gel,
generally attributed to the expulsion of water at a certain lower critical solution temp
(LCST). However, this phenomenon has not been observed in other guanosine-based
hydrogels. The authors rationalize that this behavior is due to the incorporation of
insoluble G 1 into the 5'-GMP 66 aggregates thus promoting solubilization of G 1 and

reducing repulsive interactions among the anionic 5-GMP 66.
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Figure 1.37. 5'-guanosine monophosphate (5-GMP 66), 2’-deoxyguanosine (dG 67),
and 8-bromoguanosine (BrG 68) have all been utilized to form binary gels with
guanosine (G 1).

Similarly, Kraatz and colleagues recently showed that 2’-deoxyguanosine (dG 67)
could increase the lifetime stability of guanosine gels (Figure 1.37).22 As previously
shown, gels formed with G 1 are self-supporting and relatively strong, but have poor
lifetime stabilities (Figure 1.36). Conversely, gels formed with dG 67 are long-lasting,
but weak. Combination of the two guanine-molecules results in a strong, self-healing

hydrogel with excellent lifetime stability. Furthermore, this G 1: dG 67 gel showed a

sheer-thinning behavior, thus allowing for injectability.
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Binary guanosine gels have also recently been formed with 8-bromoguanosine BrG
68 (Figure 1.37).2%% In contrast to the transparent, fast-precipitating gel formed with G
1 and excess KClI, hydrogels formed with BrG 68 are opaque®® and begin to precipitate
within 48h. Binary mixtures of G 1 and BrG 68, however, form stable, transparent
hydrogel materials. These gels showed not only longer lifetime stability, but also had
increased gel-sol transition temperature. Furthermore, small molecule dyes could
efficiently diffuse into and be released from the gel, suggesting this material could have
potential as a drug delivery medium.

Lastly, Rowan and coworkers reported the binary gel formed with G 1 and its
acetylated derivative, 2', 3', 5'-tri-O-acetylguanosine (TAcG 69) (Figure 1.38),231:232
The authors found that the ideal ratio for gelation was between 60:40 and 40:60 G 1:
TACcG 69 with the strongest gels formed with a 50:50 mixture. On either end of this
ideal ratio, the gelators precipitate within 36 h. In fact, at higher concentrations of
TACG 69 (> 80%), no gelation is observed. Altering the ratio of components in the gel
system results in gels of various mechanical properties and thermal stabilities. Thus,
the authors suggest that this material can be systematically tuned to fit the requirements

of potential applications.
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Figure 1.38. The derivative 2', 3', 5'-tri-O-acetylguanosine (TAcG 69) forms stable
binary hydrogels with G 1 at ratios of 60:40 and 40:60. Reprinted with permission from
the American Chemical Society.?3!

1.8.5 Recent advances: Dynamic combinatorial chemistry

Because of the dynamic nature of aggregates formed with LMW gelators, the
structural motifs possess the ability to reversibly modify their associations through
exchange and rearrangement. Thus, these systems can be explored through dynamic
combinatorial chemistry (DCC).%** DCC is a manner of synthesizing libraries of
complex structures, referred to as dynamic combinatorial libraries (DCL). These
libraries are produced by combining functionalized building blocks that can react with
one another through reversible covalent bonds or specific noncovalent interactions. As
the building blocks exchange, the distribution of products moves towards the
thermodynamic minimum. The distribution of structures formed can be adjusted
through external physical factors (temperature, pH, etc.) or through the redistribution
of the building blocks (binding to a metal ion).

Amplification of a given species of a DCL can also be dictated by self-organization
processes to form a gel phase.?** The self-assembly dictates the selection of specific

components that make up the DCL and results in most stable associations. Lehn and
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Sreenivasachary demonstrated this process with guanosine hydrazide gelator 70
(Figure 1.39).2%2% The hydrazide derivative 70 readily forms G4-quartets in the
presence of Na', K*, NH4", and even MesN™. These G4-quartets, combined with the
ability to efficiently and reversibly form acylhydrazones at the hydrazide extremities,

result in an interesting scaffold for DCC.

H G | N
N N o}
NH — H” N,
o ¢ fcj;\/ >—S: | \H/\[ g
HN. L N A @ NG =0 __ o N

N~ NH . _
‘N o 2 N, @ H N—H
H o] —_— H-N, H, N—\<

70 H y d
OH OH 0 /Nj\)\N’
N A ¢ 6. ,H"N\/NKIOH

Figure 1.39. Guanosine hydrazide 70 forms G4-quartet based hydrogels in the presence
of monovalent cations (M™).

As mentioned, the hydrazide linkages at the 5'-position of 70 allow for reversible
formation of acylhydrazones with carbonyl compounds, such as aldehydes. Of the wide
range of aldehydes examined, many, including 71, disrupted gelation of 70.
Interestingly, however, combining hydrazides 70 with 72 resulted in a viscous gel that
was significantly stronger than gels formed with 70 alone (Figure 1.40). To assess the
impact of gelation on the product selection, a DCL was generated by combining
hydrazides 70 and 73 with aldehydes 71 and 72 in 1:1:1:1 ratio to form the

acylhydrazone derivatives A, B, C, and D. The authors observed preferential formation
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of the acylhydrazone B, the species that yields the strongest hydrogel. The other major
species formed, which ultimately resides in the sol phase, is acylhydrazone C. This is
interesting because in the absence of 70, hydrazide 73 preferentially forms
acylhydrazone D with aldehyde 72. Thus, this suggest that the gelation process, is

dictating the distribution of acylhydrazones in the dynamic library.
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Figure 1.40. While 1 1:1:1 mixtures of 70-73 have the possibility to form four different
acylhydrazones (A-D) in acidic conditions, gelation of 70, which only occurs with
product B, dictates the distribution of products to favor B and C.

In addition to modifying functionalities on the extremities of the G4-quartet
assemblies, Barboiu and colleagues showed that the labile motifs of G 1 alone produce
a dynamic library which can be manipulated to generate the most thermodynamically
stable assemblies.Z*"2% For example, both bisiminoboronate guanosine derivative 74

and siloxane guanine derivative 75 were shown to form a series of different G-ribbon

and cyclic supramolecular assemblies (Figure 1.41). The addition of K*, however,
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selectively amplifies G4-quartet structures from this dynamic pool and results in G-
quadruplex assemblies. For derivative 74, this amplification results in the formation of
G-quadruplex ordered membrane films that contribute to fast electron/proton transfer.
Furthermore, performing the sol-gel process with 75 results in the formation of an

inorganic alkoxysilane network around pre-amplified G-quadruplex core.
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Figure 1.41. Addition of K" results in amplification of G4-quartet assemblies of
analogues 74 and 75 from a dynamic pool of G-ribbons and cyclic G-assemblies.
Furthermore, undergoing sol-gel processes with guanine derivative 75 with a pre-
amplified G-quadruplexes forms unique twisted tubular structures. Reprinted with
permission from John Wiley & Sons.?%

1.8.6 Recent advances: Separations

Another application of current interest involving guanosine-based gels is
chromatographic separations. Because of the chirality naturally imparted in guanosine

and the asymmetric nature of the columnar nanostructures formed through gelation,
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guanosine-based materials have potential as media for selective chiral separations. The
use of guanosine hydrogels for separations was first demonstrated by McGown in
2004.2% In this work, the authors utilized a 5-GMP 66 gel as the buffer for capillary
electrophoresis (CE) to selectively separate the D and L enantiomers of the drug
propranolol (Figure 1.42). After optimizing the parameters, the enantiomers were
separated with an enantiomeric resolution of 2.1-2.3 in less than five minutes.
Furthermore, the authors suggested that the ability to thermally or chemically dissociate

the gel network allows for elimination of potential physical contamination.
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Figure 1.42. Enantiomeric mixtures of molecules 76-78 can be resolved by means of
capillary electrophoresis with 5-GMP 66 as the separations medium.

Since this initial report, the same group has shown that this gel system can
efficiently separate mixtures of other small chiral molecules, including BNPA 77 and
amino acids, such as tryptophan 78 (Figure 1.42).24%24 The most efficient of these
separations were attained with aromatic molecules, and more specifically fused, non-
substituted bicyclic systems, thus suggesting n-n interactions of the G4-quartets are
important for effective separation. Additionally, single-stranded DNA (ssDNA)
separation has also been demonstrated with this system.?422* While separation of
strands of different lengths of DNA can be easily achieved by means of sieving gels,
strands of similar lengths remain a challenge with conventional methods. Thus, the

demonstration that the 5'-GMP 66 gel can be used to selectively resolve homodimers
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(i.e. 5'-AA-3', 5'-CC-3’, 5’-TT-3’) and homopentamers (i.e. 5'-As-3’, 5'-Cs-3’, 5'-T5-3’)
is indeed impressive. The degree of resolution of among these homonucleotides
improved with increasing 5'-GMP 66 concentration, thus suggesting that the structure
within the gel is important for separation. Lastly, this system was able to separate
several 76-mers differing only in a few A-G substitutions. Thus, the resolution of

ssDNA in the 5'-GMP 66 gel is sensitive to even minor changes in sequence.

1.8.7 Recent advances: Biological applications

One of the major goals for supramolecular hydrogels is to develop systems that can
be utilized for biological applications. This objective is no different for guanosine gels.
While the high concentrations of K* generally required to induce gelation is less than
ideal for biomedical applications, there have been many some significant advances
toward utilizing these materials for tissue scaffolding and drug delivery.

Recently, Rowan and coworkers showed that hydrogels formed with 8-methoxy-2’,
3’, 5',-tri-O-acetylguanoisne derivative 79 could not only form gels at physiological
concentrations of monovalent cation, but could also act as a gel cell medium (Figure
1.43).2% Gelation of 79 was achieved with as low as 100 mM NaCl and 0.5 wt% 79.
The authors argue that this is due to the shift in conformational preference of 79 from
anti to syn induced by the bulky substituent at the 8-position. Assuming the syn
conformation ultimately blocks the bottom face of 79, thus inhibiting G-ribbon
formation and favoring assembly into G4-quartets. Furthermore, the authors found that
the G4-quartets establish the fibrous gel network through the formation of continuous

G-helical structures.
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Figure 1.43. The 8-methoxy-2’, 3’, 5'-tri-O-acetylguanoisne derivative 79 forms
hydrogels at biologically relevant concentrations of NaCl, presumably due to the
preferred syn conformation. Additionally, this gel was found to be non-toxic and to act
as a cell culture medium. Reprinted with permission from the Royal Society of
Chemistry.2%

To assess the capacity of this material for tissue engineering, an avenue not yet
explored with guanosine-based hydrogels, the cell viability and toxicity of 79 was
examined. When combined with gelatin, the gel was found to induce minimal apoptosis
and has low-to no cytotoxicity towards C166 cells (Figure 1.43). Furthermore, the cells
were able to adhere and proliferate inside this gel medium. These findings suggests that
guanosine-based gels could indeed be promising for tissue scaffolding applications.

In addition to cell growth, Lehn and colleagues demonstrated the potential for

guanosine-based hydrogels to be used as potential drug delivery systems by covalently

and noncovalently incorporating potential drug targets into the guanosine hydrazide 70
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hydrogel.24624" As discussed in section 1.8.5, the extremities of the G4-quartets formed
with 70 are decorated with hydrazide functionalities that can react with carbonyl
derivatives to form acylhydrazones. Therefore, the authors utilized the free hydrazides
to incorporate biologically active, volatile aldenhydes and ketones, such as 80 and 81,
into the gel network (Figure 1.44). Furthermore, the reversibility of the acylhydrazone
species allows for slow release of the carbonyl derivatives, suggesting these materials

have potential as a drug delivery or fragrance release systems.
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Figure 1.44. Carbonyl species 80 and 81 were covalently attached to the guanosine
hydrazide 70 gel through reversible acylhydrazone linkages. Conversely, acyclovir 82,
vitamin C 83, and vancomycin 84 could be incorporated noncovalently into the gel.
Controlled release from the gel was also demonstrated for all species.

As mentioned, the Lehn group also utilized noncovalent interactions to incorporate
a variety of guanine derivatives into the G4-quartet by exchanging them with molecules
of 70.247 While 2.7 mM and 1.7 mM of G 1 and 5’-GMP 66 could be included into the
15 mM guanosine hydrazide gel, respectively, only 0.6 mM of the antiviral drug,

acyclovir 82 was incorporated (Figure 1.44). In addition, the authors demonstrated

incorporation and controlled release of vitamin C 83 and the antibiotic vancomycin 84.
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Again, these studies suggest these guanosine hydrazide 70 materials could be useful

for drug delivery and targeted release applications.

1.9 Summary

This chapter has detailed some recent advances in low molecular weight gelators,
with an emphasis on gels formed with nucleosides. The nucleoside, guanosine G 1 and
its derivatives are of particular interest here, due to their ability to form unique self-
assembled structural motifs that can induce gelation. As discussed previously, recent
interest has been focused on developing G 1-based gels with increased lifetime
stabilities and lower metal ion concentrations, and on utilizing the resulting materials
for relevant biological and physical applications. Our contribution to the guanosine-
hydrogel field has touched on all these points. The subsequently described guanosine-
borate (GB) hydrogel was discovered by chance while assessing the ability of borate
salts to inhibit nucleoside transport with G 2. These nucleoside transport experiments
are discussed at length in Chapter 2. The observed gelation occurred when a
suspension of G 1 in the presence of potassium borate was heated and allowed to cool
to room temperature. The resulting GB hydrogel not only requires very little salt for
gelation, but has also been stable at room temperature for over three years.
Additionally, we have demonstrated that this material can selectively uptake small
molecules and that its properties can be manipulated by altering the stabilizing cation

or adding small amounts of a dye. These findings will be discussed in Chapters 3-5.
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Chapter 2: Controlling the transmembrane transport of
nucleosides

The majority of this chapter is published in reference 10:

Peters, G. M.; Davis, J. T. Supramol. Chem. 2014, 26, 286-295.

2.1 Introduction

The initial goal of this chapter was to utilize higher-order assemblies of lipophilic
guanosine derivative G 2 to selectively extract and transport small molecules.
Specifically, our interest honed in on transporting nucleosides, due to the numerous
opportunities for hydrogen bonding interactions and their biological implications.
Throughout these studies, we found that G 2 can efficiently transport cytosine-
containing targets across an organic interface. The identity of the target’s sugar moiety
(i.e. ribose, deoxyribose, or arabinose) dictates the rate and selectivity of this transport.
Additionally, the use of additives can alter this target preference and even fully inhibit
nucleoside transport. Formation of a lipophilic base pair (formed with G 2 and C 85)
switched selectivity from cytosine to guanine analogues. This result, in particular,
provides some useful insight into our overall goal of utilizing G-quadruplex structures

as vehicles for transmembrane transport.

2.1.1 Rationale and background: Known nucleoside transporters

Nucleosides are phosphorylated by intracellular kinases to give nucleotides, which
are the energy currency for cellular metabolism, important second messengers and the

building blocks for nucleic acids.’?® A host of synthetic nucleosides have also been
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developed as anticancer and antiviral agents.?*®%° Since phosphorylation of
nucleosides occurs inside the cell, it is critical that nucleosides and nucleoside-based
drugs cross the cell membrane and enter the cell. With the exception of some highly
lipophilic analogues, the transmembrane transport of hydrophilic nucleosides requires
assistance from transporter proteins.2%2%2 Lack of these transporters, or their
inactivation, can cause resistance to nucleoside drugs.?®3%>* With the aim of improving
the biological activity of nucleoside drugs, there have been on-going efforts to enhance
nucleoside permeability. The use of liposomes as delivery vehicles or administration
of nucleoside pro-drugs, which can cross the lipid barrier, are two such strategies for
improving cellular delivery of nucleosides.”® An alternative approach would use
synthetic compounds that can selectively catalyze the transport of nucleoside analogues
across membranes.

Effective membrane transporters must typically be hydrophobic, as to permeate the
lipid membrane, and be able to form stable complexes with targets, both at the water-
organic interface and within the non-polar membrane. A number of nucleoside and
nucleotide transporters with different molecular recognition motifs have been
described. For example, nucleotide transporters containing quaternary ammonium
groups have been used to electrostatically bind the anionic phosphates of AMP, ADP,
ATP and guanosine nucleotides in order to extract and transport these targets across
organic liquid membranes.?®®?%" Similarly, Regen and colleagues synthesized
“molecular umbrellas” that transport nucleotides across phospholipid membranes.
These “umbrellas” contain a charged arginine group that interacts with the nucleotide’s

phosphate, while cholate arms shield the nucleotide from the non-polar environment of
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the phospholipid membrane.?® In addition to utilizing electrostatic interactions,
another strategy for nucleoside transport across liquid membranes involves using
lipophilic boronic acids that form reversible B-O bonds with the 2',3'-cis-diol in
ribonucleosides.?®*?%° Furthermore, Westmark and Smith have also shown that these
boronate transporters can catalyze transport of nucleosides across liposomes.2!

The above two strategies, namely use of electrostatic interactions and formation of
boronate esters, do not address the issue of selectively binding and transporting the
major nucleobases (A, C, T/U, G), which differ in their hydrogen bonding donor and
acceptor patterns. Rebek’s group was the first to make synthetic transporters that could
selectively hydrogen bond with nucleobases and facilitate their movement across a
CHCl; liquid membrane.?®? Sessler and colleagues expanded this “hydrogen bond”
mediated approach when they demonstrated that lipophilic nucleoside derivatives
function as selective transporters of their complementary hydrogen bonding partner.%
In this case, the lipophilic transporter forms stable Watson-Crick base pairs with its
hydrophilic complementary target, enabling selective extraction of the nucleoside from
water into the organic phase.?63%%4 Later, Sessler’s group also showed that attachment
of a cationic group to the lipophilic nucleoside yielded a compound that catalyzed
transmembrane transport of complementary nucleotides.?%®

In reviewing nucleoside transport studies, we were drawn to these lipophilic
nucleoside carriers.?%3-2% This interest stemmed, in part, from our research on the
structure and transport properties of self-assembled G4-quartets formed from lipophilic
guanosines.® The Rivera group, Barboiu group, and our group, have all found that G4-

quartet assemblies can promote transmembrane transport of cations across liquid
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membranes, polymer membranes and phospholipid bilayers.238266:267 Qne goal in
pursuing research described in this chapter was to determine whether lipophilic G4-
quartets might also bind and transport species other than cations. Since many small
molecules bind to DNA G-quadruplexes,®1>32%8 we reasoned that lipophilic G4-
quartets might well transport water-soluble compounds across a lipid membrane. While
we have not yet completed our studies on the molecular transport properties of
lipophilic G4-quartets, the research described in this chapter has allowed us to identify
ways to control the selectivity of transmembrane nucleoside transporters.

Figure 2.1 summarizes the major results of this chapter. We have found that the
transport activity and selectivity of lipophilic nucleosides, such as trihexanoyl
guanosine G 2 can be controlled by adding various compounds to the aqueous source
phase or the hydrophobic organic phase. These additives interact selectively with either
the transporter in the organic phase or with the transport targets in the aqueous source
phase. This chapter represents our initial attempts to use principles of molecular

recognition to control the selectivity of synthetic nucleoside transporters.
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Figure 2.1. Summary of the effects of additives on the transmembrane transport of
nucleosides 1, 67, 86-88 by lipophilic carrier G 2. Transport experiments were done
using a three-phase U-tube system. Structures of the compounds used are shown below
in Scheme 2.1.

2.2 Lipophilic G 2 catalyzes transport of cytidine analogues across a liquid

membrane

The structures of the nucleoside transporters (G 2, C 85), transport targets (1, 67,
86-88) and additive compounds (89-91) used in this study are shown in Scheme 2.1.
We tested the lipophilic trihexanoyl guanosine (G 2) and trihexanoyl cytidine (C 85)
as membrane transporters for cytidine (rC 86), 2'-deoxycytidine (dC 87),

arabinocytidine (araC 88), guanosine (rG 1) and 2'-deoxyguanosine (dG 67). We also
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studied the influence of potassium 2,6-dinitrophenolate (K*«2,6-DNP~) 89, sodium
tetraborate 90 and ribose 91 on modulating the membrane transport of nucleosides by
G 2. Both trihexanoyl esters, G 2 and C 85, were made in a single step from the natural
products (see experimental for details). These lipophilic analogues are soluble in CHCIs
and do not partition into water, as determined by UV spectroscopy.

Scheme 2.1 The transporters (G 2, C 85), transport targets (1, 67, 86-88), and additives
(89-91) used in this study.

Transporters o NH,

A~y e Ky el
0. N"TNTTNH, o N0
O O O O
(0] (0] (0] (0]
G2 C 85

Transport Targets

NH, NH, NH2

0 0
N N~ NH ,NfLNH
(k/& (i& HO Iﬁz&O HO <Nfé/)\ no  SALeL
k(iz \(37 N” "NH, \(37 N~ "NH,

HO oH HO HO ©OH HO OH HO

rC 86 dC 87 araC 88 rG1 dG 67

®K®

) HO
o |\O Na O_.oH
02N N02 O B
® O ¢ B ‘O N
Na O HO OH
89 90 91

We used a three-phase “U-tube” system to examine downhill transport of
nucleosides 1, 67, and 86-88 across a liquid membrane. Typically, a solution of

lipophilic G 2 in CHCI3z (20 mM, 3 mL) was placed in a glass U-tube (id ~8 mm) so
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that it interfaced two separate aqueous phases. The aqueous source phase contained the
target nucleosides (3-25 mM, 1.5 mL) and the receiving phase was H>O or D20 (1.5
mL). In this set-up, a concentration gradient ensures facilitated transport of the targets
from the source to the receiving phase. Most of the transport experiments described in
this chapter were ‘“competitive”, wherein the source phase contained equimolar
amounts of potential targets. Such experiments allowed us to determine the relative
selectivity of transporters under different conditions. The CHCIlsz layer was
magnetically stirred, making sure that no mechanical transfer of material occurred
between the source and receiving phases. The transport of nucleosides across the liquid
membrane was monitored by *H NMR spectroscopy of the receiving phase, which
allowed us to distinguish between the target nucleosides (e.g. a doublet at 6 5.91 ppm
for H1' of rC 86 and a doublet of doublets at 6 6.26 ppm for H1' of dC 87) and measure
the relative amounts of transported nucleosides.

First, we confirmed that lipophilic G 2 and C 85 catalyze transport of their
complementary Watson-Crick partner, confirming earlier findings on transport of
nucleosides across liquid membranes.?532%4 When the organic phase did not contain G
2, we observed no diffusion of rC 86 or dC 87 across the liquid membrane, even after
24 hours. Furthermore, as shown in Figure 2.2A, G 2 catalyzed transmembrane
transport of dC 87 in a concentration dependent manner. In competition experiments,
where the source phase contained a 1:1 mixture of dC 87 and dG 67, we observed only

dC 87 transported across the liquid membrane by the carrier G 2 (Figure 2.2B).

67



(

Z

g Source | CHCI; | Receiving
53'5 dC 8753=G 2 [G 2]
S 3 60 mM
025 G 2= dC 87
= 2
= s 30 mM
.g .
= | 15 mM
20.5
S 0 0 mM

0 10 20 30 40 50
(B) Time (h)

Source | CHCI; | Receiving
0.5 dC87:=:=G 2

e
b

e

Concentration of 87/67 (mM)
]
(7%

)

0 10 20 30 40 50
Time (h)

Figure 2.2. (A) Transmembrane transport of dC 87 by lipophilic G 2 in the U-tube
system depends on the concentration of the transporter in the CHCI3z organic phase.
Here, the source phase contained dC 87 (25 mM), while the concentration of G 2 in the
CHCl3 phase was varied from 0 to 60 mM. The concentration of transported dC 87 in
the aqueous receiving phase was determined by *H NMR integration (+ 10%). (B) In
competition experiments in which the source phase contains a 1:1 mixture of dC 87
and dG 67 (3.25 mM), lipophilic G 2 (20 mM) selectively transports its complementary
partner, dC 87 over dG 67.

Similarly, lipophilic C 85 favored active transport of dG 67 over dC 87 (data not

shown). These results are consistent with a transport process that involves: (1) selective

extraction of the target dC 87 by the lipophilic carrier G 2 at the aqueous source phase-
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CHCl3 boundary; (2) diffusion of the resulting dC 87G 2 base pair through the organic
phase; and (3) release of the hydrophilic nucleoside dC 87 into the aqueous receiving
phase. These experiments set the stage for the chapter’s main focus: using molecular

recognition to modulate the efficiency and selectivity of nucleoside transporters.

2.3 Controlling membrane transport via molecular recognition

As the selective transport of cytidine analogues rC 86 and dC 87 involves the
formation of a Watson-Crick base pair with G 2, we reasoned that in situ blocking of
the carrier’s Watson-Crick face should turn off cytidine transport. We envisioned a
number of ways in which we could employ competitive hydrogen bonding and
supramolecular assembly to occupy these hydrogen bonds. Thus, we rationalized that
the formation of a G-quadruplex or lipophilic base pair in the organic phase, for

example, should inhibit G 2’s ability to bind to nucleoside targets.

2.3.1 Addition of K* 2, 6-DNP~ 89 to the organic phase turns off transport of
cytidine 86 by lipophilic carrier G 2

Our first approach toward controlling transport of cytidine rC 86 involved changing
the association state of G 2 in the organic phase. We reasoned that shifting the
equilibrium from “monomeric” G 2 to a G4-quartet structure should inhibit binding
and transport of rC 86 since the Watson-Crick face of all subunits within such an
assembly are tied up in hydrogen bonds (Scheme 2.2).2 This strategy of using reversible
self-assembly of G4-quartets has similarly been exploited to switch on and off other

supramolecular functions,7:247:269.270
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Scheme 2.2. K" templated formation of self-assembled octamer (G 2)s*K™ (2, 6-DNP)".
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We found that addition of K* 2,6-DNP~ 89 (5 mM) to the CHCI;3 phase containing
G 2 (20 mM) completely shut off transport of rC 86 and dC 87 (Figure 2.3A). Inhibition
of cytidine transport after addition of 89 is surely due to formation of a G4-quartet. G4-
quartet structures are commonly generated in CHClI3 by adding organic-soluble salts to
solutions of lipophilic guanosines.?’*2"* We have previously determined that a
compound similar to G 2, the 3, 5'-didecanoyl-2'-deoxyguanosine analogue, forms a
discrete octamer wherein two G4-quartets coordinate a single K*.2™* In the case of 3/,
5'-didecanoyl-2'-deoxyguanosine the Gg*K™ octamer was composed of one G4-quartet
that had an “all-syn” geometry with regard to the C1-N7 glycosidic bond and the other
G4-quartet had an “all-anti” configuration. In addition, Kwan and Wu have recently
shown that 2’, 3, 5'-tri-O-acetylguanosine (TAcG 69) forms a similar Gg*M*2 octamer

in CDCl3.2™
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Figure 2.3. (A) Transmembrane transport of dC 87 (25 mM) by lipophilic G 2 (20 mM)
is inhibited with the addition of K* 2, 6-DNP~ 89 (5 mM) to the CHClIs phase. The
concentration of transported dC 87 in the aqueous receiving phase was determined from
'H NMR integration (+ 10%). (B) The H8-NH- region of the 2D NOESY NMR
spectrum (tm=100 ms) for (G 2)g*K* 2,6-DNP~ in CDClIs at -40 °C shows an anti NH2-
anti H8 and syn NH2-syn H8 pattern. This is consistent with one “all-anti” G4-quartet
and one “all-syn” G4-quartet for (G 2)s*K* 2,6-DNP™ (as shown in Scheme 2.2).
Structural analysis of our complex by indicates G 2 (20 mM) and K* 2,6-DNP~ 89
(5 mM) form an octamer (G 2)s*K* 2,6-DNP~ in CDCls. The *H NMR spectrum of this
complex is shown in Figure 2.4, along with the spectrum of “monomeric” G 2. Two
sets of 'H NMR signals are present for every hydrogen in the complex in a 1:1 ratio.
All of these signals have been assigned by 2D COSY and 2D NOESY experiments (see
experimental for details). The observed doubling of NMR signals is a signature of a
G4-quartet assembly, wherein individual G4-quartets stack while coordinating a bound
cation.?’*274 Furthermore, the signal for the imino proton (NH1) of G 2, a broad signal
for “monomeric” G 2 in CDCls (6 13 ppm), splits into two sharp signals upon addition
of K" 2,6-DNP". This suggests that these NH1 protons are (1) involved in strong

hydrogen bonds upon K*-templated self-assembly and (2) are located in different G4-

quartet layers.
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Figure 2.4. In the presence of K* DNP~ 89, lipophilic G 2 forms octamer, (G 2)seK*
DNP~. The *H NMR spectrum of monomeric lipophilic G 2 in CDCls is shown above
(top). Upon the addition of K* DNP~ 89 to a solution of lipophilic G 2, the protons are
split into two sets of signals (bottom). This NMR pattern is a classic signature of G4-
quartet formation. The structure of the octamer (G 2)s*K* DNP~ was further verified
by 2D NOESY.

In addition, we observed H8-NH2 NOEs (Scheme 2.2) that are characteristic of
separate G4-quartet layers when NOESY experiments were done at low temperature in
CDCls (Figure 2.3B). The pattern of these H8-NH2 NOEs for the (G 2)s*K* (2,6-DNP)
assembly was identical to those observed for the Gg*K™ octamer from 3', 5'-didecanoyl-
2'-deoxyguanosine.?’* Thus, this suggests that G 2 forms an octamer, (G 2)s*K*,

consisting of one G4-quartet with an “all-syn” glycosidic bond orientation and one G4-

quartet with an “all-anti” bond orientation (Scheme 2.2). In summary, transport studies
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and solution NMR data indicate that K* templated formation of (G 2)s*K" in the organic
phase inhibits the ability of lipophilic G 2 to bind and transport rC 86 and dC 87.
Clearly, these findings suggest that the aggregation state of the transporter
influences its function. Transport of cytidine nucleosides by G 2 was shut down by
shifting the carrier’s equilibrium in the organic phase from a G 2 monomer, with an
available Watson-Crick face, to an assembly where Watson-Crick faces are blocked
and unable to hydrogen bond to the cytidine targets at the interface of the source phase
and CHCls. Because G4-quartets are reversibly formed and dissassembled in a cation-
dependent manner, reintiation of cytidine transport by G 2 should be possible simply

by adding K* ionophores capable of triggering G4-quartet disassembly.

2.3.2 Formation of a lipophilic G 2¢C 85 base pair in the organic phase alters the

transport selectivity

We next examined the transport properties of the lipophilic G 2¢C 85 base pair.
Organic soluble C and G derivatives form stable Watson-Crick base pairs in low
dielectric solvents, with high association constants (Ka=10%-10° M in CDCls).?"
Under the conditions of our U-tube transport experiments (i.e. in CHCIl3 at mM
concentrations), the G 2¢C 85 base pair is the dominant species in solution when the
two lipophilic nucleosides are mixed together in a 1:1 ratio (see experimental for more
details).2>2® As anticipated, we observed no transport of dC 87 across a CHCls
membrane when the organic phase contained an equimolar mixture of G 2 and C 85
(Figure 2.5A). This suggests that the in situ formation of the G 2¢C 85 base pair
precludes interfacial binding, extraction and subsequent transport of dC 87.
Interestingly, however, in a competition experiment with equimolar dC 87 and dG 67
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in the source phase, dG 67 was transported across the organic membrane. That is, while
the putative G 2¢C 85 base pair did not transport dC 87, it did catalyze transport of dG

67 across the CHClIs barrier.
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Figure 2.5 (A) Transport of dC 87 by G 2 is inhibited by addition of 1 equiv. of the
lipophilic C 85 to the CHCI3 phase, presumably due to formation of the base-pair G
2+C 85. In contrast, this lipophilic base-pair G 2+¢C 85 catalyzed transmembrane
transport of dG 67. The concentrations of nucleoside in the aqueous receiving phase
was determined from H NMR integration (+ 10%). (B) There are two possible
structures for the G 2¢C 85¢dG 67 base triple. We believe that this GeCeG base triple
enables selective transport of dG 67 over dC 87.
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As Watson-Crick faces in this G 2¢C 85 base pair would be unavailable for binding
with target nucleosides, selective transport of dG 67 is presumably due to formation of
a G 2+C 85+dG 67 base triple at the water-CHCl3 interface, followed by diffusion of
that complex across the organic membrane. Such GeCeG base triples are not
uncommon, having been observed in naturally occurring nucleic acid structures. 12277
Shown in Figure 2.5B are two possible geometries for binding dG 67 to the Hoogsteen
face of the lipophilic G 2¢C 85 base pair to form the proposed G¢CeG triple. Williams
and Shaw reported that lipophilic G and C analogues form stable GeCeG trimers when
mixed in a 2:1 molar ratio, with association constants of Ka=10> M2 in CDCl3.2’® Thus,
we reasoned that if the G 2¢C 85 is indeed the transporting species, then the formation
of a lipophilic base-triple G 2¢C 85+G 2 in the organic layer should impede interfacial
binding and subsequent transport of dG 67 across the liquid membrane. Indeed,
complete inhibition of dG 67 transport occurred when the ratio in the CHCI3 phase was
changed from a 1:1 ratio to a 2:1 ratio of G 2 and C 85 (Figure 2.6).

The data described in this section clearly demonstrate that the aggregation of a
transporter can influence its target selectivity. While “monomeric” G 2 is selective for
its base pairing partner C 86 and dC 87, the lipophilic G 2¢C 85 base pair transports
dG 67 much better than it does dC 87. This is the first example, as far as we know,
where a noncovalent base pair like G 2¢C 85 has been shown to catalyze selective

transport of a hydrophilic target across a membrane.
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Figure 2.6. The G 2+C 85 base pair transports dG 67, but dG 67 is not transported by
a complex with formula (G 2).C 85. Here, the source phase contained dG 67 (3.25
mM), and the CHCI3 phase contained either an equimolar amount of lipophilic G 2 (20
mM) and lipophilic C 85 (20 mM) or a 2:1 ratio of G 2 (40 mM) to C 85 (20 mM).

2.4 Role of the sugar in carrier-mediated transport of nucleosides

While it has been noted in passing that the sugar’s identity can influence rates of
nucleoside transport across a liquid membrane, not much careful attention has been
paid to this issue.?%262263 \We found that carrier-mediated transport by G 2 inversely
correlated with the sugar hydrophilicity, showing relative transport rates of dC 87 > rC
86 > araC 88. In competition experiments between rC 86 and dC 87, we found that G
2 preferentially transported the 2'-deoxynucleoside dC 87 over ribonucleoside rC 86,
with a selectivity of ~ 3:1 (Figure 2.7). The structural difference between these cytidine
analogues is at the sugar 2' position. Octanol-water partition coefficients and HPLC

retention times show that ribonucleosides are more hydrophilic than 2'-
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deoxynucleosides.?’®2"® Thus, in principle, the hydrophilic 2'-OH group should slow
down carrier-mediated transport of rC 86, relative to dC 87, if extraction from the

aqueous source phase is the rate-limiting step.
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Figure 2.7. Transmembrane transport of dC 87 by G 2 is preferred over the rC 86 and
araC 88. Lipophilic G 2 also preferentially transported rC 86 over its diastereomer araC
88. The source phase in these experiments contained an equimolar mixture of rC 86,
dC 87, and araC 88 (25 mM each) and the CHCI3 phase contained G 2 (20 mM). The
concentration of transported nucleosides in the aqueous receiving phase was
determined from *H NMR integration (+ 10%).

To further assess the role of this 2'-OH, we next performed competitive transport
experiments with a 1:1 mixture of rC 86 and araC 88 in the aqueous source phase. Here,
the only structural difference between the targets is the stereochemistry of the 2'-OH
group. In these experiments, we found that rC 86 was easier to transport than araC 88
by a factor of ~ 3:1 (Figure 2.7). Again, this transport selectivity may be rationalized

in terms of how sugar structure influences the hydrophilicity and ease of extraction of

the competing nucleosides. The 2', 3'-cis-diol in rC 86 can form intramolecular
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hydrogen bonds, which reduces the molecule’s hydrophilicity relative to araC 88. In
this way, intramolecular hydrogen bonds available in rC 86 shield the —OH groups from
water in the source phase, and reduce the energy needed for extraction into CDClIs by
G 2. In contrast, araC 88 contains a 2', 3'-trans-diol that cannot form these
intramolecular hydrogen bonds. With both hydroxyl groups fully exposed to solvent
araC 88 is more difficult to extract from water than rC 86.

Similar findings were reported Sacerdote and Szostak.?®® Here, the authors
observed that the ribose sugar permeates across lipid membranes notably faster than its
arabinose diastereomer, presumably due to decreased hydrophilicity. Furthermore, a
recent computational study confirmed that ribose is less hydrated than arabinose due to
the intramolecular hydrogen bonds formed by the 2', 3'-cis-diol.?* Whatever the
physical basis for this observed transport selectivity (dC 87 > rC 86 > araC 88), our
results demonstrate that the sugar’s structure is important for the carrier-mediated

transport of nucleosides.

2.5 Addition of borate to the agueous source phase changes selectivity of

nucleoside transport catalyzed by G 2

Having determined that the sugar’s structure impacts the efficiency of facilitated
transport of nucleosides, we next sought strategies to modulate nucleoside
hydrophilicity in situ in order to alter transport selectivity. We turned attention toward
the chemistry of borate esters, anionic species formed by reaction of cis-1, 2-diols with
borax. Chromatographic separation of sugars and nucleosides based on borate ester

formation is well established,®? and lipophilic boronic acids have been used to facilitate
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transport of ribonucleosides across both liquid and liposomal membranes.?%9-261
Furthermore, borate ester formation has been previously used to modulate the sugar
conformation and consequent base-pairing properties of nucleic acid analogues in
water.®® However, to our knowledge, formation of borate esters in water has not been
used to modulate molecular transport across liquid membranes. We reasoned that
addition of Na>B4O- 90 to a source phase containing rC 86, dC 87, and araC 88 would
give anionic borate esters 92-94 with only rC 86 (Scheme 2.3), leaving dC 87 and araC
88 unmodified and available for carrier-mediated transport. Formation of a charged
borate anionic ester by rC 86 should make it more difficult for G 2 to extract rC 86
from water into the organic phase, thus perturbing the nucleoside selectivity of the
lipophilic transporter.

Scheme 2.3. Formation of borate esters 92-94 by reaction of rC 86 and sodium
tetraborate 90.
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As shown in Figure 2.8, addition of 1 equiv. of Na2B4O7 90 (25 mM) to a source
phase containing a 1:1 mixture of rC 86 and araC 88 (25 mM) completely inhibited
transport of rC 86 by G 2. In this case, only araC 88 was transported across the liquid
membrane (Figure 2.9A). In fact, transport of araC 88 was maintained even with an

excess of borate anion in the source phase. This is because the 2', 3'-trans-diol does not
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react with Na>B4O-7 90 to give a charged borate ester. The relative ratio of araC 88 to
rC 86 transported can be manipulated by changing both the concentration of Na:B4O+

added to the source phase (Figure 2.8) and the pH of the source phase (Figure 2.9).
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Figure 2.8. The carrier-mediated transport of rC 86 and araC 88 (25 mM each) by G 2
(20 mM in CHClIs) is dependent on the concentration of sodium tetraborate 90 in the
aqueous source phase. Aliquots from the receiving phase were assessed at multiple time
points; the data in the graph indicates the relative ratios of transport of rC 86 and araC
88 after 16 h.

Borate esters formed from cis-diols are favored at higher pH.8 As shown in Figure
2.9B, the extent of inhibition of cytidine transport by Na>B4O7 can be modulated by
changing the pH of the source phase. At pH > 9 lipophilic G 2 exhibits a very high
araC 88/rC 86 transport selectivity. This selectivity decreases, however, as the pH of
the source phase is lowered. This is because borate esters exist in a pH-dependent
equilibrium with free boric acid/borate and uncomplexed diol.® Under basic pH

conditions, this equilibrium favors the borate esters and, therefore, the effective
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concentration of rC 86 in the source phase is reduced. Conversely, as the source phase
becomes more acidic, more “free” rC 86 is present in solution and becomes available
for transmembrane transport by G 2. In this way, both structure and function can be

controlled by simply altering the pH of the source phase.
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Figure 2.9. (A) Selectivity of transmembrane transport by G 2 is reversed from rC 86
to araC 88 with the addition of sodium tetraborate 90 to the source phase. This is due
to selective formation of anionic borate esters 92-94 with rC 86. (B) The relative ratios
of transported araC 88 to rC 86 is pH dependent. The source phase contained a 1:1
mixture of rC 86 and araC 88 (25 mM) and sodium tetraborate 90 (15 mM) in a
phosphate buffer (0.1 M), and the organic CHCI3 phase contained G 2 (20 mM).
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In addition to pH control, carrier-mediated transmembrane transport of rC 86 in the
aqueous borate-CHCIs-water system can be modulated by addition of a competing cis-
diol to the source phase. Addition of ribose 91 (0.5 M) to a source phase, whose rC 86
transport activity had been turned off by borate anion, restarts the preferential transport
of rC 86 over araC 88 (Figure 2.10). This switching of transport selectivity occurs
because ribose 91 out-competes rC 86 for chelating of boron and thus causes
dissociation of the borate esters formed with rC 86. In this way, ligand exchange by
ribose 91 breaks up the borate complexes 92-94 and releases rC 86 into the aqueous

source phase for consequent membrane transport by G 2.
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Figure 2.10. Carrier-mediated transport of rC 86 in the presence of Na.B4O7 90 can be
reinitiated by adding a competing diol, such as ribose 91. In these experiments, the
source phase contained a 1:1 mixture of rC 86 and araC 88 (25 mM) and sodium
tetraborate 90 (25 mM), and the organic CHCIz phase contained G 2 (20 mM). After
24 h, an excess of ribose 91 (0.5 M) was added to the source phase. As ribose 91
outcompetes rC 86 for chelation at the boron center, this addition results in dissociation
of the borate esters 92-94 and release of “free” rC 86 for subsequent transport.
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2.5.1 'H and ''B NMR show that borate esters are formed in the aqueous source

phase upon reaction of cytidine by Na2B4Ov

While we hypothesized that the observed transport inhibition of rC 86 by Na,B4O7
90 is the result of formation of anionic borate esters, evidence from B NMR and *H
NMR experiments confirmed the existence of both monomeric and dimeric cytidine
borate esters 92-94 in water (Scheme 2.3). In contrast, dC 87 and araC 88, which are
both transported by G 2 when Na:B4O- is in the source phase, do not react with
Na;B40y, as judged by 'B NMR and *H NMR. Even though it is known that boric acid
forms borate esters with vicinal cis-diols, there is little published on the B and H
NMR spectra of borate complexes of nucleosides.®":282283

Thus, to assess this borate ester formation, we performed !B NMR titrations by
adding increasing amounts of rC 86 to Na2B4O7 90 (12.5 mM) in phosphate buffer (0.1
M, pH = 7.6). As shown in Figure 2.11A, we observed a new peak at 6 6.8 ppm
(BF3-O(C2Hs)2 as reference) upon addition of lower concentrations of cytidine 86
(0.25-1.0 equiv). Based on literature precedent, we assigned this !B NMR signal to the
borate monoester 92.57:28% Addition of more rC 86 to the solution of Na2B4O7 gave
increasing amounts of a second !B NMR signal at § 11.6 ppm, which we assigned to
the borate diesters 93 and 94, again based on precedent.57283

More structural details about the formation of cytidine borate esters 92-94 were
obtained from *H NMR experiments. The *H NMR spectra of rC 86 (62.5 mM) in the
absence and presence of Na>,B4+O7 90 (12.5 mM) was quite different (Figure 2.11B).
We found that chemical shifts for the ribose H1' were diagnostic, as addition of

Na2B40O7 90 gave new signals at & 5.84 (d, J = 3.1 Hz) for monomeric borate ester 92
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and two doublets, ina 1:1 ratio, at 6 5.79 (d, J =9 Hz) and 6 5.78 (d, J = 9 Hz) for the
two diester diastereomers 93 and 94. COSY and NOESY experiments allowed us to
assign the *H NMR signals for borate monoester 92 and for the diastereomeric borate

diesters 93 and 94 (See experimental for more details).
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Figure 2.11. (A) !B NMR of sodium tetraborate 90 (12.5 mM) in a phosphate buffer
(0.1 M, pH = 7.6) with increasing amounts of rC 86 show the evidence for borate
monoester 92 (5 6.8 ppm) at lower concentrations of rC 86 and borate diesters 93/94 (5
11.6 ppm) with higher concentrations. (B) Addition of sodium tetraborate 90 also
changes the *H NMR spectrum of rC 86 (62.5 mM). While free rC 86 has only one
signal in the H1' region (& 5.88 ppm, bottom spectrum), with added sodium tetraborate
90 (top spectrum) new signals appear for monoester 92 (6 5.84 ppm) and borate diesters
93 and 94, which come in 1:1 ratio at 6 5.79 and at 6 5.78 ppm. Peaks were assigned
based on NMR titrations, NOESY, COSY, and DOSY NMR (See experimental).

To confirm assignments of monoester 92 and the larger diesters 93 and 94, we used
diffusion-ordered NMR (DOSY)?4?% to measure diffusion coefficients in a sample
that contained all 4 possible species (Figure 2.12). Diffusion coefficients for rC 86,

borate monoester 92 and the borate diesters, 93 and 94, are shown in the table in Figure
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2.12. As anticipated, the peak at 6 5.88 ppm, which is due to rC 86, had the largest
diffusion coefficient (4.708 x 10°° m? s1), indicating that it is the smallest of the 4
species in solution. The diffusion coefficient of the peak at & 5.84 ppm (4.244 x 101°
m?2 s1), which we assigned to monoester 92, was significantly smaller than that of rC
86, but not as small as other diffusion values. The signals we had assigned as the borate

diesters 93 and 94 had the smallest diffusion constants (3.376 x 10"1° m? s%), indicating

that they were the largest species in solution.

@.&\ ‘.u

D (101 m?s?)

rC 86 4.708 = 0.056
Monomer 92 | 4.244 +0.102
Dimer 93/94 | 3.376 £ 0.061

Figure 2.12. DOSY spectra for borate esters 92-94. The samples were prepared in a
5:1 ratio of rC 86 (62.5 mM) to sodium tetraborate 90 (12.5 mM) in D20O. The diffusion

coefficients for each species are shown in the table below.

85



These DOSY data, when combined with *H and !B NMR chemical shifts, indicates
that monomeric and dimeric borate esters 92-94 are indeed formed in the source phase
when rC 86 reacts with Na;B407 90 (Scheme 2.3). As addition of Na2B4O7to the source
phase completely inhibits transmembrane transport of rC 86 by lipophilic carrier G 2,
it is likely that the formation of these charged borate esters 92-94 makes extraction

from water by G 2 too difficult.

2.6 Conclusions

Lipophilic nucleosides, such as G 2, are able to catalyze transmembrane transport
of complementary nucleosides via a hydrogen bond mediated process. In this study, we
learned how to control facilitated transport of nucleosides. First, transport activity and
selectivity can be modulated by changing the transporter’s association state in the
organic phase. Thus, transport of cytidine nucleosides 86-88 can be switched off by
addition of K* salts to the organic phase. This inhibition is caused by K* templated
formation of G4-quartet assemblies. Second, formation of a lipophilic base pair G 2¢C
85 gives a species that can selectively transport dG 67 over dC 87. We propose that this
selectivity is due to formation of a base triple, G 2¢C 85+dG 67. Third, the identity of
the nucleoside’s sugar influences transport rates due to hydration effects that control
the rate-determining step of the transport. Thus, 2'-dC 87 is easier to transport by G 2
than is rC 86, which is easier to transport than its arabinose diastereomer, araC 88. This
result indicates that nucleoside extraction from the aqueous source phase into the
organic phase is the rate-limiting step in this transmembrane transport. Finally, addition
of sodium borate 90 to the source phase inhibits transport of ribose isomer rC 86 due

to formation of anionic borate esters 92-94, which are difficult for the transporter G 2
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to extract from water into the organic layer. In this way the transport selectivity of G 2
can be modulated to favor transport of araC 88, which is typically more difficult to
transport than is rC 86. These studies have shown that transmembrane transport of
nucleosides can be controlled by modifications to either the target or the carrier. We
next plan to see if similar perturbations can be used to control nucleoside transport in

phospholipid vesicles and in cells.
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Chapter 3: A G4.K" Hydrogel Stabilized by an Anion

The majority of this chapter is published in reference 11:

Peters, G. M.; Skala, L. P.; Plank, T. N.; Hyman, B. J.; Reddy, G. N. M.; Marsh,
A.; Brown, S. P.; Davis, J. T. J. Am. Chem. Soc. 2014, 136, 12596-12599.

Some of the experimental work described in this chapter was performed by Luke P.
Skala and Brooke J. Hyman, undergraduate researchers, and Taylor N. Plank, a
graduate student in our lab, working under my supervision. Cryo-TEM images were
obtained by Dr. Wen-An Chiou at the Maryland NanoCenter. Solid-state NMR

spectroscopy was performed by our collaborators at the University of Warwick, Dr. G.
N. Manjunatha Reddy, Professor Andrew Marsh, and Professor Steven P. Brown.

3.1 Introduction

As discussed in the previous chapter, our interest in controlling the transmembrane
transport of nucleosides led us to explore the interactions of nucleosides with borate
anions and the formation of borate esters. While doing so, we attempted to make an
aqueous solution of the nucleoside guanosine G 1 and sodium tetraborate 90. Heating
and cooling this sample, however, had the unintended result of hydrogelation.
Consequently, we became intrigued with elucidating the structural composition of this
guanosine-borate (GB) hydrogel and the mechanism of gelation. Additionally, we were
interested in exploring the feasibility of using these materials for biomedical
applications, such as targeted drug delivery.

With this in mind, the first goal of the research described in this chapter was to gain
insight into the structural components that make up the fibrous gel network. Namely,
we found that the formation of GB diesters is essential for hydrogelation. These diesters
then self-assemble into G4-quartets, which subsequently stack on top of one another to
form the G-wires that make up the gel network. With this knowledge, we worked
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towards our second goal: to assess the GB gel’s suitability as a material for biomedical
applications. We found the GB hydrogel is stable in biologically relevant
concentrations of potassium chloride. This suggests that the GB gel could remain intact
under physiological conditions. Additionally, we found that we could utilize both
noncovalent and reversible covalent interactions to selectively incorporate small

molecule targets, an advantageous quality for drug delivery media.

3.1.1 Rationale and background

Self-assembly is an efficient way to produce new materials, such as supramolecular
hydrogels.”*? Hydrogels are promising media for drug delivery, cell culture and tissue
engineering applications. As discussed in section 1.8, guanosine analogues, especially
5'-GMP 66, have been long known to form hydrogels, typically involving G4eM*-
quartets,8181.199.201,285.286 Nymerous G4-hydrogels are known, with recent emphasis on
improving stability, enhancing physical properties, and using them in biological
contexts.?2%-232245.287 Ty shortcomings of many G4-hydrogels, especially those made
from poorly soluble guanosine (G 1), are their propensity to crystallize and the
requirement for excess K*. Thus, the feasibility of using G4-gels for biological function
would improve if such issues could be overcome. Furthermore, for drug delivery
purposes, it would also be useful if small molecule drugs could be incorporated into
the G4-gel.?® This chapter describes a functional G4-hydrogel made from G 1 where
an anion drives assembly of the G4-structure.

Our group and others have previously shown that the coordinating anions, when
noncovalently associated, can influence the structure, stability and dynamics of

lipophilic G4*M* quadruplexes.?’228 The G4-hydrogel described in this chapter
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provides an instance in which the anion is again crucial, but now it is covalently
incorporated into the G4*M" assembly. There’s been only one other mention of this
GB hydrogel system in the literature. In 1970, Okano and coworkers reported that G 1
gelled water in the presence of 0.5 equiv of boric acid and NaOH.?*® Based on viscosity
data, the authors proposed that gelation was due to formation of anionic borate diesters
and consequent self-assembly of G 1 dimers via hydrogen bonds. That report did not
suggest involvement of G4eNa" quartets or any synergy between the cation and anion
in the gelation of water. Thus, as mentioned, our focus in this chapter was to further

examine the structure and demonstrate function of this GB hydrogel system.

3.2 Elucidating the structural composition of the GB (K*) hydrogel: GB diesters,

G4-quartets, and G-wires

As discussed earlier, guanosine-based hydrogelators generally induce gelation by
means of G4-quartet formation. However, due to the low concentration requirement of
potassium borate, we suspected that if G4-quartets were indeed involved in this unique
GB gel, then there is likely cooperativity between the cation that templates the G4sM*
quartet and the anion that enables dimerization of G 1.2%8 To test this hypothesis, we
used inversion tests to examine the influence of the cation, anion and nucleoside on
gelation (Figure 3.1).

The cation’s impact was striking and indicated that G4*M* quartets are integral for
gelation. Addition of 0.5 equiv. of KB(OH)4 to G 1 (1 wt%; 36 mM) in water gave a
transparent gel (vial K). Cryo-TEM showed dense, entangled fibrils consistent with
G4-nanowires (Figure 3.1; for the full image and more details see experimental).2%%2%

In contrast, addition of 0.5 equiv. of LiB(OH)s to G 1 in water gave a free-flowing
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solution (vial Li). While the LiB(OH)4 helps to dissolve G 1 by forming borate esters,
monoester 96 and diastereomeric diesters 97 and 98 (Figure 3.2), the sample does not
gel with Li* as cation. This is undoubtedly due to the fact that K* is far better than Li*

at stabilizing G4-quartets 8223
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N NH
P 0.5 eq KOH
N"SNTONH, -0 ©d
HO 0.5 eq B(OH)3
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OH OH

~
N N NTE
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OH (H} OH OH

Does not form G-B ester Cannot form G-quartet

Figure 3.1. (Top) A transparent hydrogel is formed from G 1 and 0.5 equiv. of
KB(OH)s. Cryo-TEM shows a network of nanofibers. (Bottom) GB gel (1 wt%) formed
in water from 36 mM G 1 and 18 mM KB(OH); (vial K). G 1 (36 mM) and LiB(OH)4
(18 mM) gave a solution (Li). Samples prepared with 18 mM KClI or excess KCI (180
mM) gave precipitate or crystals (KCl and xs KCI). Exchanging G 1 for 2'-dG 67 (dG)
or inosine 95 (vial I) gave non-viscous solutions.
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Figure 3.2. The H1' region of the *H NMR spectrum of the Li* GB solution (50 mM G
1: 25 mM LiB(OH)4) shows three distinct species with varying diffusion coefficients.
Using these diffusion coefficients, we assigned the peak at 6 5.884 ppm as free G 1,
while the signals at 6 5.924 ppm and 5.896 ppm were assigned as the monoester 96 and
diesters 97/98, respectively. While we have previously been successful in resolving and
assigning two diastereomeric borate diesters with other nucleosides,*® only one signal
is ever seen for the G 1 diesters 97/98.

The borate anion, together with the K* cation, is crucial for gelation. When 0.5
equiv. of KCI was added, instead of KB(OH)s, we observed that G 1 (36 mM)
precipitated from solution upon cooling (Figure 3.1; vial KCI). Furthermore, addition
of excess KCI (180 mM, 5 equiv.) gave a gel initially, but crystal growth occurred

within hours and the gel phase dissociated (vial xs KCI). In contrast, GB hydrogels

made with only 0.5 equiv. of KB(OH)4 have remained transparent and self-supporting
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for over three years. The correct stoichiometry of borate is also critical for the self-
assembly and increased gel lifetime, consistent with borate diesters 97/98 being central
to gel structure.56:83282289 Ag shown in Figure 3.3, if too little KB(OH)4 (< 0.5 equiv.)
was added to the system, then all of the G 1 did not dissolve. Conversely, with excess
KB(OH)4, we observed solutions of varying viscosity, presumably due to the fact that

excess borate favors formation of monoester 96 at the expense of diesters 97/98.
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TLG 75 25 3:1
TPG 50 25 2:1
VS 50 100 1:2
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Figure 3.3. The ratio of G 1 to KB(OH)4 dictates the phase of the system. As shown
in the phase diagram (top), when there is too little KB(OH)4 present, a precipitate
forms. Alternatively, when there is too much KB(OH)4 relative to G 1, the result is a
non-viscous solution. Visual gelation begins at a ratio of ~ 2:1 G 1 to KB(OH)4 and a
G 1 concentration of ~ 25mM. The opacity of these gels ranges from white gels to
transparent gels depending on the relative concentrations of the additives. A visual
representation of each of the phases described is also shown (below): precipitation
(PPT), white gel (WG), translucent gel (TLG), transparent gel (TPG), viscous solution
(VS), non-viscous solution (NVS).
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We next studied the impact of the nucleoside on gelation, to confirm that both the
borate diester and the hydrogen-bonded G4eK*-quartet are critical for hydrogel
formation. No gelation was observed for 2'-dG 67 or inosine 95 when either analogue
was combined with 0.5 equiv. of KB(OH)4 in water (Figure 3.1; vials dG and I). These
results highlight the importance of both the nucleoside’s sugar and base in the self-
assembly process. Since 2'-dG 67 lacks a vicinal diol, it cannot form borate diesters
97/98; thus, 2'-dG 67 does not gel even though it should be able to form a G4¢K*-
quartet.??8 Inosine 95, on the other hand, does indeed form borate diesters 97/98, but
without the NH2 group, 1 95 does not favor a hydrogen-bonded tetramer.

While the inversion tests provided macroscopic evidence for the structural model
in Figure 3.4, we sought molecular-level evidence that the borate diester 97/98 and
G4-quartet motifs are integral to the GB hydrogel. Circular dichroism (CD) was used
to assign the polarity of stacked G4-quartets, as a C4-symmetric Gg-octamer (head-to-
tail stacking of G4-quartets) displays bands of opposite sign at 240 and 260 nm,
whereas the CD bands for a D4-symmetric Gg-octamer (head-to-head stacking) are
shifted to 260 and 290 nm.?”® The CD spectrum of a 2 wt% GB gel (72 mM G 1; 36
mM KB(OH)4) showed positive peaks at 254 and 295 nm and troughs at 236 and 270
nm (Figure 3.4). This CD spectrum of the GB hydrogel is diagnostic of G4-quartets

that are stacked in both head-to-tail and head-to-head orientations.
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Figure 3.4. In the presence of KB(OH)s, G 1 forms borate monoester 96 and
diastereomeric borate diesters 97/98. The solid-state *H (850 MHz)-decoupled !B
MAS (5 kHz) NMR spectra of 2 wt% K* and Cs* gels indicate that borate diesters 97/98
are key for gelation. Self-assembly of the GB diesters 97/98 into a structure containing
stacked G4-quartets was confirmed by circular dichroism.

Although *B NMR spectroscopy has been applied to characterize borate esters in
solution,1®6683282 jt has found limited use in the solid-state characterization of
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hydrogels.?3:2%2 We used solid-state magic angle spinning (MAS) B NMR, carried
out by our collaborators at the University of Warwick, to confirm that borate diesters
97/98 are crucial to GB hydrogel structure. Figure 3.4 shows *H-decoupled B MAS
NMR spectra, recorded at a *H Larmor frequency of 850 MHz, for different samples:
a GB gel made from 0.5 equiv. of KB(OH)s and a gel made using 0.5 equiv. of
CsB(OH)s. These spectra show resolved signals between 6 11-13 ppm, where NMR
peaks are observed for nucleoside borate diesters in solution.06683282 The K* GB gel
showed a sharp signal at 6 11.54 and a smaller, broader peak at & 12.10. In contrast, the
weaker Cs* GB gel gave a !B NMR spectrum whose downfield peak at & 13.00 ppm
was larger than the upfield signal at & 12.20 ppm. We interpret this data to mean that
1) the *'B NMR signals for borate diesters 97/98 in the gel and sol states can be resolved
by MAS NMR and that 2) the K" GB sample has more GB diester in the gel state than
the weaker Cs* sample.

Solid-state !B MAS NMR titrations with methylene blue (MB 99) helped confirm
our gel/sol diester peak assignments. While at lower concentrations of MB 99 the GB
gel system is self-supporting, as the dye concentration is increased (> 18 mM), the
integrity of the GB gel diminishes (Figure 3.5). Interestingly, this macroscopic
observation correlates nicely with changes in the !B MAS spectra. As increasing
amounts of MB 99 were added to the GB (K") gel and the system weakened, the
concentration of diesters 97/98 at 6 12.10 ppm steadily increased while the signal at &
11.54 ppm decreased. In fact, at concentrations >18 mM MB 99, where the gel is no
longer self-supporting, this downfield peak becomes the major component. Thus, these

data are consistent with the downfield peak being the sol diesters and the signal at &
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11.54 ppm representing the diesters in the gel phase. Furthermore, these experiments
reemphasize the importance of the GB diesters 97/98 for gelation. That being said, the
evidence from the inversion tests and spectroscopic methods indicates that formation
of both the anionic borate diesters 97/98 and the hydrogen-bonded G4+K*-quartets are
indeed critical for gelation of G 1.

Diesters Monoester 72mMMB99 1 mM MB 99
[MB] (G 1: MB 99) 97/98 9

72mM (1: 1) j\“ l
1

36 mM (2: 1) '—_’k

18 mM (4: 1) sol gel

9mM (8: 1) sol p )\ &°

3mM (24: 1) sol | gel JL

I
CH3

CH;

I mM (72: 1)

ppm Methylene Blue (MB 99)

Figure 3.5. !B one-pulse MAS (5 kHz) NMR spectra of methylene blue 99
incorporated into the GB gel, acquired at 11.7 T, as a function of MB 99 concentration.
As the concentration of MB 99 is increased, the GB gel weakens and the concentration
of diesters 97/98 in the sol phase increases. Based on these data, we assigned the
downfield peak (6 12.10 ppm) to be sol diesters, and the signal at & 11.54 ppm as the
diesters in the gel phase.

3.3 GB (K*) hydrogels are stable in KCI solution

As a first step toward evaluating its biocompatibility, we discovered that the K™ GB
hydrogel dissolves in water, but not in a solution of 155 mM KCI, a typical intracellular

concentration for K*. We prepared a “blue” gel (2 wt %; 72 mM G 1: 36 mM KB(OH)a:
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11 pM methylene blue 99) and soaked it in different solutions. Gel dissolution was
monitored a) by UV spectroscopy, which quantified release of G 1 from the gel and b)
by visually observing MB 99 go into solution. When placed in water, we observed that
the GB gel swelled and eventually dissolved completely. As shown in Figure 3.6,
~55% of the G 1 used to make the GB hydrogel sample had dissolved into the water
after 24 h (GB-DI). Furthermore, after soaking in water for 48 h, the gel has completely

dissolved and 100% of G 1 was now in the bulk solution (Figure 3.7).
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Figure 3.6. (Top) The percent of G 1 or TAcG 69 released from gels into deionized
water (DI) or 155 mM KCI solution determined by UV spectroscopy. (Bottom)
Photographs 24 h after adding a 2 wt% GB gel or 2 wt% gel from 60:40 G 1 and TAcG
69 to 155 mM KCI. Methylene blue 99 (MB) was added to help visualize the gel.
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Interestingly, however, the same GB hydrogel was found to be much more stable
in a 155 mM KCI solution. In this case, only ~ 25% of G 1 had leached out of the gel
after 24 h (GB-KCI) (Figure 3.6). Beyond 24 h, this gel remained intact and essential
no additional G 1 was released from the gel (Figure 3.7). Thus, we believe that any G
1 released from the GB hydrogel in the first 24 h was likely material trapped in the
pores and not part of the gel phase. This “blue” GB gel has remained intact in 155 mM
KCI for over a year, without leaching any MB 99 into the bulk solution. The K* in

solution must stabilize the G4-quartets and allow the GB hydrogel to stay intact.
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Figure 3.7. GB hydrogels are uniquely stable in 155 mM KCI (GB-KCI) for an
extended period of time. After 24 h, the G 1: TAcG 69 binary gel (2 wt%) has almost
fully disintegrated (~ 95% released) in 155 mM KCI (TAcG-KCI), while the GB gel
has lost only ~ 25% of its original G 1 concentration (GB-KCI). Even after five days,
the % G 1 released never exceeded ~ 25%. In contrast, when no KCl is present, the GB
gel fully dissolves within 48h (GB-DI).

The borate anion’s importance in making such a stable hydrogel was highlighted

by comparing the hydrolytic stability of the GB gel with another known G4eK"-
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hydrogel, one made from a 60:40 mix of G 1 and triacetylguanosine (TAcG 69) and
excess KCI (5 equiv., 354 mM).%12%2 Since the properties of the G 1: TAcG 69:KCI
hydrogel are known, we felt that this binary G4-gel was ideal for comparison with the
GB hydrogel. Figure 3.6 shows the GB hydrogel is far more stable than the G 1. TAcG
69 gel. In 155 mM KCI, where the GB hydrogel remained intact for over a year, > 75%
of the G 1:TAcG 69 hydrogel had dissociated after just 5 h (TAcG-KCI). As shown by
the blue solution in Figure 3.6, the G 1: TAcG 69 hydrogel completely dissolved after
24 h. Thus, these data show that the B(OH)4 anion cooperates with the K* cation to
template the self-assembly of G 1 to give a robust, noncovalent hydrogel that remains

intact indefinitely in salt water.

3.4 GB (K*) hydrogels selectively absorb cationic dyes

With an understanding of the GB gel’s structure and stability, we aimed to
incorporate compounds into the gel network using both noncovalent interactions and
reversible covalent bonds. We first investigated absorption of a cationic aromatic dye
from solution into the GB gel, as we anticipated that the anionic borate esters and 7-
faces of the G4-quartets would enable noncovalent binding. We compared uptake of
methylene blue (MB 99) and rose bengal (RB 100) from solution by the GB hydrogel
(Figure 3.8). Cationic MB 99 is a G-quadruplex ligand,?*>?* and it has also been used
as a dye for uptake studies by other hydrogels.?®>?% RB 100, on the other hand, is a
non-planar, anionic dye not known to interact with G4-quartets. We added a cube of 2
wt% GB gel to a 155 mM KCI solution that contained MB 99 and RB 100 (12.5 uM
each). As shown in Figure 3.8, after 2 h the colorless gel showed a blue hue around its

edges, due to absorption of MB 99. Over time, the gel turned bluer around the edges
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and the dye diffused into the interior. After 24 h, the gel was all blue, whereas the

solution remained pink, suggesting the GB gel is selectively absorbing MB 99.

CHj3 CHj3

Methylene Blue (MB 99) Rose Bengal (RB 100)

Oh 2h 5h %h 24h
Figure 3.8. A 2 wt% GB hydrogel was suspended in 155 mM KCI solution containing

12.5 uM of MB 99 and RB 100. The gel turned increasingly blue, indicating MB 99
was selectively absorbed.

We also quantified absorption of MB 99 and RB 100 into the GB hydrogel by
monitoring the UV-visible absorbance of dye that remained in the bulk solution
(Figure 3.9). While the GB gel absorbed almost all the MB 99 after 24 h (~ 90 %), we
observed little change in the concentration of RB 100. Presumably, the GB gel’s
selectivity for absorbing MB 99 is due to electrostatic interactions of the cationic dye
with the anionic borates and n-r stacking interactions with G4-quartets. These finding
suggest that this GB hydrogel may have potential to bind G-quadruplex ligands, which

are potential anticancer drugs.?’
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Figure 3.9. Dye incorporation into the GB gel network is selective for MB 99 over RB
100. This dye absorption was quantitatively assessed by UV-visible spectroscopy over
a 24 h period. As shown above, MB 99 is rapidly incorporated, and by 24 h, ~ 90% has

been absorbed into the GB gel. On the other hand, no more than ~ 20% of RB 100 is
ever incorporated into the gel network.

3.5 GB (K™*) hydrogels selectively incorporate diols

In addition to utilizing noncovalent interactions to absorb cationic dyes, we next
envisioned incorporating nucleosides other than G 1 into the GB gel by using 1)
exchange reactions of 1,2-diols with the borate ester bonds?®® and 2) hydrogen bonding.
As proof of concept, we first explored the selectivity of incorporating dG 67, adenosine
(A 101) or 2'-deoxyadenosine (dA 102) into the GB gel by carrying out competition
experiments during the gelation process. Thus, we added equimolar A 101 and dA 102
(3 mM each) to GB hydrogels (50 mM G 1: 25 mM KB(OH)4), heated the mixture to
90 °C and then let the mixture cool to reform a transparent hydrogel. We then used
variable-temperature *H NMR to measure the amount of A 101 and dA 102 in the sol

phase. As shown in Table 3.1, the GB gel was selective for incorporating A 101 over
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its 2’-deoxy analogue dA 102. At 20 °C the GB hydrogel showed a 4.5:1 selectivity for
uptake of A 101 (25.2 %) over dA 102 (5.7 %) and that selectivity further increased to
8.5:1 at 37 °C. We attribute this marked selectivity for incorporation of diol A 101 into
the GB gel to either covalent bond formation via B-O exchange with the gel’s borate
diesters or to effective hydrogen bonding of the 1,2-diol with the anionic borates.
Lastly, even though dG 67 does not form a gel in the presence of 0.5 equiv. of KB(OH)4
(Figure 3.1), it is readily incorporated into the GB gel (83.4%). Since dG 67 cannot

form a GB diester it is likely forming mixed G4-quartets with G 1 units in the hydrogel.

Table 3.1. Incorporation of nucleosides into the GB hydrogel network. The values are
the % of a 3 mM solution of nucleosides dG 67, A 101 and dA 102 that were
incorporated into a 50 mM GB gel, as determined by 'H NMR spectroscopy (see
experimental for representative spectra).

o] NH, 2
N N X N A
Yy STy LT

HO 1 N7 UNH HO o HO o

o) o o)
dG 67 A 101 dA 102
OH H OH OH OH H

TCC)| % dG 67 % A 101 % dA 102
20 83.4+0.3 252+1.7 57123
37 732+1.6 189+14 19+1.1

Lastly, to further assess the feasibility of utilizing the GB hydrogel as a drug
delivery system, a series of nucleoside analogue drugs 82 and 103-106 were
incorporated into the gel network (Table 3.2). Nucleoside analogue drugs are synthetic

nucleosides that have been developed to act as anticancer and antiviral agents.?*32%
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Just as we observed with the natural nucleosides, the 1,2-diol containing nucleoside
analogues ribavirin (rV 103), azacytidine (aC 104) and capecitabine (cB 105) were
incorporated into the gel at ~ 26.6-34.9%. Again, these targets are presumably attached
via covalent borate ester linkages or hydrogen bonding within the gel network.
Guanine-containing analogues, ganciclovir (gC 106) and acyclovir (aV 82) were also
readily incorporated into the gel. Here, the targets went into the gel phase at 70.8% and

67.1% respectively.

Table 3.2. Incorporation of nucleoside analogues into the GB hydrogel network. The
values are the % of a 3 mM of analogues 82, 103-106 that were incorporated into a 50
mM GB gel, as determined by '"H NMR spectroscopy.

0
0 NH
¢ T NH P N
- N |
HO o HO O)\N
Vv 103 O ac104 o cB 105
OH OH OH OH
OH OH
0 0
N N
an a0
N™>N""NH, N™>N""NH,
HO J HO\|/O
0
OH
TEC)| %rVv103 | %aC104 | %cB105 | % gC106 | % aV 82
20 | 266+0.06 | 349+41 | 309+45 | 70.8+25 | 67.1+26
37 225+15 | 277109 | 205+0.88
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3.6 Conclusions

This chapter has introduced and described a transparent G4-hydrogel formed from
G 1 and KB(OH)4. This guanosine-borate (GB) hydrogel is indefinitely stable in 155
mM KCI solution. The borate is essential to the gelation. This B(OH)4~ anion functions
in various ways to form the G4-hydrogel and impart these unique qualities: a) it
solubilizes G 1; b) it reacts with G 1 to form covalent dimers 97/98, which work in
concert with G4¢K* self-assembly to give remarkably stable hydrogels; and c) it allows
the GB gel, with its anionic borate esters, to bind cationic MB 99 and selectively
incorporate nucleosides (A 101 > dA 102 and dG 67 > dA 101) and nucleoside
analogues into the gel network. In the subsequent chapters, more details about the
supramolecular structure within this unique GB hydrogel and the implications of

incorporating ligands will be described.
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Chapter 4: G4-Quartet*M™ Borate Hydrogels

The majority of this chapter is published in reference 12:

Peters, G. M.; Skala, L. P.; Plank, T. N.; Oh, H.; Reddy, G. N. M.; Marsh, A;
Brown, S. P.; Raghavan, S. R.; Davis, J. T. J. Am. Chem. Soc. 2015, 137, 5819-
5827.

Some of the experimental work described in this chapter was performed by Luke P.
Skala, an undergraduate researcher, and Taylor N. Plank, a graduate student, working
under my supervision. Powder X-ray diffraction spectra were obtained by Dr. Peter Y.
Zavalij. Small-angle neutron scattering experiments were done at NIST by Dr.
Hyuntaek Oh and Professor Srinivasa R. Raghavan. And solid-state NMR spectroscopy
was performed by our collaborators at the University of Warwick, Dr. G. N.
Manjunatha Reddy, Professor Andrew Marsh, and Professor Steven P. Brown.

4.1 Introduction

The previous chapter focused on introducing a guanosine-borate (GB) hydrogel
formed with guanosine (G 1) and potassium borate. This unique G4-hydrogel is
indefinitely stable in KCI solution and can selectively and reversibly incorporate small
molecule targets into its gel network. Furthermore, the studies within the preceding
chapter provided some initial insights into the structural makeup of the GB gel network
and the mechanism of hydrogelation.

With this in mind, the primary goal of the research described in this chapter was to
solidify the proposed gelation mechanism. Thorough characterization of the GB
hydrogel by solid-state NMR and powder X-ray diffraction allowed us to obtain
molecular-level evidence for the stacking of G4-quartet units within the fibrous
network. Additionally, variable temperature *H and !B solution NMR experiments

reiterated the importance of GB diester formation for hydrogelation, and small-angle
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neutron scattering (SANS) experiments provided information about the dimensions of
the GB hydrogel fibers, data that is consistent with our structural model.

These studies revealed that changing a single component can significantly change
the material’s macroscopic properties. For example, G 1 and KB(OH)4, when mixed in
water at the correct concentration and stoichiometry, give a remarkably sturdy
hydrogel. However, replacing KB(OH)4 with LiB(OH)4 results in a material that is
more like a viscous liquid than a gel. This cation dependence is presumably related to
the role of the G4-quartet as a major structural unit within the gel network.
Furthermore, in addition to stabilizing these G4-quartets, the cation must also stabilize
the other key building block of the gel, the anionic GB diesters 97/98. Thus, we found
that supplemental K* (in the form of KCI or KNOs3) strengthened the GB gel.

Additionally, in continuing our exploration of how cationic dyes interact with the
anionic GB hydrogel, we have found that thioflavin T (ThT) shows a strong
fluorescence response in the presence of G 1 and borate salts, presumably due to
binding with G4-quartet assemblies. This response is sensitive to the cation used to
form the GB hydrogel. Additionally, because the fluorescence intensity increases
dramatically upon gelation, this assay was employed to measure the sol-gel transition

for this system.

4.1.1 Rationale and background

Understanding molecular recognition and self-assembly processes is key for
building functional materials such as supramolecular hydrogels.t794-9
Supramolecular hydrogels are colloidal networks composed of molecular building

blocks that self-assemble into a fiber network that can entrap relatively large amounts
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of water.}22% Entanglement of these fibers leads to a hydrogel, one that is typically
>98% water by weight, but is self-supporting and does not flow freely. Because the
supramolecular assemblies that define the gel’s network are held together by
noncovalent interactions, supramolecular gelation is a dynamic and reversible process
that may respond to stimuli, such as pH, light, enzyme activity, ions or
temperature, 137138300303 - Rasponsive and dynamic hydrogels are understandably
attractive for many applications, including sensing of biomolecules and ions, as media
for cell culture, tissue engineering and targeted drug delivery.*>7:8891,304-307
Supramolecular hydrogels made from biomolecules are of particular interest for in
vivo applications.1#33% Water-soluble derivatives of guanosine, such as 5'-guanosine
monophosphate (5-GMP 66) have been known to form gels for over a century.81%:201
Gelation of water and organic solvents by guanine derivatives has led to a number of
interesting systems,1:192-195.228-232235-247 Gelation by guanine analogues in water
typically involves templation of G4-quartet motifs by cations such as K™ and Na*,
where four guanine bases form a noncovalent macrocycle that is held together by
hydrogen bonds and ion-ligand dipole interactions. The cations further assist the
stacking of individual G4-quartets to give extended G4-wires, which ultimately form
the fibers that underlie hydrogel formation. However, to gel water with 5’-GMP 66 and
other guanosine analogues typically requires to use relatively high concentrations of
the nucleobases gelator (generally > 0.05 M) and excess KCI (0.1-0.5 M). This
requirement is likely because of the stiff competition from water that makes formation
of the G4-quartet’s hydrogen bonds and ion-dipole interactions challenging. If one

could enhance these noncovalent interactions in such a polar environment,
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hydrogelation would be easier. Dimerization of G4-gelators, using dynamic covalent
bonds is one way to favor hydrogel formation at lower gelator concentrations, 23303
The previous chapter described studies on a G4*K™ hydrogel, one in which gelation
of water by guanosine (G 1) itself, is achieved by addition of just 0.5 equivalents of
KB(OH); relative to the concentration of the gelator G 1.112% As shown in Scheme
4.1, we proposed that hydrogelation is due to the borate anion’s ability to promote
dimerization of G 1 in water, which then facilitates the subsequent self-assembly of G
1 that leads to hydrogel formation.
Scheme 4.1. Proposed mechanism for gelation of water by G 1 and KB(OH)4, via

formation of GB diesters 97/98, followed by formation and stacking of G4*M" quartets
and intermolecular association of G4-wires.
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Borate esters are anionic, tetravalent species formed by reaction of cis-1,2-diols
with B(OH)s or B(OH)s~. Borate-diol chemistry has been applied extensively to
numerous processes in water, including chromatographic separation of sugars and
nucleosides,®? modulation of sugar conformation to direct reaction progression,®*%> and
templation of base-pairs by nucleic acid analogs.®® As depicted in Scheme 4.1, borate
esters formed from reaction of G 1 and B(OH)4™ can exist as either monomers or dimers.
Depending on the solution conditions, a GB monoester 96, formed by initial reaction
of B(OH)4 with G 1, is able to chelate a second guanosine, giving rise to diastereomeric
GB diesters 97 and 98. We proposed that the GB diesters 97/98 are crucial to formation
of the supramolecular network that gels water. In this system, formation of the anionic
GB diesters 97/98 helps dissolve G 1, a notoriously insoluble compound, in water. We
also hypothesized that GB diesters 97 and 98 are the building blocks that ultimately
result in the formation of GB hydrogels, a system with enhanced stability and unique
physical properties when compared to other G4-gels. For example, these GB hydrogels
are indefinitely stable when suspended in 155 mM KCI solution. Because the GB*K*
hydrogel is anionic and remains intact in salt water, it is able to selectively extract
cationic compounds from solution and incorporate those compounds into its gel
network. Moreover, cis-1,2-diols other than G 1 can also be incorporated into the GB
hydrogels, presumably via covalent linkages with some of the tetravalent borates within
the network. These unique properties may make the GB hydrogels attractive for sensing
and drug delivery applications.

Previously, we proposed the mechanism for formation of GB hydrogels from G 1

and KB(OH). that is shown in Scheme 4.1.1* Now, this chapter describes efforts to test
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whether this is a reasonable mechanism. Experiments in this chapter have led to further
insight into how individual components, such as the borate salt M* B(OH)4~, and
proposed intermediates, such as the GB diesters 97/98, the G4*M" quartets and the

stacks of G4 quartets, help define the structure and properties of these GB hydrogels.

4.2 Solid-state 'H NMR confirms the presence of stacked G4-quarets in the GB
hydrogel

Key to the hierarchical hydrogel formation by G 1 and KB(OH)s is the assembly of
stacked G4-quartets that provide the core of the hydrogel’s fibers. In the previous
chapter, circular dichroism (CD) data was used as evidence for G4-quartet stacking.!
Here, stacking of G4-quartets within the GB gel was further confirmed by powder X-
ray diffraction (PXRD) and solid-state NMR. PXRD data obtained from a freeze-dried
sample of a GB hydrogel formed from G 1 and 0.5 equiv. of KB(OH)4 showed a
significant peak at 20 ~ 26.8° (d = 3.3 A), which is in line with the n- stacking distance
between two planar G4-quartets (see experimental for spectrum and more details).

In addition to PXRD analysis, magic-angle spinning (MAS) *H NMR, carried out
by our colleagues Dr. G. N. Manjunatha Reddy, Professor Andrew Marsh, and
Professor Steven P. Brown at the University of Warwick, also provided evidence for
the formation and stacking of G4-quartets.’®® 'H Double-Quantum (DQ) MAS
spectroscopy is a powerful probe of proton-proton proximities in the solid state,**° and
the technique has been recently used to distinguish G4-quartet from G-ribbon structures
in supramolecular assemblies formed by lipophilic guanosine analogs.?*® Figure 4.1
shows a *H DQ-SQ (single-quantum) correlation spectrum for a lyophilized 2 wt% G

1+KB(OH)4 hydrogel, recorded at a *H Larmor frequency of 600 MHz and MAS
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frequency of 60 kHz. In DQ-SQ MAS spectra, peaks are observed in the DQ dimension

as the sum of the SQ chemical shifts for pairs of hydrogens in proximity (< 3.5 A).3%
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Figure 4.1. The 'H (600 MHz) 2D DQ-SQ MAS (60 kHz) NMR correlation spectrum
of a lyophilized powder from a 2 wt% G 1°KB(OH)4 hydrogel shows evidence for the
stacking of G4-quartets. Extracted rows at the stated DQ frequencies (in ppm) are
shown. The F1 = 2F> diagonal is drawn as a dashed line and base contour level is at 1.1
% of maximum peak height.

Consider the region of the spectrum in Figure 4.1 that corresponds to the imino
NHI1 (6 10.5 ppm) and the amino NH2,, and aromatic protons H8 (6-9 ppm). Rows
that arise from DQ-SQ correlation peaks are plotted on the left. The DQ peaks at dpg
17.0 ppm and dpg 18.3 ppm correspond to intramolecular NH1-NH2 interactions, with
DQ chemical shifts that are diagnostic of the G4-quartet’s hydrogen-bonded
structure.?® This DQ-SQ spectrum also shows another important feature, namely a DQ
peak at dpg 21.0 ppm, which we interpret as corresponding to an intermolecular NH1-

NH1 interaction between stacked G4-quartets (6pg = 10.5 + 10.5 = 21 ppm). In
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summary, this solid-state *H NMR data 1) establishes that the GB hydrogel contains
stacked G4-quartets and 2) expands the use of H MAS DQ-SQ to identify structural

elements in supramolecular hydrogels.

4.3 Small-angle neutron scattering data is consistent with a G4-based hydrogel

With evidence for G4-quartets in the solid state, we next examined the morphology
of the elements within the gel. In supramolecular gels, the gelator molecules self-
assemble into fibers, which then together form a three-dimensional network that is
referred to as a self-assembled fibrillar network (SAFiN). For the GB hydrogel, this
SAFiIN likely arises from G4-quartets that stack to give G4-wires, which can then form
fibrils that entangle into a network (Scheme 4.1). As shown in the preceding chapter,
we obtained images of this fibrous network from cryoTEM with the help of Dr. Wen-
An Chiou in the UMD Nanocenter.!! The gel’s entangled fibers were 4-6 nm in width
and uM in length. To obtain more information about the SAFIN, we next turned to
small-angle neutron scattering (SANS). The SANS data were collected and analyzed
by Dr. Hyuntaek Oh and Professor Srinivasa R. Raghavan. Here, we compare SANS
data of the GB hydrogel with the SANS data from another well-characterized G4-
hydrogel, the binary gel formed with triacetylguanosine (TAcG 69) and G 1.231:2%2

The SANS data on both these gels is shown in the Chapter 7. These data were fit to
a model for discrete semi-flexible chains (see experimental). From the model fits, radii
(r) and persistence lengths (L) of the chains were obtained and are shown in Table 4.1
for the K™ GB hydrogel (2 wt% G 1) and the binary TAcG 69: G 1 hydrogel (1:1 mix;
2 Wt%). The fibers in the GB hydrogel were found to have a radius of 21.5 A and a

persistence length of 460 A. These values are consistent with fiber dimensions from
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our previous cryoTEM analysis of the GB hydrogel. The known TAcG 69: G 1 binary
gel from Rowan’s work, which serves as a control here, had chains with a significantly
smaller radius (16.9 A).2%

Table 4.1. SANS-derived radii and persistence lengths of fibrils from hydrogels a) G
1°KB(OH)4 and b) a 1:1 binary mixture of TAcG 69 and G 1 with KCL

0O
NH

Gel r (A) L (A)

NH2
ﬁ/ GB (K 21.5 460
TAcG 69

Q( fo TAcG69:G 1| 16.9 (14.7)* | 355 (320)2

 Values in parenthesis were reported in reference 231.

Adopting the core-shell model developed by Rowan for the structure of the TAcG
69: G 1 binary hydrogel,?® we used our SANS data to provide insight into structural
differences between the GB hydrogel and the control gel (TAcG 69: G 1). In this core-
shell model, the nucleobases of the G4-quartet are proposed to form the core of the
hydrogel’s fiber and the attached sugars make up the shell. For the TAcG 69: G 1 binary
gel, Rowan previously proposed that the radii of both the G4-quartet core and the
surrounding ribose shell was between 7-8 A 2%

From the SANS data that we collected on the 2 samples (Table 4.1), the radius of
the GB fibers is about ~1.3 times that of the TAcG 69: G 1 fibers. Since the G4-quartet
cores of both hydrogels should be identical, the SANS data indicates that, relative to
the TAcG 69: G 1 control sample, the GB gel fibers must have an expanded ribose

shell. This expanded shell for the GB fibers, as illustrated in Figure 4.2, is consistent
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with a second ribose being covalently attached because of the borate diester linkage.
Thus, overall, the SANS data is consistent with the structural model we propose in

Scheme 4.1 and Figure 4.2.

z o
SHELL i

\\\\\

Figure 4.2. Illustration of the core-shell model as applied to the GB (K") hydrogel. This
model is consistent with fiber dimensions determined from SANS data on hydrogel
samples made from a) G 1°KB(OH)4 and b) a 1:1 binary mixture of TAcG 69 and G
1. Labile hydrogens are replaced by deuterium, as the samples were prepared in D>O.

4.4 Rheology shows that G 1*KB(OH)q4 is a strong hydrogel

Having established the presence of a fibrous network composed of G4-quartets, we
next sought to examine these hydrogels on the macroscopic scale. The fibrous network

of a hydrogel typically results in the material exhibiting solid-like rheology.2%1:311
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That is, when examined as a function of frequency, the storage modulus (G') of the
material should remain larger than its loss modulus (G") and moreover, G' should be
independent of frequency, indicating that the fibrous network does not relax even over
long time scales. With this in mind, we examined the rheological properties of the G
1+KB(OH)4 hydrogel and compared it to the material made from G 1 and LiB(OH)a,
which by manipulation and visual observation we knew to be weaker than the G
1+KB(OH)4 hydrogel. Both were studied at a concentration of 2 wt%.

As shown in Figure 4.3A, dynamic frequency sweeps indicate that the K™ GB
hydrogel has an elastic response that is essentially independent of frequency over the
entire range of frequencies tested. Furthermore, the 2 wt% K™ hydrogel has a storage
modulus (G') of ~11 kPa, suggesting that it is a strong hydrogel. This is consistent with
the fact that the material holds its weight in an inverted vial for extended periods of
time. Oscillatory stress sweeps reiterate this finding in that the yield stress of the K*
GB material, i.e., the stress at which G' rapidly plummets, is ~400 Pa (Figure 4.3B).

In contrast, the Li* GB system has a G' that is much closer to G" and both moduli
vary substantially with frequency (Figure 4.3A). Furthermore, oscillatory stress
sweeps on the Li* GB hydrogel show a gradual decrease in G' with stress rather than
the yielding behavior observed with the K* GB material (Figure 4.3B). These
rheological data not only demonstrate that the K™ GB system is a robust hydrogel, but
also emphasizes the cation’s importance in defining the structure and properties of

these G4*M"* borate hydrogels.
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K" and Li* GB hydrogels (72 mM G 1, 36 mM MB(OH)a,).

4.5 Variable temperature 'H solution-state NMR shows that the cation is

important in stabilizing G4®M* borate hydrogels

Rheology clearly showed that the macroscopic properties of materials made from

G 1 are different depending on whether KB(OH)4 or LiB(OH)s is added. We next
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sought to determine the role of the alkali metal cation in stabilizing these G4*M™ borate
hydrogels at the molecular-level. To start, we visually assessed gelation of a 2 wt%
solution of G 1 that contained the different alkali borate salts. As shown in Figure
4.4A, after allowing the samples to sit at room temperature for 4 h, the Na*, K*, Rb*
and Cs* systems all formed hydrogels of varying opacity (vials Na, K, Rb, and Cs,
respectively). Specifically, while the K* hydrogel is entirely transparent, GB gels
formed with NaB(OH)4 are turbid and cloudy. Additionally, the Li* system has not
formed a self-supporting gel and can be seen to be flowing down the side of the vial in
Figure 4.4A, indicating its viscoelastic character. The Li* system does eventually form
a non-flowing and transparent GB hydrogel, given longer times to stand, but its
structure is very weak. That is, upon agitation, the Li* GB hydrogel rapidly forms a
non-viscous, free-flowing solution, and does not fully revert to a gel thereafter. This
unique behavior of the Li* GB gel will be the focus following chapter.

While visual observations from “inverted vial” tests suggested that the K* GB
hydrogel was stronger than those formed with other alkali cations, we sought to
quantify the cation’s influence by comparing the gel-sol transition temperatures (Tm)
obtained from variable temperature solution-state *H NMR (VT-NMR) experiments
(Figure 4.4B). In these VT-NMR experiments, we measured the amount of G 1 in the
sol as a function of temperature by integrating the NMR signals for G 1 and its borate
esters 96-98. As the temperature increased, the gel phase melted and transformed into
a sol.2%530% Ag the temperature approaches the gel-sol transition temperature (Tm), the
% of total G 1 in the sol phase dramatically increases. This transition temperature is the

point at which half of the material initially in the gel has been released into the sol.
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Thus, comparing the observed Tm values from these VT-NMR melt curves allowed us

to assess the relative stability of the different GB (M*) hydrogels.
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Figure 4.4. The cation’s identity alters the physical properties of a GB hydrogel. (A)
Inverted vials of 2 wt% G 1*MB(OH)4 gels [M = Li, Na, K, Rb, Cs] after 4 h at rt. (B)
Melting curves for GB gels formed with G 1 (50 mM) and MB(OH)4 [M = Cs, Rb, K,
Na, Li] (25 mM), as determined by '"H NMR. While the K gel melts around ~ 57 °C,
the Tm of the other M* gels is ~ 15-20 °C lower (Li =~ 37 °C, Rb & Cs =~ 38 °C, and
Na=~41°C=+ 10%).
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As one might anticipate for an assembly built from G4-quartets, Figure 4.4B shows
that the K™ GB hydrogels have the highest gel-sol temperature, with a Tm value of ~ 57
°C. In contrast, hydrogels formed from G 1 in the presence of other alkali metal borates
(Li*, Na*, Rb*, Cs*) melted at temperatures that were well below (~ 15-20 °C) the Tm
value of the K™ GB gel. The biggest difference in Tm values was between the Li* and
K" GB hydrogels. This is further evidenced by comparing the variation in % G 1 in the
sol phase for each system. At 25 °C, over 80% of total G 1 is in the gel phase for the
K™ GB system. Conversely, only about 48 % of the G 1 is in the Li* hydrogel at 25 °C,
presumably resulting in the differences in strength and stability for the two systems.

Because of these large variations in physical properties, we hypothesized that
different M™ GB hydrogels might display detectable differences in structure that could
help test our gelation mechanism in Scheme 4.1. We had proposed that hydrogelation
by G 1 was triggered by formation of borate diesters 97/98 and subsequent self-
association of these dimers into G4-quartets. Thus, the next sections will focus on
whether different M* GB hydrogels show observable changes in molecular structure,

as detected by NMR.

4.6 'H and B solution-state NMR confirm that GB diesters 97/98 are key
components of the G4®K* hydrogels

The borate diesters 97/98 have been proposed, by us and others,%2%° to be important
for hydrogel formation in the presence of G 1 (Scheme 4.1). In the previous chapter,

we used solid-state !B NMR, to identify and distinguish !B signals for GB diesters

97/98 that were in the gel and sol phases. Furthermore, we found that stronger gels had
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higher percentages of the GB diester 97/98 in the gel phase, rather than in sol phase.
We took this as evidence that these GB diesters are indeed essential for gelation.

The key role of the GB diesters 97/98 in the hydrogelation triggered by G 1 and
borate salts was illuminated when comparing VT H and !B solution-state NMR
spectra for GB hydrogels. These VT-NMR experiments allowed us to monitor the
species in solution and, thus, indirectly determine what the major species were in the
gel phase. For our initial studies, we began with VT !B and *H NMR on a gel formed
using G 1 (50 mM) and NaB(OH)4 (25 mM) in D20O. The Na* gel was chosen because,
unlike the sturdier K™ GB gel, it gave well-resolved NMR signals for all the low-
molecular weight species involved in gelation: G 1, borate monoester 96 and borate
diesters 97/98. As shown in Figure 4.5, at temperatures below 25 °C, we observed a
single peak at 6 6.01 ppm (with BF3-O(C2Hs). as reference). Based on our previous
work with nucleoside-borate esters and literature precedent, we assigned this !B NMR
signal to the GB monoester 96.101167282283 Ag the temperature increased, a second B
NMR peak at 6 10.83 ppm began to appear and increase in relative intensity. We
assigned this signal as the GB diesters 97/98, again based on literature precedent.

Additional structural information on the composition of the gel phase was obtained
from VT 'H NMR experiments, which we ran in parallel with the !B NMR VT studies
(Figure 4.5). Again, as the gel melted, the *H NMR spectra changed significantly. We
found the ribose H1' region to be ideal for monitoring these structural variations. At
low temperatures (T < 25 °C), two discrete doublets are seen, one for monomeric borate
ester 96 at 6 5.89 ppm (d, J = 4.2 Hz) and the other for “free” G 1 6 at 5.92 ppm (d, J =

5.4 Hz). As the sample was warmed, a new peak appeared, and at 45 °C this signal was
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a well-resolved doublet at & 5.86 ppm (d, J = 4.2 Hz). We assigned this signal to the *H

proton for borate diesters 97/98.
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Figure 4.5. VT "B NMR spectra of G 1 (50 mM) and NaB(OH)4 (25 mM) in D,0O
recorded from 15-65 °C (left). At 15 °C, only the peak at 6 6.01 ppm is present,
corresponding to monoester 96. At higher T (25-65 °C), an additional peak at 6 10.83
ppm appears for GB diesters 97/98. Similarly, VT 'H NMR spectra at 15 °C show two
doublets, one at & 5.92 ppm, which correlates to free G 1 and the other at d 5.89 ppm,
which we assigned as the monoester 96 (right). As the temperature is increased, a new
peak appears and resolves into a doublet at & 5.86 by 45 °C. We assigned this peak as
the GB diesters 97/98. Peaks were assigned based on diffusion NMR.
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To corroborate peak assignments of the GB monoester 96 and diesters 97/98, we
measured diffusion coefficients at 45 °C for the resolved H1' peaks by diffusion-
ordered NMR (DOSY). The largest diffusion coefficient (6.050 x 10 1 m? s?),
indicating that it is the smallest species in solution, corresponded to the peak at & 5.92
ppm that we had assigned to G 1. The diffusion coefficient for the peak at 6 5.89 ppm
(5.879 x 101 m? s'1), which we had assigned to GB monoester 96, was notably smaller
than that of G 1. The smallest diffusion constant (4.823 x 1071 m? s'1) was for the peak
at 6 5.86 ppm, signifying that it belongs to the largest species in solution, namely the
GB diesters 97/98.

With our assignments confirmed by this diffusion NMR experiment, it became
clear that the *H and !B VT-NMR data fully support our proposal that the GB borate
diesters 97/98 drive the gelation mechanism. At temperatures that are well below the
hydrogel’s melting temperature, the sol phase is comprised solely of GB monoester 96
and free G 1. No borate diester 97/98 is observed in solution at these lower
temperatures. Thus, this suggests that the borate diesters 97/98 must all be in the gel
phase. However, as the temperature increases and the gel network starts to dissociate,
the H and !B NMR signals for GB diesters 97/98 appear and increase in intensity until
the gel melts. Therefore, these VT solution NMR data, combined with our previously
reported solid-state MAS NMR data, indicates that GB diesters 97/98 are the primary

guanosine-borate ester species within the GB hydrogel.

4.7 Additional KCI strengthens the GB hydrogels

Our data indicated that borate diesters 97/98 and the G4-quartet are important for

hydrogel formation. But, we realized that there was not enough K* in a 2:1 mixture of
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G 1 and KB(OH)4 to fully stabilize all the anionic diesters 97/98 and fill all the G4-
quartet units that would make up the hydrogel. Thus, we hypothesized that additional
K™, in some form other than its borate salt, should promote complete formation of
borate diesters and the G4-quartets, which should cooperatively enhance fiber
formation and thereby increase the strength of the GB hydrogel.

As shown in Figure 4.6, the melting temperature (Tm) of the GB hydrogel made
from a 2:1 mixture of G 1 and KB(OH)4 increased upon addition of KCI. This gel-to-
sol transition temperature, as measured by standard “inverted vial-tests”, increased as
a function of [K™] until 2 equiv. of KCI had been added to the mixture (Figure 4.6A).
A similar increase in the hydrogel’s Tm was also observed when KNOs was added as
the K* source, suggesting that this phenomenon was due to the additional K™ that could
fully saturate the borate diester and G4-quartet binding sites (Figure 4.6B).
Importantly, addition of excess KB(OH)s beyond the standard 0.5 equiv. had the
opposite effect on the hydrogel’s stability. Thus, the GB hydrogel made from a 2:1
mixture of G 1 and KB(OH)s4 melted at 58.1 °C, whereas the Ty of the system
containing an additional equiv. of KB(OH)4 dropped to 40.8 °C, representing a

significant decrease in gel stability.
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add’1 kK KB(OH), KCl  KNO,

T, (°C)
No additional K+ 58.1+1.4
1 eq KB(OH), 40.8+0.3
1 eq KCI 723+ 3.4
1 eq KNO; 68.0+ 1.7

Figure 4.6. Addition of KCI strengthens the GB hydrogel. The melting temperature
(Tm) ofa 1 wt% K GB hydrogel (36 mM G 1, 18 mM KB(OH)4) increases as a function
of KCI concentration (A). The maximum Ty, is seen at 2 equiv. KCl (72 mM) at which
point the T, has increased from 58.1 to 85.6 °C. (B). The GB hydrogels with extra KCI
or KNO3; were more opaque (vial KNO3; & KCl) than the control (vial No add’l K).
Conversely, upon adding a supplemental equiv. of KB(OH)4 (36 mM) to the gel, the Tm
decreased by 17.3 °C, and the gel was visibly weaker than the control (vial KB(OH)as).

The above observations can be rationalized by considering the structural

implication of adding extra K* or B(OH)4™ to the GB hydrogel (Figure 4.7). The
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increase in Tm values, upon addition of KCI or KNOg, is presumably the result of the
increased stabilization of the G4-quartet and anionic borate ester units within the
hydrogel. This would ultimately lead to an increase in fibril formation and thus gel
strength. Conversely, addition of extra KB(OH)4 beyond the 2:1 G 1:borate ratio would
shift the equilibrium toward forming more GB monoester 96 at the expense of the
borate diesters 97/98. Since the GB diesters 97/98 are the major borate species in the
gel network, dissociation of any borate diesters 97/98 to give GB monoester 96 would

weaken the GB hydrogel and lower its melting point.
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Figure 4.7. The addition of KCl or KNOs stabilizes the G4-assemblies and the anionic
GB diesters 97/98 within the GB hydrogel. Conversely, KB(OH)4 addition results in
the formation of GB monoesters 96 at the expense of the GB diesters 97/98, a key
building block of the gel network, ultimately destabilizing the hydrogel. The CD
spectra of these systems (36 mM G 1, 18 mM KB(OH)4) provide evidence for this
proposed mechanism. While the intensity of the G4-quartet CD signature increases and
sharpens in the presence of KCI and KNOs3 (36 mM), these signals notably decrease
with additional KB(OH)4 (36 mM).

To probe this rationale, we assessed the structural ramifications of adding extra K*
or B(OH)4 to the GB gel by CD spectroscopy. As anticipated, addition of 1 equiv. of
either KCI or KNO3 to the K* GB hydrogel resulted in an increase in the G4-quartet’s

characteristic CD signal near 260 nm (Figure 4.7). In sharp contrast the G4-quartet’s
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CD signal at ~ 260 nm was significantly reduced relative to other peaks at 280 and the
red-shifted peak at 310 nm when a supplemental equiv. of KB(OH)s, was added. Thus,
the data shown in Figure 4.6 are consistent with the proposal that additional K* helps
promote and stabilize both the borate diester bonds and the G4-quartet structures, which

are the key building blocks for the hydrogel’s fibrous network.

4.8 Fluorescence of thioflavin T is useful for monitoring gelation triggered by G 1

In the previous chapter, we showed that the GB hydrogel binds cationic dyes.!! In
this study, we explored whether thioflavin T (ThT 107) could be used to sense
formation of G4-quartets during the self-assembly process that leads to hydrogel
formation. ThT 107 is a benzothiazolium derivative that has been used as a selective
indicator for G-quadruplex DNA. 32315 Upon binding to G-quadruplex DNA, ThT 107
displays a strong enhancement in fluorescence. Because this ThT assay is established
for G-quadruplex DNA 3231 we reasoned that this protocol might be useful for
identifying G4-quartet assembly by guanosine itself.

In the absence of G 1, ThT 107 was not fluorescent. However, when ThT 107 was
in the presence of the GB hydrogel, we observed a notable increase in fluorescence. As
shown in Figure 4.8, a solution of ThT 107 in water shows no visible fluorescence
under UV light from a hand-held lamp. However, when incorporated into a 1 wt% K*
GB hydrogel, the fluorescence of ThT 107 increased significantly, and the system
becomes visibly fluorescent. This increase in ThT 107 fluorescence was also observed
in solutions that contained G 1 and the other alkali borates (Figure 4.9). Interestingly,

these solutions are at gelator concentrations of G 1 that are below where a hydrogel is
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formed, suggesting that the ThT 107 is likely binding to soluble G-quadruplex

fragments that are precursors to the fully-formed GB hydrogel network.

ThT 107  +GB-K

H3C S CH,
Ly
3N CH,4
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ThT 107

Figure 4.8. Thioflavin T 107 fluoresces in the presence of the GB hydrogel. While ThT
107 (100 pM) is not visibly fluorescent under a UV lamp (left vial), when exposed to
a1l wt% K* GB hydrogel (36 mM G 1, 18 mM KB(OH)a) there is a notable fluorescence
response (right vial).

While ThT 107 fluorescence was indeed observed with all the alkali borate systems,
there was an obvious difference, both spectroscopically and visually, in the
fluorescence intensity of the G 1¢KB(OH)4 sample as compared to solutions of G 1
that contained the other borate salts (Li*, Na*, Rb*, Cs*). Spectroscopically, ThT 107
fluoresced at 490 nm in all the solutions of G 1*MB(OH)4 (14.4 mM G 1; 7.2 mM
MB(OH)s; 0.05 mM ThT 107). As compared to the other metal borates, however, G
1eKB(OH)4 showed a ~1.7 fold enhancement in its relative fluorescence intensity
(Figure 4.9). This selectivity for K* was also clearly apparent when samples (14.4 mM
G 1;7.2mM MB(OH)s; 0.1 mM ThT 107) were illuminated with a hand-held UV lamp.

This enhanced fluorescence at 490 nm is consistent with the cationic ThT 107 binding

to G4-quartets that are present in solutions containing G 1 and the alkali borates. The
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data in Figure 4.9 also indicates that while all the MB(OH), salts can template

formation of G4-quartets by G 1, it is the K™ salt that is the most efficient.
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Figure 4.9. ThT fluorescence is cation dependent. This is apparent spectroscopically
(top; 5 uM ThT 107) and visually (bottom; 100 uM ThT 107) at 0.4 wt% G 1 (14.4
mM G 1; 7.2 mM MB(OH)s). The highest fluorescence is seen for the K™ GB hydrogel,
suggesting it has the largest number of G4-quartets at this concentration.

Encouraged by these observations, we employed the ThT 107 assay to monitor
hydrogelation triggered by G 1 and KB(OH)s. To do so, we measured the fluorescence
of ThT 107 as a function of the concentration of G 1 (while maintaining a 2:1 G

1:KB(OH)4 ratio). Figure 4.10 shows a concentration-dependent increase in the
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fluorescence of ThT 107, with the most dramatic change occurring in solutions between
0.3 and 0.5wt% in G 1. In solutions that contained less than 0.3 wt% of G 1 (10.8 mM),
the fluorescence of ThT 107 was near zero. However, between 0.3-0.4 wt% of G 1, the
fluorescence intensity at 490 nm sharply increased and subsequently leveled off at 0.5

wt% in G 1.
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Figure 4.10. ThT 107 fluorescence increases with G 1 concentration. This can be seen
visually under a hand-held UV lamp as the concentration of G 1 increases from 0.1 to
0.8 wt% (100 uM ThT 107) (top). Spectroscopically, the fluorescence intensity at 490
nm begins to increase around 0.3-0.4 wt% G 1 and plateaus at ~0.5 wt% G 1 (bottom;
5 uM ThT). This spike in ThT 107 fluorescence correlating closely with the CGC of
the K" GB hydrogel (see Figure 4.11).
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This spike in the solution’s fluorescence intensity, with a midpoint near 0.4 wt% of
G 1, corresponds with the critical gelation concentration (CGC) of the same G
1+KB(OH)4 system that we determined from solution viscosity measurements (Figure
4.11). Thus, these findings demonstrate that the ThT 107 assay is a convenient method
for monitoring the hydrogelation process involving G 1 and alkali borates. It will be
interesting to see if the assay can be applied to other guanosine-based hydrogels,

especially the classic 5’-GMPeK* system.
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Figure 4.11. The apparent viscosity of the K GB system dramatically increases
between 0.3 and 0.35 wt% G 1 (10.8-12.6 mM). At concentrations below 0.3 wt% G
1, the viscosity is indistinguishable from water and thus, ns is essentially zero.

Between 0.3-0.35 wt% G 1, however, nsp spikes dramatically, suggesting the viscosity
has increased as a result of the initiation of the fibrous network.

4.9 Conclusions

Combining G 1 and 0.5 molar equivalents of KB(OH)4 together in water gives a
true hydrogel, a transparent material with an established 3D fibrous network and a high
storage modulus. The physical properties of the GB hydrogel can be modulated simply
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by varying the borate salt’s cation. Co-addition of KB(OH)4 gave the strongest GB
hydrogel, whereas replacement with LiB(OH)4 gave a much weaker material. The data
presented in this chapter indicate that the cation’s impact on gel stability is due to its
role in stabilizing both the anionic borate diesters 97/98 and the G4-quartet units that
are the key building blocks for this supramolecular hydrogel. We also found that the
G4-quartet ligand, ThT 107, fluoresces in the presence of both the GB hydrogel and its
soluble G-quadruplex precursors. The largest fluorescence response was observed in
the K™ system, presumably due to the increased number and stability of G4-quartets
and the enhanced binding opportunities for ThT 107 when this cation is present. The
fluorescence intensity of ThT 107 increased as a function of G 1 concentration,
allowing us to easily measure the sol-gel transition for this system. Thus, this ThT assay

can provide valuable insight into gel formation by G4-quartet based systems.
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Chapter 5: Molecular chaperones for G4-quartet hydrogels

The majority of this chapter will be published in:

Peters, G. M.; Skala, L. P.; Davis, J. T. JACS. (In revision).

Powder X-ray diffraction spectra were obtained by Dr. Peter Y. Zavalij.

5.1 Introduction

The previous chapter described an in-depth structural analysis of the M* guanosine-
borate (GB) hydrogels. The identity of the stabilizing cation (M*) was found to
influence the physical properties of the resulting material. Specifically, while K™ GB
gels are strong and self-supporting, changing the cation to Li* results in a much weaker
material. In addition to structural and mechanistic considerations, the previous chapter
discussed the interactions of the dye thioflavin T (ThT 107) with the GB hydrogels.
ThT 107 becomes highly fluorescent when incorporated into the gel network. We
suggested that this fluorescence response is the result of the dye binding to the exposed
end of G4-quartet assemblies.

The research described in this chapter focused on both probing the proposed
mechanism for ThT 107 fluorescence and examining implications of adding ligands to
GB hydrogels. We found that addition of substoichiometric amounts of ThT 107
dramatically altered the physical properties of the weak Li* GB hydrogel. Not only did
this small amount of ThT 107 strengthen the gel, but the ligand also efficiently
expedited the hydrogelation and improved the gel’s ability to repair after stress.

Because of this, we suggest that ThT 107 functions as a chaperone for G4-
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hydrogelation by binding and stabilizing small G4-intermediates in solution and
bringing them together to form the larger G4-assemblies that give hydrogel fibers.
Similar effects were observed for other planar, aromatic molecules. Thus, these data
suggest that GB hydrogels could be helpful for identifying and probing ligands that

bind to G4-DNA.

5.1.1 Rationale and background

Chaperone proteins promote assembly and folding of biomolecules by stabilizing
key intermediates and destabilizing undesirable aggregates.®'®%" In addition to
proteins, small molecules can also regulate the formation of biomolecular assemblies,
as in the case of polymerization of tubulin into microtubules, which depends on 5'-GTP
and 5’-GDP.3831% Small molecule chaperones have also been used to carry out various
supramolecular functions.®?°32® For example, in the area of controlling DNA
structures, Hud and colleagues demonstrated that intercalators of the correct size and
shape, “molecular mid-wives”, enabled polymerization of short oligonucleotides into
longer DNA strands.??! Furthermore, Sleiman’s group demonstrated that intercalators
could also program self-assembly of oligonucleotides into well-defined DNA
nanostructures.®?? Both of these examples underscore the power of using small
molecule chaperones to control form and function in supramolecular assemblies,
particularly ones made from DNA.

Our own interest in the potential of molecular chaperones to modulate
functional assemblies arose from our previous studies into interactions of dyes with
supramolecular hydrogels made from guanosine 1 and borate salts.!'? Extensive

structural studies on these guanosine-borate (GB) gels showed that the fibrous network
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iIs comprised of borate diesters (i.e. two G 1 units bound to a single boron) self-
assembled into G4-quartets and G4-wires.''2 Furthermore, we found that thioflavin T
(ThT 107) fluoresces when incorporated into the GB hydrogels.!? Based on precedent
for ThT 107 binding to G4-DNA 312313324 e concluded that this fluorescence response
was due to ThT 107 docking in a rigid, planar conformation to G4-quartets within the
hydrogel (Figure 5.1). This chapter is focused on examining this proposed mechanism
and exploring the functional implications of adding ligands to GB hydrogels. The latter
goal is particularly timely due to the recent interest in using additives to modify

properties of supramolecular hydrogels. 9232532
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Figure 5.1. Addition of thioflavin T 107 to a Li" GB hydrogel (72 mM G 1, 36 mM
LiB(OH)s, 0.5 mM ThT 107) results in a fluorescence response and a stronger gel. We
propose that ThT 107 binds to smaller G4-assemblies and promotes their stacking to
form a stronger network. The induced CD signal for ThT 107 supports the idea that the
dye is stacking on a G4-quartet structure.

Here, we report that 1 mol % of ThT 107 acts as a chaperone to 1) speed up

hydrogelation by G 1 and LiB(OH)s; 2) strengthen the GB gel; and 3) help repair a gel
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that has been damaged by stress. We hypothesize that ThT 107 functions as a chaperone
by stacking on G4-intermediates in solution and sandwiching these fragments to
stabilize larger G4-assemblies that give hydrogel fibers (Figure 5.1).323% Qur
rheological data also indicates that GB hydrogels may help identify ligands that bind

to G4-DNA.

5.2 ThT expedites gelation of G 1°LiB(OH)4 system

To study the impacts of substoichiometric ThT 107 on hydrogelation, we decided
to work with the weakest of the GB hydrogel: the Li* version.'? Compared to Na* and
K™, the smaller Li* cation is not effective at stabilizing G4-quartet motifs, a key
building block of the GB gel.?%82233%0 Thus, we reasoned that a system teetering on the
sol-gel boundary, like the Li* GB gel, might best respond to the influence of a
chaperone. In the presence of 0.5 equiv. of LiB(OH)s, G 1 (72 mM) is soluble in water
and initially gives a free-flowing solution. After a few hours, however, a weak hydrogel

forms (Figure 5.1-5.2).

. 1.0 wt% G 1

T I T I

o 2 4 6 8
t (h)

Figure 5.2. The Li* GB hydrogel (2 wt %; 72 mM G 1, 36 mM LiB(OH)4) requires a
longer time to form a non-flowing gel than does either the Na* or K* GB gel (left).1?
This change in viscosity as a function of time was consistent for the kinematic viscosity
(right), which was measured near the CGC at 1 wt % (See experimental).
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While Li* is not the ideal cation for stabilizing G4-quartets, various measurements
indicated that the Li* GB gel does in fact contain stacked G4-assemblies. Powder X-
ray diffraction (PXRD) of a lyophilized gel made from G 1 and LiB(OH)4 showed a
major peak at 20 = 27.0° (d = 3.3 A), characteristic of the n-r distance for stacked G4-
quartets (Figure 5.3).12 Though this PXRD pattern suggests that G 1 units are indeed
self-assembling to form G4-tetrads, the role of the Li* ion remains unclear. Na NMR
suggests the gel contains a small amount of contaminating Na* (~ 332 uM), which
could be helping to stabilize the G4-assemblies (see experimental for spectra). Further

solid-state analysis is needed to confirm exactly how these G4-quartets are forming.
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Figure 5.3. The powder X-ray diffraction pattern of a 1 wt% Li GB gel shows a signal
at 20 ~ 27°, which corresponds to a distance of ~ 3.3 A. This spacing is consistent with
the distance between G4-quartets in a stacked assembly.

In addition to the PXRD data, ThT 107 showed a strong fluorescence response in
the Li* GB hydrogel (Figure 5.4A). Enhancement in ThT 107 fluorescence is

diagnostic for its binding to planar G4-quartets.'>312313324 \We also observed a 44 nm
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red shift in the UV-vis spectrum for ThT 107 (Figure 5.4B) and an induced circular
dichroism signal for ThT 107 (Figure 5.1) when the dye was in a Li* GB hydrogel.
Both of these last spectroscopic results are again consistent with ThT 107 stacking to

exposed ends of G4-quartets within the framework of the Li* GB gel .32
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Figure 5.4. (A) ThT 107 strongly fluoresces in the Li" GB gels (50 mM G 1, 25 mM
LiB(OH)4, 5 uM ThT). (B) The absorbance maximum of ThT 107 shifted ~ 44 nm in
the presence of the Li"” GB hydrogel (50 mM G 1, 25 mM LiB(OH)4, 5 uM ThT).

Solution *H NMR spectra of the Li* GB hydrogel showed a set of broad signals in
slow exchange with signals for “monomeric” G 1 and its borate esters (Figure 5.5; see
experimental for full spectrum). These broad signals in the Li* GB hydrogel are not
observed for the Na* or K* GB hydrogels.''*? Therefore, we postulated that they were
due to some G4-intermediate in the Li* system. Diffusion-ordered spectroscopy
(DOSY) ?#* indicated that this species with broad signals was significantly larger than
G 1 and its borate esters 96-98 (Figure 5.5). Using H1’ signals we measured the
diffusion coefficient for G 1 to be 4.04 x 10°1° m? s, whereas the species with the broad

signals was larger, with D = 1.95 x 101 m? s,
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Figure 5.5. The H1' region of the *H NMR of a Li* GB gel (50 mM G 1, 25 mM
LiB(OH)4) shows signals for the GB monoester (m 96), GB diesters (d 97/98), and G
1, as well as a broad signal at & 5.4. Diffusion-ordered spectroscopy (DOSY) NMR
experiments indicated that this species with the broader signals is significantly larger
than the other species. This intermediate does not show up in spectra of the Na* or K*
GB hydrogel.

The H1' signal for the putative G4-intermediate decreased in intensity over time
(Figure 5.6; see experimental for more time points). After 96 h, 50% of the G4-
intermediate remained in solution. The loss in NMR signal with time is presumably
due to the G4-assemblies entering the gel phase and becoming too large to detect by
solution NMR. Addition of ThT 107 (0.5 mM) to the Li* GB gel accelerated
disappearance of signals for the G4-intermediate (Figure 5.6B), as 50% remained after

24 hours. This difference in the intermediate’s lifetime correlated nicely with
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macroscopic changes in the GB gel. Whereas the 50 mM Li* GB sample remained free-
flowing after 8 h, a sample containing ThT 107 (0.5 mM) held its own weight when
inverted. Thus, these NMR data indicate that ThT 107 promotes faster formation of the

Li* GB hydrogel.
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Figure 5.6. (A) The H1' signal for the G4-intermediate in a 50 mM Li* GB hydrogel
(100 mM G 1) decreased with time. (B) With 0.5 mM of ThT 107 present. (C) The %
of G4-intermediate present in the sol as a function of time.

We speculated that GB gelation in the presence of ThT 107 is expedited because

ThT 107 stacks on the exposed ends of G4-intermediates in solution and sandwiches
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between them to induce the formation of larger “NMR invisible” G4-aggregates that
ultimately give hydrogel fibers (Figure 5.1). Thus, to probe this hypothesis, we carried
out dynamic light scattering (DLS) measurements to determine if ThT 107 helped form
larger structures in solutions of G 1 and LiB(OH)s. Table 5.1 shows that particle size
increased with increasing concentration of ThT 107. Whereas particles in the 50 mM
Li* GB solution (2 h after prep) had hydrodynamic radii of ~ 200 nm, addition of 100
MM ThT 107 nearly doubled the radii to R= 397 nm. Furthermore, as more ThT 107
was added to the solution, the particle radius increased to as high as R= 706 nm with 1
mM of ThT 107. These findings suggest that addition of ThT 107 to the Li* GB system

is indeed resulting in the formation of larger aggregates.

Table 5.1. Hydrodynamic radii as a function of ThT 107 concentration.

[ThT 107] (mM) R (nm)
0 195+6
0.1 397 +£39
0.25 469 + 35
0.5 537 £33
1.0 706 + 54

5.3 ThT increases the storage modulus (G") and improves the healing ability of

the Li* GB hydrogel

The physical implications of adding ThT 107 to the Li* GB hydrogel are also
striking, as rheological analyses indicated that the gel is strengthened by the addition
of low relative concentrations of ThT 107. Dynamic frequency sweeps showed that the

Li* GB hydrogel (100 mM) with ThT 107 (2 mM) has a much higher storage modulus
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(G") and larger separation between G’ and G" than the system without dye (Figure 5.7).

This suggests that the presence of ThT 107 strengthens the GB hydrogel.
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Figure 5.7. Frequency sweeps of a 100 mM Li* GB hydrogel with (green) and without
(red) ThT 107 added to the system (2 mM). With ThT 107 present, the system is a
notably stronger gel.

Strain sweeps indicated that the increase in G’ value of a Li* GB hydrogel (100 mM
G 1, 50 mM LiB(OH)a4) is dependent on the concentration of ThT 107 (Figure 5.8). As
the concentration of ThT 107 added to gel was raised from 0 to 1 mM, the value of G’
increased tenfold (Figure 5.8A). At concentrations greater than 1 mM, the hydrogel’s

G' value levelled off, indicating that the system was essentially saturated at a 100:1

molar ratio of hydrogelator G 1 to chaperone ThT 107 (Figure 5.8B).

142



(A)

1000 [ThT]

0.25 mM
100 *

G’ (Pa)

0 mM o.....ooo-oooo..... ®

0.01 0.1 1 10 100
% strain

100 Levels at ~0.5-1 mM ThT

10
0 05 1 1.5 2 25 3

[ThT] (mM)
Figure 5.8. (A) Strain sweeps on a Li* GB hydrogel (100 mM G 1, 50 mM LiB(OH)a)
show that the storage modulus (G’ ) increases as a function of ThT 107 concentration.
(B) A plot of G’ (0.5% strain, 10 rad/s) as a function of ThT 107 concentration shows
that the modulus increases significantly from 0 to 0.5 mM ThT 107. At ThT 107

concentrations greater that 0.5 mM the G’ value levels off, suggesting the system has
been saturated.

In addition to increasing the mechanical strength of the Li* GB hydrogel,
substoichiometric amounts of ThT 107 promoted improved repair of the gel after it had
been stressed. The Li* GB hydrogels undergo a shear-induced weakening that is

apparent visually and can be quantified by viscometry and rheology (Figure 5.9-
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5.11).33! Namely, the kinematic viscosity (nsp) of a 1 wt% solution made from G 1 and
LiB(OH)4 decreases upon sonication (Figure 5.9A). With time, this system regains its
viscous nature, but nsp is always slightly lower than the initial value. Furthermore, upon
physical agitation, the Li* GB hydrogel visibly dissociates and becomes a free-flowing

solution (Figure 5.9B). Given time, a weaker, more opaque gel reforms.
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Figure 5.9. (A) After sonicating a 1 wt% Li* GB gel for 15 m, the apparent kinematic
viscosity decreased to zero (i.e. a free-flowing water solution). Over time, the viscosity
increased, but never returned to its initial maximum. Repeating these agitation cycles
resulted in a progressive weakening of the Li* GB hydrogel. (B) Upon physical
agitation by sonication, a 2.8 wt% Li* GB hydrogel (100 mM G 1, 50 mM LiB(OH)a)
became a free-flowing solution. Given time, a weaker, more opaque gel reformed.
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In the presence of ThT 107, the Li* GB gel rebounds more efficiently. Figure 5.10A
illustrates that the Li* GB hydrogel reformed faster after agitation if substoichiometric
amounts of the chaperone was present. Hydrogels (72 mM G 1, 36 mM LiB(OH)a),
either with ThT 107 (0.50 mM) or without dye, were sonicated until liquids (~5
minutes). After 10 minutes of resting at room temperature, the sample containing ThT
107 had reformed a hydrogel that could support its weight. Conversely, the sample

without ThT 107 remained a free-flowing solution.
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Figure 5.10. (A) In the presence of ThT 107 (0.5 mM), the Li* GB hydrogel (72 mM
G 1, 36 mM LiB(OH)4) reformed faster after agitation. The samples were sonicated
until liquid and allowed to rest. After 10 min, the system with ThT 107 (yellow) had
reformed a gel. (B) Hysteresis tests performed at constant angular frequency of 10 rad
s show the gel undergoes shear-induced weakening. After each interval of high strain
(200%), the GB gel weakens and does not rebound to its initial G’ value. (C) With
added ThT 107 (0.25 mM), strain cycles do not impact the strength of the gel and the
gel fully recovers.
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Rheological studies demonstrated the influence of ThT 107 on the reversible
healing of a Li* GB hydrogel (100 mM G 1, 50 mM LiB(OH)4). As shown in Figure
5.10B, when the hydrogel (G’ > G"") was subjected to high oscillatory strain (y = 200%;
o = 10.0 rads s™) the material underwent a gel to sol transition (G” > G'). When the
amount of strain was decreased (y = 5%; o = 10.0 rads s™) a gel would reform but it
was always weaker, as its final G’ value was less than G’ at the beginning of each strain
cycle (Figure 5.10B). In contrast, when ThT 107 (0.25 mM) was added to the Li* GB
hydrogel it withstood 3 cycles of high strain and always fully rebounded to its initial
G’ value (Figure 5.10C). In addition, the rebound rate, indicated by the change in
viscosity (|n*|) over time, was found to be dependent on the concentration of ThT 107

(Figure 5.11). With 2 mM ThT 107 present, the viscosity returned ~ 8.8x faster.
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Figure 5.11. Time sweeps after the Li* GB hydrogel (100 mM G 1, 50 mM LiB(OH)a4)

was broken show that viscosity increases and the gel reforms faster when more ThT
107 is present.
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The difference in the rheology data obtained for the GB hydrogels with and without
ThT 107 (Figure 5.10B & 5.10C) indicates that substoichiometric amounts of the
cationic ThT 107 is able to guide the reformation (or repair) of a GB hydrogel from G
1 and LiB(OH)4.3323% One explanation for this property, consistent with the data, is
that ThT 107 adopts a planar conformation and stacks on exposed G4-quartets to
stabilize G4-intermediates and promotes stacking of these fragments to reform longer

and stronger fibers after dissociation.

5.4 Cationic, planar dyes stabilize the Li* GB hydrogel

If ThT 107 is strengthening the Li* GB hydrogel by stabilizing G4-quartets in the
fibrous network, we reasoned that other ligands that bind G4-quartets should also
function as chaperones for hydrogelation by G 1. To test this theory, we used
rheological techniques to measure the difference in storage modulus (AG’) for Li* GB
hydrogels that did and did not contain dyes 99. 100, or 108-112 with different charges,
sizes, and shapes (Figure 5.12). Of these ligands, the cationic dyes, crystal violet (CV
108), thiazole orange (TO 109) and methylene blue (MB 99) are all known to bind to
G4-DNA and other G4-structures.?%33343%7 As shown in Figure 5.12, each of these
compounds made the Li* GB hydrogel stronger. Triarylmethyl cation CV 108 was the

most effective, as its AG’ value was 1.5 times greater than that for ThT 107.
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Figure 5.12. Change in storage modulus (AG’) for Li* GB gels (100 mM G 1, 50 mM
LiB(OH)s) that did and did not contain dyes 99, 100, or 107-112 (250 uM). G’ values
were measured at 1% strain.
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Methylene violet (MV 110), a neutral analog of MB 99, was also relatively effective
at increasing the strength of the Li* GB gel. UV-visible spectroscopy indicated that MV
110 is in a neutral state when incorporated into the Li* GB hydrogel and has not been
protonated to give MVH" within the fibers (Figure 5.13). Figure 5.13A shows the
change in the UV-visible spectrum as a function of pH. When the pH of the solution is
higher than ~4, MV 110 exists as the neutral analogue, indicated by the strong
absorbance band at 603 nm.3® As the pH is lowered, however, a new peak around 470
nm grows in, which is representative of the protonated MVH* 110.3%® When MV 110
was incorporated into the Li* GB hydrogel, only the peak at 603 nm was observed,

suggesting the dye is indeed neutral within the gel (Figure 5.13B).
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Figure 5.13. (A) As the pH of a solution of MV 110 (100 puM in 50 mM LiB(OH)a)
decreases, the strong absorbance signal at 603 nm decreases in intensity.
Simultaneously, a signal at 470 nm, attributed to a protonated MVVH™ species, grows
in. (B) When incorporated into the Li* GB hydrogel (100 mM G 1, 50 mM LiB(OH)a),
MV 110 is in a neutral form.
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These rheological and spectroscopic results are important for two reasons. First of
all, this assay suggests that MV 110 might be able to bind and stabilize G-quadruplex
DNA, a prospect we are currently exploring. To our knowledge, there is nothing known
about MV 110 binding to G4-DNA, though it has been shown to bind to polyG DNA.3*°
Secondly, the MV 110 data suggests that n-n stacking interactions between the planar
aromatic dyes and G4-quartet is the driving force for stabilization in this case.

Certainly, electrostatic interactions between cationic dyes 99, 107-109 and the
anionic borate esters may also be quite important. However, not all cationic dyes
interact with the Li* GB hydrogel. Safranin O (SO 111),**° which has a similar core
structure to MB 99 and MV 110, had little impact on GB hydrogel strength (Figure
5.12). Perhaps the phenyl substituent on the central ring of SO 111, which is likely
orthogonal to the tricyclic core, inhibits binding to the G4-quartet. Finally, the
importance of a planar aromatic surface for binding the Li* GB gel was reiterated with
non-planar ligands rhodamine B (RhoB 112) or rose bengal (RB 100). Addition of
zwitterionic RhoB 112 or anionic RB 100 had little effect on the gel’s storage modulus
(G"). These findings with dyes 99, 100, and 108-112, combined with the fluorescence,
UV and CD spectroscopy results with ThT 107, indicate that increased gel strength is

largely due to n-7 stacking of planar aromatics with G4-quartets in the gel.

5.5 Conclusions

We found that substoichiometric amounts of ThT 107 promote faster hydrogelation
by G 1 and LiB(OH)s, strengthens the gel and enables healing of damaged gels. We
propose that that ThT 107 does this by binding to the ends of small G4-intermediates

and bringing these fragments together to form and stabilize the larger G4-assemblies
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that comprise the GB hydrogel fibers. By stabilizing these G4-assemblies, and
inhibiting the other H-bonding motifs available to G 1, ThT 107 functions as a
molecular chaperone for G4-hydrogelation. We are pursuing the idea that this hydrogel,
made simply by mixing G 1 and LiB(OH)4 in water, may be useful for identifying

ligands that can bind to G4-DNA.
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Chapter 6: Future directions

Some of the experimental work described in this chapter was performed by Luke P.

Skala and Sabrina Curtis, undergraduate researchers working under my supervision.

Solid-state NMR spectroscopy was performed by our collaborators at the University of
Warwick, Dr. G. N. Manjunatha Reddy, Professor Andrew Marsh, and Professor Steven

P. Brown.

6.1 Future directions of GB hydrogels

While we have learned a lot about the structural composition, gelation mechanism,
and potential applications of these guanosine-borate (GB) hydrogels over the past three
years, there is still much left to explore with this unique system. Specifically, we are
interested in how modifying the gelator G 1 influences the gelation process and
physical properties of the GB hydrogel. Similarly, incorporating preformed polymers,
such as PVA, into GB gel system could result in an interesting new material with
attractive properties. In addition, we hope to explore additional applications for the GB
gels. Namely, because the planar, aromatic G4-quartets are key building blocks within
the GB fibers, these materials could potentially be utilized for applications, such as
catalysis or electrical conductance. The subsequent sections will discuss some

preliminary results and outlooks for each of these projects.

6.2 Binary mixtures with 8-substituted guanosine derivatives

We hypothesized that modifying the G 1 gelator might result in materials with
unique physical properties. Considering the important structural features of the GB
hydrogel (namely, the G4-quartet and the GB diesters), there are only a few places
where the functional groups can be exchanged without disrupting these essential

motifs. One of these positions is the 8-position on the guanine nucleobase (shown as
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X) (Figure 6.1). Thus, we were interested in how gelation with 8-subsituted guanosine
derivatives (BrG 68 and NH>G 113) would precede. Additionally, we wondered if

binary mixtures could be formed with these derivatives and G 1.

. /N N
— H’NWIN%
N =0 ¢ H BrG 68: X= Br
H

) NH‘H K* KN%”*” NH,G 113: X= NH,
N \

Figure 6.1. Modification at the 8-position of guanine does not negatively impact the
formation of the G4-quartets or GB diesters necessary for hydrogelation.

6.2.1 BrG 68 catalyzes GB hydrogelation at room temperature and strengthens

the GB gel

Dash and coworkers showed that mixtures of 8-bromoguanosine (BrG 68) and G 1
with excess potassium chloride form robust and stable hydrogels.?®® As this derivative
is commercially available and known to form G4-hydrogels, we felt it would be an
interesting starting point for exploring how modifications impact the gelation of G 1.
One of the first observations regarding this system was made by an undergraduate
student in our lab, Luke P. Skala. Luke noticed that when he allowed a suspension of
G 1 and BrG 68 in an aqueous solution of KB(OH)4 to sit at room temperature, a

hydrogel formed within seconds (Figure 6.2) Given time, this BrG 68: G 1 gel became
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stronger and more transparent. Interestingly, however, neither BrG 68 nor G 1 alone
can form gels under these conditions at room temperature. Thus, we hypothesized that
BrG 68’s preference for the syn-conformation?04230-245 and relative hydrophobicity (log
Poctiwater=-1.133 = 0.025) could be helping to pre-organize the G4-quartets and induce
fiber formation, while the presence of G 1 maintains a level of hydrophilicity (log

Poctiwater= —1.824 £ 0.087) necessary to stabilize the network.

N NH N
Br—</ | HIN I S>—>r
N N/)\NHZ HZN)\\N N>_
HO HO

°~- BrG68 ~ 0
OH OH Anti OH OH Syn
Figure 6.2. Mixtures of 8-bromoguanoinse (BrG 68) and G 1 in the presence of
KB(OH)4 form stable GB hydrogels at room temperature that become more transparent
with time (right). Conversely, in the absence of BrG 68, G 1 does not gel under these
conditions (left). This gelation could be due to BrG 68’s conformational preference. To
ease the steric interactions of the bulky substituent at the 8-position, BrG 68 prefers to

adopt a syn conformation, which blocks the bottom face of the guanine and pre-aligns
the derivative for G4-quartet formation.

Heating the BrG 68: G 1 mixtures results in markedly stronger GB gels than those

formed with G 1 alone. While the gel-sol transition temperature (Tm) of the gel formed

with G 1 and 0.5 equiv. KB(OH)4 is 57.8 £ 1.6 °C, when G 1, KB(OH)4 and BrG 68
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are mixed in a 1:1:1 ratio, the T increases to 84.7 £ 2.5 °C. Preliminary structural
analyses showed little difference between the heated and the room temperature BrG
68: G 1 hydrogels (Figure 6.3). Both the signals and the relative ratios of each
derivative is essentially identical in *H solution NMR (Figure 6.3A). The only notable
difference is the overall intensity of these signals, corresponding to the amount of
material remaining in the sol phase. That is, the sample that has been heated has less

material remaining in the sol phase than the room temperature gel.
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Figure 6.3. (A) 'H solution NMR of the 2 wt% BrG 68: G 1 binary hydrogels formed
at room temperature (top) and after being heated (bottom). (B) CD spectra of GB (K*)
hydrogel and (C) the BrG 68: G 1 binary hydrogels formed at room temperature
(dashed) and after being heated (solid).

The CD signatures of the heated and room temperature samples are also quite

similar (Figure 6.3C). Interestingly, however, there is a difference between the CD
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spectrum obtained for the 2wt% GB hydrogel and the 2wt% BrG 68: G 1 hydrogel. The
K™ GB gel shows four peaks, two positive peaks at 254 and 295 nm and two troughs at
236 and 270 nm indicating it is comprised of both head-to-head and tail-to-head stacked
G4-quartets (Figure 6.3B).2” Conversely, the binary gel shows only a single peak at
295 nm and a single trough at 270 nm (Figure 6.3C). This suggests that the addition
of BrG 68 to the GB gel system could be amplifying the head-to-head G4-quartet.
While their ability to form strong gels at room temperature could be promising for
certain applications, structurally and mechanistically, there is still much to learn about

this BrG 68:G 1 binary gel system.

6.2.2 Binary mixtures of NH2G 113 and G 1 also form strong gels with KB(OH)4

Another 8-substituted derivative, 8-aminoguanosine (NH2G 113), also forms GB
hydrogels when mixed with G 1. Just as with BrG 68, these gels can form at room
temperature, but do not become transparent as those with BrG 68 do. The heated NH2G
113: G 1 GB hydrogels are again quite robust and have significantly higher Tr, than the
standard G 1: KB(OH)4 gel. Structurally, the extra amino group at the 8-position of the
guanine ring provides additional opportunities for hydrogen bonding, and thus NH.G
113 can readily form and stabilize a number of self-assemblies.?*! In particular,
homodimers of NH>G 113 are also quite robust and have been shown to stabilize G-
rich DNA.3*2 Thus, we were interested in how the addition of NHG 113 would impact
the structural motifs within the GB hydrogel.

Just as was seen with the standard GB (K™) hydrogel (Figure 6.4A), solid-state
MAS H NMR of the powder obtained from Iyophilizing the 1 wt% NH.G 113: G 1

binary hydrogel suggests that the fibrous network is indeed comprised of G4-quartets
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(Figure 6.4B). Interestingly, however, the solid obtained from lyophilizing the viscous
solution formed with NH>G 113 and 0.5 equiv. KB(OH)4 showed no cross peaks in this
region (Figure 6.4C). This is particularly interesting when considering the
macroscopic implications of these findings. While the gelating systems (i.e. the GB
(K*) hydrogel and the NH>G 113: G 1 binary mixture) showed evidence for G4-quartet
formation, the non-gelating sample (NH2G 113: KB(OH)4) did not. Thus, these data

reiterate the importance of G4-quartet formation for GB hydrogelation.

(A)

1wt% G* ¢ 0.5 eq KB(OH),

®) ' ©

F2ppm) 2 est

Figure 6.4. While NH>G 113 itself does not gel water, G 1 and mixtures of NH>G 113
and G 1 form strong hydrogels with 0.5 equiv. KB(OH)s. Cross peaks in the 2D DQ-
SQ solid-state MAS *H NMR spectrum (red box) suggests the G 1 gels (A) and the
NH2G 113: G 1 binary mixtures are comprised of G4-quartet assemblies (B).
Interestingly, the viscous solution formed with NH>G 113 and 0.5 equiv. KB(OH)4
shows no signal for G4-quartets (C). (For more information on solid-state NMR of GB
hydrogels, see Chapters 3-4).
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6.2.3 Binary mixtures of NH2G 113 and G 1 form at low concentrations of KCI

In addition to forming gels with KB(OH)4, the NH2G 113: G 1 binary mixtures
were also found to immobilize water with low concentrations of KCI. As shown in
Figure 6.5, 1:1 mixtures of NH.G 113: G 1 at 2 wt% start to become viscous at 0.25
equiv. KCI (18 mM) and form self-supporting hydrogels with only 0.5 equiv. KCI (36
mM). The same trends were also observed for a 1 wt% gel system. While other binary
systems have utilized as little as 100 mM salt,?*® there have been no reports of G4-

hydrogels at this low of a salt concentration.

Figure 6.5. NH>G 113: G 1 binary mixtures form self-supporting hydrogels with as
little as 0.25 equiv. KCI (top). These KCI gels become stronger with increasing
concentration of KCI. Additionally, NH>G 113: G 1 binary gels can be formed with
CaCly, SrCl, and BaCl> (bottom).
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These NH>G 113: G 1 binary hydrogels could also be formed with the divalent
cations. Attempts to utilize divalent cations with the B(OH)s system resulted in
precipitation, presumably due to the formation of insoluble M(OH). and subsequent
crystallization of G 1 and NH2G 113. Here, the 2 wt% NH2G 113: G 1 binary mixture
formed hydrogels with 0.5 equiv. of CaClz, SrCl; and BaCl; (Figure 6.5). Only MgCl2

failed to induce gelation.

nnnnnn 1 2 © . . H H #2 (ppm]

Figure 6.6. Mixtures of NH.G 113 and G 1 form strong hydrogels at low
concentrations of KCI. Cross peaks (red box) in the 2D DQ-SQ solid-state MAS H
NMR spectrum of 1 wt% lyophilized samples suggest these materials are comprised of
G4-quartet assemblies (A). The signals for G4-quartets intensifies with additional KCI
(B). (For more information on solid-state NMR of GB gels, see Chapters 3-4).
Structurally, both the 0.5 equiv. KCI and 5 equiv. KCI NH.G 113: G 1 hydrogels
contain G4-quartets (Figure 6.6). 2D solid-state MAS 'H NMR of the 1 wt%
Iyophilized gels shows a cross peak in the DQ-SQ spectrum that it is indicative of G4-

quartet formation. Not surprisingly, with additional KCI (5 equiv.), this signal becomes

more defined suggesting that more G4-assemblies are formed (Figure 6.6B). Again,
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this correlates nicely on a macroscopic scale, as hydrogels formed with 5 equiv. of KCI
are notably stronger than those with only 0.5 of equiv. salt.

We hypothesized that the absence of B(OH)s in these NH.G 113: G 1: KCI
hydrogels would render these materials either positively or neutrally charged, in
contrast to the anionic nature of the GB hydrogels. To test this, we turned to the dye
absorption assay utilized in Chapter 3. There, we observed that the anionic K* GB
hydrogel selectively absorbed cationic methylene blue 99 over rose bengal 100. The 2

wt% NH>G 113: G 1: KB(OH)4 hydrogels showed identical results (Figure 6.7A).

Methylene Blue (MB 99) Rose Bengal (RB 100)

(A) KB(OH), (B) KCI

& = N e

N

- -

Figure 6.7. While the anionic NH>G 113: G 1: KB(OH)4 hydrogels (2 wt %) selectively
absorb the cationic dye MB 99 (A), the NH2G 113: G 1: KCI hydrogels (2 wt %, 2
equiv. KCI) have a preference for RB 100 (B).

Interestingly, however, the selectivity of this dye absorption was reversed with
NH2G 113: G 1: KCI hydrogels (2 wt %, 2 equiv. KCI) (Figure 6.7B). In this case, the

anionic dye, RB 100, is preferentially taken up by the gel leaving the outside solution
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saturated with MB 99 and thus blue in color. Thus, these findings show that simply
changing the identity of the stabilizing anion can alter the dye absorption selectivity. In
the future, this system could be useful for selectively removing pollutants or as a

triggered drug release system.

6.3 Planar G4-quartets as a platform for catalysis

There are multiple structural motifs within the GB hydrogel that could act as a
template to bind reagents, products or catalysts to aid in the progression of a chemical
reaction. One motif, in particular, that could be useful for catalyzing reactions is the
G4-quartet motifs. To probe this idea, we assessed the oxidation of 2,2'-azinobis-(3-
ethylbenzthiaoline-6-sulfonic acid) (ABTS 27) by hemin when incorporated into the
GB hydrogel (Figure 6.8). The oxidation of ABTS is catalyzed when hemin binds to
G-quadruplex structures. The result of the oxidation is a green color change of the
substrate. Thus, this assay is commonly used to detect the presence of G4-
quartets,329.343-347

We found that the GB hydrogel does indeed catalyze this ABTS reaction. When a
small chunk of K* GB gel (0.5 mL; 72 mM G 1) containing hemin (10 uM) was
suspended in a phosphate buffer solution (3 mL; [K*] = 155mM; pH = 7) containing
20mM ABTS and 225 uM H>0,, a green color change was observed within 10 minutes.
This color continued to intensify, saturating the cube (Figure 6.8). Conversely, in the

absence of G 1, no color change was observed.
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H,0+ABTS" Dy

Figure 6.8. The GB hydrogel acts as a HRP-mimic. While ABTS (20 mM) is oxidized
in the presence of the GB gel (2 wt%, 10 uM hemin incorporated; outside solution: 225
MM H20: in phosphate buffer at pH 7), in the absence of G 1, no reaction was observed
even after 60 minutes.

While these preliminary results are promising, there is still much to do in terms of
optimizing this reaction. Specifically, it would be interesting to see which of the M*
GB hydrogels is best for catalyzing this reaction. Perhaps having a system teetering on
the sol-gel boundary, such as the Li* system, would be better than the robust KB(OH)a
gel. In addition, it could be advantageous to explore the efficiency and
enantioselectivity of other reactions, such as Diels-Alder,3*®3* Friedel-Crafts®*° or
aldol condensations,®* all of which have been shown to be catalyzed by G4-quartets.
Furthermore, it would be interesting to determine if these materials could be utilized as
a sort of phase-transfer catalyst, absorbing hydrophobic substrates into the gel,

catalyzing a reaction and re-releasing the product into the bulk solution. All this being

said, this system clearly has potential as a platform for catalyzing chemical reactions.
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6.5 Electrical properties of GB hydrogels

In addition to catalyzing reactions within the GB hydrogel, the planar aromatic G4-
quartets and the anionic borate ester could potentially be utilized to transfer electrical
current. Similar electrical conductance has been observed in G4-DNA.%234
Preliminary studies, conducted by Sabrina Curtis, suggest that the GB hydrogels do
indeed conduct electricity. Both the K* and Li* GB hydrogel systems were found to
promote the flow of electrons. While the 2 wt% Li* GB hydrogel has an internal
resistance of 653 Q, the resistance of the K* system is lower (444 Q), suggesting it is
more efficient at moving electrons. Thus, this suggests that the resistance of the
material can be easily fine-tuned to match the applications simply by changing the
identity of the cation. In the future, we will continue to explore the impacts of the cation
and other gel components on these electrical properties. It may be interesting to exploit
the binary mixtures, namely the NH>G 113: G 1 system, to examine how changing from
KB(OH)s to KCI influences the gels electrical properties. Furthermore, we are
interested in probing the ability of these materials to hold the electrical charge (i.e. act
as a battery) and in seeing how adding ligands, such as the aromatic dyes discussed in
Chapter 5, impact the electrical current. While there is still much to do here, these
preliminary results suggest this material could potentially be employed for soft

electronics applications or inducing redox reactions.

6.6 Addition of polymers to the GB hydrogel

Lastly, we are interested in exploring the properties of mixed G 1:polyvinyl alcohol
(PVA 9) borate-crosslinked materials (Figure 6.9). Recently, the combination of
polymers with LMW gelators has been shown to result in novel materials with
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interesting properties.?®”32 Namely, while the polymer gelator provides a robust,
covalently linked network, the addition of a LMW gelator imparts stimuli-
responsiveness, reversibility, and healability. Thus, we hypothesized that the
incorporation of a PVA 9 backbone via covalent borate ester linkages, could afford a

unique material (Figure 6.9).
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Figure 6.9. Mixing PVA 9 (MW=~ 31,000-50,000 g/mol) and G 1 (2 wt% each) with
KB(OH)s results in a strong, stretchy hydrogel (A). This material is also highly
malleable and self-healing. When dried, these materials form flexible films (B).

As shown in Figure 6.9A, the K* PVA:GB hydrogel formed by combining 2 wt%
G 1, 2 wt% PVA 9 and 173.5 mM KB(OH)a, resulted in a highly stretchable, sticky
material. In contrast, the 2 wi% G 1°*KB(OH)s gels, while strong and self-supporting,

dissociates when being physically squeezed or stretched. Furthermore, mixing 2 wt%

PVA 9 with KB(OH)4 under the same conditions forms a slightly viscous solution
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which flows upon inversion. This PVA:GB gel can be easily manipulated and molded
into a desired shape and rapidly repairs itself upon fission. Films formed by allowing
the material to dry in air were flexible and strong and could be suspended in water to
reform a hydrogel (Figure 6.9B).

While physical manipulation and visible examination suggest that this PVA 9: G 1
hydrogel is robust and has interesting new properties as compared to the standard K*
GB gel, an in-depth structural and mechanistic investigation is needed to understand
how this material is forming. Specifically, one may wonder whether the PVA 9
polymers are self-associating to form purely PVA diesters or if they are incorporating
G 1 moieties into the borate esters to induce gelation. Furthermore, it could be useful
to incorporate other nucleosides into the PVA 9 backbone. Ultimately, this would result
in a material with that has a striking resemblance to nucleic acids, but is produced via

a much simpler synthetic route.

6.7 Future directions of small molecule transport with guanosine derivatives

As well as elaborating on the structure and function of the GB hydrogels, there are
also some interesting prospects for small molecule transport. In addition to assessing
the selectivity and transport efficacy of G 2 and the G 2:C 85 base pair in liposomal
membranes, we are also still interested in utilizing higher-order assemblies of lipophilic
guanosine derivatives, including the G-quadruplex structures, to extract and transport
small molecules. As discussed in Chapter 2, the formation of lipophilic base pairs or
G4-quartet structures allowed for variations in the availability of the noncovalent
binding sites of G 2 and thus altered the transport selectivity. One interesting face that

remains “open” for binding in the both the G*:C* base pair and the G4-quartet is the
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bottom or sugar face of the guanine nucleobase (Figure 6.10). Non-complementary
base pairs, such as adenine and uracil moieties, are known to bind to the “bottom” face
of the guanine nucleobase. Furthermore, it has been well documented by NMR studies
that under certain conditions, unique G-quadruplex structures containing A:(G:G:G:G)
pentads and A:(G:G:G:G):A hexads can be formed, with adenosine binding

noncovalently to guanine’s “bottom” face.3>>3>7
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Figure 6.10. Adenosine (A 101) is preferentially transported across an organic
interface over 2’-deoxycytidine (dC 87) by a lipophilic G*:C* base pair (G 2:C 85)
(top). While the lipophilic guanosine derivative, G* 2 (20 mM in CHCIs) selectively
binds and extracts dC 87 from a 1:1 dC 87:A 101 mixture (12.5 mM each), formation
of a lipophilic G*:C* base pair (G 2:C 85) (20 mM each in CHCIs) inhibits dC 87
transport and catalyzes transport of A 101. We propose that A 101 binds to the sugar
face of G* 2 (bottom). Thus, higher-order G* 2 assemblies, such as the G4-quartet,
could also be used for selective transport of small molecules.
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Preliminary studies with the lipophilic G*:C* base pair suggest this face could
indeed be used to bind and transport small molecules. As shown in Figure 6.10, the G
2:C 85 hase pair selectively extracts adenosine 101 from a 1:1 mixture of dC 87 and A
101 and transfers it to the receiving phase. Conversely, under the same conditions,
monomeric G 2 transports its base pair dC 87 selectively. The absence of dC 67
transport in the presence of the G 2:C 85 suggests the base pair is indeed the carrier
species. Thus, we propose that A 101 transport is occurring via the formation of an A
101: G 2: C 85 triple, where A 101 binds to the sugar face of G 2.

These initial results suggest that the sugar face could be accessible for small
molecule transport and therefore could be a feasible binding space within G-quadruplex
structures. In addition, there is also the possibility of exchanging target guanine

moieties within the self-assembled G-quadruplex carrier, as shown in Figure 6.11.
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Figure 6.11. Proposed exchange and subsequent transport of guanine-containing
targets into a lipophilic G-quadruplex carrier.

In the past, our group has shown that the outer layers of lipophilic G-quadruplex
structures can be exchanged with other guanosine derivatives.®®® Thus, when
incorporated into a liposomal membrane, guanine targets in the bulk solution could

potentially replace lipophilic guanosine moieties within the layers exposed to the
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aqueous solution. These incorporated targets could then be carried across the lipid
bilayer and deposited on the other side. If achieved, this system would act as an efficient

and selective transport system for guanine-containing targets.
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Chapter 7: Experimental

7.1 General experimental for Chapters 2-6

All *H solution NMR spectra were recorded on a Bruker AV-400 or a Bruker
AVII11-600. All *C and !B solution NMR spectra were recorded on a Bruker DRX-
500 or a Bruker AVI111-600. The *H and 3C chemical shifts are reported in ppm relative
to the residual solvent peak. Solid-state !B NMR spectra were recorded on Bruker
Avance Il spectrometers at magnetic field strengths of 11.7, and 20.0 T using triple
resonance (HXY, operating on double resonance mode) and double resonance (HX)
MAS probes, respectively. Unless specified, the spinning speed was 5 kHz in all cases.
11B chemical shifts are reported in ppm relative to BFs-O(C2Hs).. ESI-MS experiments
were done with a JEOL AccuTOF spectrometer. Chromatography was performed using
60-200 mesh silica gel from Baker. Thin layer chromatography was performed on
Kieselgel 60 F254 silica-coated glass plates and visualized by UV-vis lamp. Circular
dichroism spectroscopy was performed on a Jasco J-810 spectropolarimeter. UV-
visible spectroscopy measurements were made on a Varian Cary 100 spectrometer.
Fluorescence spectroscopy measurements were recorded on a Hitachi F-4500
fluorescence spectrophotometer. All rheological data was collected using an AR2000
stress-controlled rheometer from TA instruments. Deuterated solvents were purchased
from Cambridge Isotope Labs. And all chemicals and solvents were purchased from

Santa Cruz Biotechnology, Sigma-Aldrich, Fisher, and Acros.
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7.2 Synthetic procedures for Chapter 2

Synthesis of 2°,3",5'-O-trihexanoyl guanosine G 2. In a clean, dry round bottom flask,
guanosine (1.24 g, 4.38 mmol) was suspended in dry acetonitrile (15 mL). DMAP
(0.0155 g, 0.127 mmol), triethylamine (2.44 mL, 0.0175 mol) and hexanoic anhydride
(3.65 mL, 0.0158 mol) were then added. The reaction mixture was stirred under N>
until the solution turned clear, in approximately 30 minutes. The reaction progress was
monitored by TLC using 92:8 CH2Cl>:MeOH (Rf = 0.27). Upon quenching of the
reaction with water, a white precipitate formed. The solution was vacuum filtered, the
precipitate was washed with water and then dried to give G 2 as a white powder (2.31
g, 91.4 %). 'H NMR (400.13 MHz, ds-DMSO, ppm) & 10.75 (NH1, s, 1 H), 7.90 (H8,
s, 1 H), 6.53 (NH2, s, 2 H), 5.97 (H1’, d, 1 H, J=5.8 Hz), 5.81 (H2', t, 1 H, J= 6.0 Hz),
5.51 (H3', t, 1 H), 4.32 (H4', H5' & H5", m, 3 H), 2.32 (m, 6 H), 1.52 (m, 6 H), 1.27
(m, 12 H), 0.83 (m, 9 H). 3C NMR (500.13 MHz, CDCls, ppm) & 173.61, 172.57,
172.31, 159.24, 154.11, 151.67, 136.50, 117.76, 86.41, 80.44, 72.93, 70.78, 63.24,
34.17, 34.06, 33.89, 31.41, 24.65, 24.53, 22.46, 22.44, 22.41, 14.03, 14.00. MS (ESI

): C28Ha3Ns0g, Mass Calculated: 577.31, Mass Found (M+1): 578.31.

Synthesis of 2*,3',5'-O-trihexanoyl cytidine C 85. In a clean, dry round bottom flask,
cytidine (1.23 g, 4.34 mmol) was suspended in dry acetonitrile (15 mL). DMAP
(0.0080 g, 0.065 mmol), triethylamine (2.42 mL, 0.0174 mol) and hexanoic anhydride
(3.62 mL, 0.0156 mol) were then added. The reaction mixture was stirred under N>
until the solution turned clear, approximately in 3 hours. The reaction progress was

monitored by TLC using 95:5 CH,Cl>:MeOH (Rf = 0.57). The solution was then
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suspended in a 1:1 mixture of CH2Cl>:H2O. The organic layer was extracted and
washed three times with water. Column chromatography was performed with
increasing increments of 0-5%MeOH:CHCl.. Fractions were combined and dried in
vacuo to give 85 as a white powder (0.404 g, 49.9 %). 'H NMR (400.13 MHz, CDCls,
ppm) & 7.43 (H6, d, 1 H, J= 7.6 Hz), 6.00 (H5, d, 1 H, J= 4.3 Hz), 5.90 (H1’, d, 1 H, J=
7.4 Hz), 5.39 (H2' & H3',m, 2 H), 4.34 (H4", H5' & H5”, m, 3 H) 2.34 (m, 6 H), 1.63
(m, 6 H), 1.30 (m, 12 H), 0.89 (m, 9 H).13C NMR (500.13 MHz, CDCls) & 173.41,
172.71, 172.53, 166.23, 155.72, 141.20, 96.26, 90.05, 79.58, 73.42, 70.22, 63.29,
34.23, 34.04, 33.99, 31.42, 31.40, 31.37, 24.67, 24.59, 24.57, 22.45, 22.43, 14.02. MS

(ESI™): C27H43N30g, Mass Calculated: 537.31, Mass Found (M+1): 538.22.

Preparation of G4-Quartet octamer (G 2)seK*DNP- from 2',3',5'-O-trihexanoyl
guanosine: In a clean, dry round bottom flask, 2',3',5'-O-trihexanoyl guanosine G 2
(0.234 g, 0.415 mmol) was dissolved in CH2Cl> (25 mL). Potassium 2,6-dinitrophenol
(0.047 g, 0.212 mmol) was dissolved in HO (25 mL) and the aqueous solution was
added to the flask. The resulting biphasic solution was stirred under N2 gas for ~3 hours.
The aqueous layer was removed and discarded. The remaining organic layer was
concentrated and dried to give a translucent, orange gel. *H NMR (600.13 MHz,
CDCl3) §12.12 (s, 4 H), 12.01 (s, 4 H), 8.24 (d, 2 H, DNP), 7.75 (s, 4 H), 7.57 (s, 4 H),
6.76 (t, 1 H, DNP), 6.14 (t, 4 H, J=5.1 Hz), 6.11 (d, 4 H, J=4.8 Hz), 5.97 (dd, 4 H J=
6.7, 1.9 Hz), 5.93 (d, 4H, J= 1.9 Hz), 5.76 (t, 4 H, J= 5.4 Hz), 5.60 (dd, 4 H, J= 8.4,
6.9 Hz), 4.58 (m, 4 H), 4.48 (m, 8 H), 4.40 (m, 4 H), 4.34 (m, 4 H), 2.40 (m, 48 H),

1.65 (m, 48 H), 1.32 (m, 96 H), 0.92 (m, 72 H).
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7.2.1 Experimental procedures for Chapter 2

Experimental Procedure for Phase Transfer Experiments: A solution of carrier G
2 or C 85 (20 mM) in chloroform (3 mL) was placed in the bottom of a U-tube apparatus
(8 mm internal diameter, 7.5 cm high, 2.5 cm between each arm) equipped with a stir
bar on a magnetic stirrer. A solution of the target nucleoside(s) (3-25 mM) was prepared
in H20, D20 or aqueous buffer and was carefully added to the source arm (1.5 mL) of
the U-tube. In the opposite, receiving arm, D.O (1.5 mL) was added. The U-tube was
clamped above a magnetic stirrer and the lower CHCIs layer was magnetically stirred
at room temperature, making sure that no mechanical transfer of material occurred
between the source and receiving phases. The transport of nucleosides across the liquid
membrane was monitored by *H NMR spectroscopy of the receiving phase, which
allowed us to distinguish between nucleosides (e.g. a doublet at 5 = 5.91 ppm for H1'
of rC 86 and a triplet at 6 = 6.26 ppm for H1' of dC 87) and measure the relative amounts
of transported nucleosides. Every 3 hours, a 0.5 mL aliquot was removed from the
receiving arm, and its *H NMR spectrum was recorded. The concentration of the
transported compounds in the receiving phase was determined relative to an internal
standard of a known concentration of adenosine that was contained within a capillary
tube. After NMR analysis, the sample was returned to the U-tube. All transport runs

were reproduced at least in duplicate and usually in triplicate.

Procedure for Diffusion-Ordered Spectroscopy Measurements: Diffusion NMR
experiments were carried out on a Bruker AV111-600, using the Stimulated Echo Pulse

Gradient sequence in FT mode.?1428439 Al samples for the diffusion measurements
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were prepared in Shigemi tubes (Shigemi, Inc., Allison Park, PA) and the temperature
was actively controlled at 25.0 °C. Diffusion coefficients were derived using
integration of the desired peaks to a single exponential decay, using the “Simfit (Bruker
XWINNMR v3.1)” software. Experiments consisted of 32 points and comprised 100
scans with a pulse delay of 4 s, 5 value of 2.1 ms, and A value of 60.0 ms. The samples
were prepared in a5 to 1 ratio of rC 86 (62.5 mM) to sodium tetraborate 90 (12.5 mM)

in D20. The diffusion coefficients for 92-94 are shown in Table 7.1 on page 188.

Procedure for NOESY Experiments: NOESY measurements were recorded using
the NOESYGPTP pulse sequence?’1:3%° at —40 °C (see Figure 2.3 on page 71 & Figure
7.8 on page 181) with a mixing time of 100 ms. Data were attained with a 90° pulse of
10.0 ps and a relaxation delay of 2 s. A total of 36 scans with a spectral width of 7740

Hz in each dimension.
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7.2.2 Supplemental figures for Chapter 2
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Figure 7.1. *H NMR (400.13 MHz) spectrum of 2', 3', 5'-O-trihexanoyl guanosine G

2 in ds-DMSO.
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Figure 7.2. 3C NMR (500.13 MHz) spectrum of 2', 3', 5'-O-trihexanoyl guanosine G
2 in CDCla.
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Figure 7.3. ESI-MS (positive mode) of 2', 3', 5-O-trihexanoyl guanosine G 2.
Calculated mass for C2sH43Ns0g: 577.31; found (M+H) *: 578.31.
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Figure 7.5. 3C NMR (500.13 MHz) spectrum of 2, 3', 5'-O-trihexanoyl cytidine C 85

in CDCls.
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Figure 7.6. ESI-MS (positive mode) of 2', 3', 5-O-trihexanoyl cytidine C 85.
Calculated mass for C27H43N30g: 537.31; found (M+H) *: 538.22.
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Figure 7.7. COSY spectrum of (G 2)gsK*'DNP™ in CDCls.
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Figure 7.8. Full NOESY spectrum of (G 2)ge)K*DNP~ in CDCls. See Figure 2.3 on
page 71 for spectrum zoomed NH2 region.
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Figure 7.9. ESI-MS (positive mode) of a 1:1 mixture of 2', 3', 5'-O-trihexanoyl
guanosine G 2 and 2', 3', 5'-O-trihexanoyl cytidine C 85. Calculated mass for G 2¢C
85 1114.62; found (G 2C 85 + H)*: 1115.54.
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Figure 7.10. *H NMR titrations of G 2 with a constant concentration of C 85 (10 mM)
in CDCls. The most significant shifts are seen in the exchangeable protons. Initially,
the G 2 imino NH1 (black) undergoes an upfield shift. With an excess of G 2, this imino
peak broadens and begins to shift back downfield. The amino protons for G 2 and C 85
are represented in red, blue, and green and undergo significant shifts and sharpening.
Interestingly, there is also an observable shift in the sugar C 85 H1' signal (orange).
The C-H nucleobase peaks of both lipophilic nucleosides also undergo chemical shift
changes. The signal for H8 of G 2 moves downfield and both the H5 and H6 of C 85
shift upfield. These results are consistent with the formation of a stable lipophilic base
pair G 2+C 85 and base triple G 2+C 85+ G 2.27
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Figure 7.11. 'H NMR titration performed with 12.5 mM Na.B4O7 90 and increasing
concentrations of rC 86 in D.O. With excess Na;B4O- present, only the monoester 92
is observed (0.1-0.25 equiv. rC 86). However, as more rC 86 is added, signals for the
diesters 93/94 and free rC 86 resolve. Peak assignments were confirmed by COSY
(Figure 7.13-7.14 on page 186-187) and DOSY (Figure 2.12 on page 85) and are
tabulated in Table 7.1 on page 188.
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Figure 7.12 !B NMR titration performed with 12.5 mM Na,B4O7 90 and increasing

concentrations of rC 86 in D.O. While the monoester 92 is the predominant species at
lower rC 86 concentrations, with excess rC 86, signals for the diesters 93/94 grow in.
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Figure 7.13 COSY spectrum of rC 86 (62.5 mM) and 12.5 mM NazB4O7 90 in D20.
See Figure 7.14 on page 187 for spectrum zoomed sugar region. Assignments for the
borate esters are compiled in Table 7.1 on page 188.
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Na2B407 90 in D2O. See Figure 7.13 on page 186 for the full spectrum. Assignments
for the borate esters are compiled in Table 7.1 on page 188.
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Table 7.1. *H NMR chemical shift assignments (as determined by 2D COSY) for
cytidine borate esters 92-94 recorded on a Bruker AV 111-600 operating at 600.13 MHz.

Monoester 92 3 (ppm) \ Diester (a) 93/94 § (ppm) \ Diester (b) 93/94 & (ppm)
H6 7.67-7.70*
H5 6.04-6.06*
H1' 5.88 (d) 5.83 (d) 5.82 (d)
H2' 4.53 (dd) 4.62 (dd) 4.56 (dd)
H3' 4.40 (dd) 4.45 (dd) 4.47 (dd)
H4' 4.14 (m) 4.08 (m) 4.12 (m)
H5',5" 3.77-3.96 (m)*

* These peaks were unable to be accurately assigned due to overlap.
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7.3 Experimental procedures for Chapter 3

General Procedure for Gel Preparation: The desired amount of guanosine 1 was
weighed into a vial, and the appropriate amount of B(OH)s solution (and water if
necessary) was added. The mixture was sonicated for approximately 30 s, and the
appropriate amount of KOH solution was added. The suspension was heated to 90-
100 °C in a water bath until G 1 was dissolved, and the solution was clear. The solution
was then removed from the heat and allowed to cool to room temperature. Unless

otherwise noted, gels were formed at a 2:1 ratio of G 1:KB(OH)sa.

Procedure for Cryogenic Transmission Electron Microscopy: A 2 wt% GB
hydrogel (72 mM G 1) was prepared according to the general gel preparation procedure
described above. This sample was then diluted to 0.4 wt% (14.4 mM G 1) for the
subsequent measurements. A few microliters of the solution were deposited on a holey
carbon grid. After blotting, the grid was quickly plunged in liquid ethane. The frozen
specimen was transferred and mounted in a cryo-holder (Gatan 626). Grids were then
observed in a JEOL JEM 2100 LaBg electron microscope, operating at 200 kV. Images
were obtained under low-dose conditions on a slow-scan CCD camera (Gatan, Orius

SC1000). Images are shown in Figure 3.1 on page 91 and Figure 7.15 on page 195.

Procedure for Inversion Tests in Figure 3.1 (page 91): All samples were prepared at
2 wt% with respect to the nucleoside. The first sample (vial K) was prepared following
the gel preparation procedure described above. Subsequent samples were made

analogously, but the following components were exchanged: KOH for LiOH (vial Li),

189



KCI for KB(OH)4 (vial KCI), 2'-deoxyguanosine 67 for G 1 (vial dG), inosine 95 for
G 1 (vial 1) and KCI for KB(OH)4 at 5:1 ratio of KCI to G 1 (vial xs KCI). Samples

were allowed to cool for ~2 h and then inverted to visually assess gelation.

Procedure for Diffusion-Ordered Spectroscopy Measurements: A Li* GB hydrogel
(50 mM G 1; 25mM LiB(OH)4) was prepared in D.O according to the general gel
preparation procedure on page 189. Diffusion experiments were performed on a Bruker
AVI11-600, using Stimulated Echo Pulse Gradient sequence in FT mode.?!42843%9 The
sample was prepared in a Shigemi tube (Shigemi, Inc., Allison Park, PA), and
experiments consisted of 32 points at 50 scans with a delay of 4s, & value of 2.3 ms,
and A value of 60.0 ms. The temperature was controlled at 25.0 °C, and the experiment
was repeated at least three times. Diffusion coefficients were calculated by integrating
of the peaks of interest and deriving a single exponential decay using the “Simfit
(Bruker XWINNMR)” software. Diffusion coefficients are reported in Figure 3.2 on

page 92.

Procedure for Circular Dichroism Spectroscopy Measurements: CD spectroscopy
was performed at room temperature with a 2 wt% GB hydrogel (72 mM G 1) prepared
using general gel procedures on page 189. Measurements were made in a quartz Hellma
106-QS cell with 0.01 mm optical path length. Spectra were obtained using a scanning
speed of 100 nm/min, response time of 2 s, and bandwidth of 1 nm. At least three scans
were accumulated from 500 to 200 nm for each trial. The spectrum is shown in Figure

3.4 on page 95.
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Procedure for Solid-State !B NMR Experiments: Gels were packed into 4 mm
(0.d.) zirconia rotors containing inbuilt bottom insert and a top insert-screw-lid system
to ensure the close-fitting, in order to prevent any leakage of gel content during sample
rotation. The amounts of gels taken for NMR measurements were 24.8 mg, 22.8 mg,
12.2 mg and 31.8 mg for Li*, Na*, K" and Cs* GB gels (72 mM G 1), respectively. Two
different strategies were applied to recover the resolution in *'B NMR spectra of G-
borate esters; 1) using higher field NMR ii) using heteronuclear decoupling. Ofne-pulse
11B spectra were recorded at 20 T instrument operating at (*H and !B Larmor
frequencies respectively at 850.2 MHz and 272.8 MHz). The B n/2 pulse length was
2.5 ps in all cases. 2048 transients were co-added with a relaxation delay of 4 s,
corresponding to a total acquisition time of 2 h. The acquired data contained 1024 time
domain points and was zero filled to 16384 points prior to Fourier Transformation.
Solid NaBH4 was used as a secondary reference (at —42.06 ppm?3®* which was further
calibrated to BF3-O(C2Hs)2). In addition to the experimental parameters applied to one-
pulse experiments, B {'H} experiments were performed using heteronuclear
decoupling. Two-Pulse Phase Modulation®? (TPPM) *H decoupling at a *H nutation
frequency of 85 kHz was applied during the acquisition of the 1'B free-induction decay,
where the TPPM phase change was 5° and the pulse duration was 6 ps with an
acquisition time of 38 ms. Spectra are shown in Figure 3.4 on page 95 and Figure 7.16

on page 196.

Procedure for the Solid-State *B NMR Titration with Methylene Blue 99 shown

in Figure 3.5 on page 97: A GB gel (72 mM G 1: 36 mM KB(OH)4) was prepared in
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D20 as detailed in the general gel prepartion procedure on page 189. While warm,
portions of the GB gel were transferred into vials containing various amounts of
methylene blue 99 to yield different molar ratios of G 1 to MB 99. Samples were then
packed into rotors, and 1B one-pulse MAS (5 kHz) NMR spectra were acquired at 11.7

T, as described on page 191.

Procedure for Hydrogel Dissociation Experiments: GB gels and TAcG 69: G 1
binary mixtures were prepared at 2 wt% according to the general gel preparation on
page 189 or literature procedures, respectively.?%%3 For visualization experiments,
methylene blue 99 (11 uM) was added to the gels. While still warm, 0.5 mL of each
gel was transferred into a mold, and the sample was allowed to cool to room
temperature. The gel cube was then placed into a vial containing 3 mL of either pure
deionized water or 155 mM KCI. Aliquots of the outside solution (20 pL) were
removed at various time points and evaluated for G 1/TAcG 69 release by UV-visible
spectroscopy (Amax= 253 nm). Spectra were obtained at 25 °C using a quartz Starna
16.10-Q-10 sub-micro cell with 10 mm path length. Each experiment was repeated at

least three times. Results are shown in Figure 3.6-3.7 on pages 98-99.

Procedure for Dye Incorporation Experiments: A 2 wt% GB hydrogel was prepared
according to the general preparation procedure on page 189, and 0.5 mL was transferred
into a mold while warm. The gel cube was allowed to cool to room temperature and
then placed into a vial containing 3 mL of methylene blue 99 or rose bengal 100 (12.5

M) in 155 mM KCI. Aliquots of the outside solution (20 pL) were removed at various
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time points and evaluated for MB 99 or RB 100 absorption by UV-visible spectroscopy
(MB 99: Amax= 668nm and geeanm=73044 cm™M™; RB 100: Amax= 559nm and €ss9nm =
90400 cm™M1).383 Spectra were obtained using a quartz Starna 16.10-Q-10 sub-micro
cell with 10 mm path length. Data obtained from these studies are shown in Figure 3.9
on page 102. For competition experiments, the gel cube was placed into a vial with
both MB 99 and RB 100 (12.5 puM each) in 155 mM KCI, and absorption was
monitored visually. These experiments were done in triplicate. Images are shown in

Figure 3.8 on page 101.

Procedure for Variable Temperature *H NMR Incorporation Experiments: A GB
hydrogel (50 mM) was prepared in D>O according to the general gel preparation
procedure on page 189. The gel was then reheated to 80-90 °C, and the hot solution
was transferred to a vial containing the target of interest (3 mM). For competition
experiments, the vial contained both targets (3 mM each). The vial was shaken until
the target(s) had fully dissolved into the gel. The warm gel (0.5 mL) was then
transferred into an NMR tube, a DMSO internal standard contained within a melting
point capillary tube was added, and the gel was allowed to cool overnight. *H NMR
spectra (25 scans, 25 s delay) were obtained at 20, 37 and 90 °C. Samples were spun
while heating to help prevent bubble formation. The concentration of the target in the
sol phase was determined relative to the internal standard. The percent of the target

incorporated into the gel was calculated according to the following equation:

] [target in sol at 90°C] — [target in sol at desired T |
% incorporated = , * 100
[target in sol at 90 °C]
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Total concentration of each target (90 °C) was confirmed by adding a 2 pL of DCI to
the NMR tube and dissolving the gel. Each experiment was repeated at least three
times. Representative spectra are shown in Figures 7.17-7.18 on pages 197-. Data are

compiled in Table 3.1 and Table 3.2 on pages 103-104.
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7.3.1 Supplemental figures for Chapter 3

Figure 7.15. The expanded cryo-TEM image of the GB hydrogel shows an extended
fibrous network consisting of fibers that measure approximately 5-6 nm in average
width and 2-4 um in length. These fibers, which are mostly uniform in size, intertwine,
sometimes even forming distinct loops, to make up the gel network.
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Figure 7.16. *H decoupled !B MAS NMR spectra of the Li* and Na* GB hydrogels
acquired at 20 T. As shown in the 1B spectrum of the Na* sample, two diester 97/98
signals (6 =~11.8 ppm and ~13 ppm) can be well resolved in addition to the monoester
96 peak (~ 7.3 ppm). The major diester component in this sample is the downfield peak,
which we have assigned as the diesters in the sol phase. While it appears there are also
multiple diester environments for the Li* GB hydrogel, clear resolution of these signals
was not possible.
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Figure 7.17. Variable temperature *H NMR spectra showing incorporation of 2'-
deoxyguanosine 67 into the gel network. The intensity of the H1' signal for dG 67 (6 =
6.28 ppm) dramatically decreases with a decrease in temperature. The difference in
integrations relative to the DMSO internal standard translates to an incorporation of

~83% at 20 °C and ~73% at 37 °C, as shown in Table 3.1 on page 103.
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Figure 7.18. Incorporation into the gel network is selective for adenosine 101 over 2'-
deoxyadenosine 102. The integration of H1' signal for rA 101 and its borate esters (& =
~6.10-6.02 ppm) decreases ~25% when the temperature is decreased to 20 °C,
suggesting it is being incorporated into the gel network. The H1' signal for dA 102 (&
= 6.44 ppm), on the other hand, remains relatively consistent with only a ~6% decrease
over the same temperature range. Furthermore, at body temperature (37 °C), ~19% of
A 101 is still incorporated, while only ~ 2% of dA 102 remains in the gel network.
These data are compiled in Table 3.1 on page 103.
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7.4 Experimental procedures for Chapter 4

General Procedure for Gel Preparation: Guanosine 1 was weighed into a vial, and
the appropriate amount of B(OH)3 solution (and water if necessary) was added. The
mixture was sonicated for approximately 30 s, and the appropriate amount of MOH
(M=Li, Na, K, Rb, Cs) solution was added. The suspension was heated to 90 - 100 °C
in a water bath until all material was dissolved, and the solution was clear. The solution
was then removed from the heat bath and allowed to cool to room temperature. Unless

otherwise noted, gels were formed using a 2:1 ratio of G 1:MB(OH)a.

Procedure for Solid-State NMR Experiments: Solid-state NMR experiments were
performed on a Bruker Avance |1+ spectrometer operating at a *H Larmor frequency
of 600 MHz using a 1.3 mm MAS probe operating in double-resonance mode. A gel
sample (2 wt% G-KB(OH)s in H20) was prepared according to the gel preparation
procedure described above. The gel was then formed into a cube and soaked in 155
mM KCI for 24 h. Following the soak, the gel was lyophilized to a white powder.
Approximately 2 mg of lyophilized powder were packed into a 1.3 mm (0.d) Zirconia
rotor. For *H Double-Quantum (DQ) Magic-Angle Spinning (MAS) experiments, 31
the excitation and reconversion of DQ coherence was achieved using one rotor period
of BABA (back-to-back) recoupling.®4%%5 A H nutation frequency of 100 kHz was
used corresponding to a *H 90° pulse duration of 2.5 ps. A 16-step phase cycle was
used to select Ap ==£2 on the DQ excitation pulses (4 steps) and Ap = +1 (4 steps) on
the z-filter 90° pulse, where p is the coherence order. For each of 256 t1 FIDs, 16

transients were co-added. A rotor-synchronized t; increment of 16.7 ps was used, with
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the States method being employed to achieve sign discrimination in the DQ dimension.
A recycle delay of 2 s was used, corresponding to an experimental time of 2 h. Spectra

are shown in Figure 4.1 on page 112.

Procedure for Small-Angle Neutron Scattering Measurements: GB gels and TAcG
69: G 1 binary mixtures were prepared at 2 wt% according to the general gel
preparation on page 199 or literature procedures, respectively. 21232 SANS
measurements were made on the NG-7 (30 m) beamline at National Institute of
Standards and Technology (NIST) in Gaithersburg, MD. Neutrons with a wavelength
of 6 A were selected. Three sample-detector distances (1 m, 4 m, and 15 m) were used
to probe a wide range of wave vectors from 0.004 to 0.4 A™1. Samples were studied in
2 mm quartz cells at 25 °C. The scattering spectra were corrected and placed on an
absolute scale using calibration standards provided by NIST. The data are shown for
the radially averaged intensitylas a function of the wave vectorq =
(4m/A)sin(0/2),where | is the neutron wavelength and 6 is the scattering angle.
Scattering data is shown in Figure 7.20 on page 206, and the derived radii and

persistence lengths are compiled in Table 4.1 on page 114.

Rheology Procedure: Gels were prepared at 2 wt% (72 mM G 1; 36 mM MB(OH)s,
M =K or Li) following the general gel procedure on page 199. Rheological experiments
were performed at 20 °C using parallel plate geometry (20 mm diameter) and a solvent
trap to minimize sample drying during measurements. The gel samples were allowed

to equilibrate on the plate for 10 min. Frequency sweeps were performed at 1% strain.
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Stress sweeps were performed at 10 rad/sec by ramping the stress from 0.5 to 1000 Pa.

The rheological data is shown in Figure 4.3 on page 117.

Procedure for Variable Temperature 'H and !B NMR Melting Experiments: GB
hydrogels (50 mM G 1; 25 mM MB(OH).) were prepared in D.O according to the
general gel preparation procedure on page 199. The warm gel (0.5 mL) was then
transferred into an NMR tube, a DMSO internal standard contained within a melting
point capillary tube was added, and the gel was allowed to cool overnight. *H NMR
spectra (25 co-added transients, 25 s delay) were obtained from 15 to 85 °C or until the
amount of G 1 in solution remained constant. Samples were spun while heating to help
prevent bubble formation. The concentration of the target in the sol phase was
determined relative to the internal standard. The percent “G 1 in sol” was calculated

according to the following equation:

, [G 1insol at desired T ]
% Glinsol= [G 1in sol at 85 °C] * 100

Total concentration of each target (85 °C) was confirmed by adding 2 pL of DCI to the
NMR tube and dissolving the gel. Melting curves obtained from these data are shown
in Figure 4.4 in page 119. !B NMR spectra were obtained on the same samples using
1000 scans with a 90° pulse length, a relaxation delay of 0.2 s, and pre-scan delay of 8
us. Experiments were repeated at least three times. Variable temperature *H and 'B

NMR Spectra from a G 1:NaB(OH)4 sample is shown in Figure 4.5 on page 122.
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Procedure for Diffusion-Ordered Spectroscopy Measurements: A Na' GB
hydrogel (50 mM G 1; 25mM NaB(OH)4) was prepared in D20 according to the general
gel preparation procedure on page 199. The warm gel (0.2 mL) was then transferred
into a Shigemi tube (Shigemi, Inc., Allison Park, PA), and the gel was allowed to cool
overnight. Diffusion experiments were performed on a Bruker AVIII-600, using a
Stimulated Echo Pulse Gradient sequence in FT mode. Experiments consisted of 32
points at 100 scans with a delay of 5 s, a gradient pulse length of 1.65 ms, and A value
of 60.0 ms. The temperature was controlled at 45.0 °C, and the measurements were
repeated at least 3 times. Diffusion coefficients were calculated by integrating of the
peaks of interest and deriving a single exponential decay using the “Simfit (Bruker

XWINNMR)” software. Diffusion constants are reported on page 123.

Procedure for Powder X-Ray Diffraction: A 0.4 wt% K* GB hydrogel (14.4 mM G
1, 7.2 mM KB(OH)4) was prepared according to the general gel procedure on page 199
and lyophilized to form a white powder. X-ray powder diffraction (PXRD)
measurements were performed with a Cu radiation source at 20 °C using a Bruker D8
Advance Bragg-Brentano Diffractometer equipped with a LynxEye detector. The

PXRD spectrum is shown in Figure 7.19 on page 205.

Procedure for Melting Temperature Determination: GB hydrogels (36 mM G 1, 18
mM KB(OH)4) were prepared in 3 mL vials according to the general gel procedure on
page 199, and supplemental equivalents of KCI, KNO3z, or KB(OH)s were added as

necessary. Samples were allowed to cool and set for at least 24 h. The final volume of
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each sample was 1 mL. Wire was attached to the top of the vials with electrical tape,
and the samples were suspended in a water bath. The temperature of the water bath was
increased at a rate of 5 °C/min and allowed to equilibrate for 3 min before inversion.
At each temperature, the vial was physically inverted to assess melting. The sample
was considered “melted” when the gel flowed upon inversion and could no longer
maintain the solid-like rheology. If the sample had not melted by 100 °C, the protocol
was performed in an oil bath. Each measurement was repeated a minimum of 3 times.

The determined melting temperatures are reported in Figure 4.6 on page 125.

Procedure for Circular Dichroism Spectroscopy Measurements: CD spectroscopy
was performed at room temperature with a 1 wt% GB hydrogel (36 mM G 1) prepared
using the general gel procedure on page 199, and supplemental equivalents of KClI,
KNO3, or KB(OH)4 were added as necessary. Samples were allowed to cool and set for
at least 24 h. Measurements were made in a quartz Hellma 106-QS cell with 0.01 mm
optical path length. Spectra were obtained using a scanning speed of 100 nm/min,
response time of 2 s, and bandwidth of 1 nm. At least three scans were accumulated
from 500 to 200 nm for each trial. The resulting spectra are shown in Figure 4.7 on

page 126.

Procedure for Thioflavin T 107 Assays in Figures 4.8-4.10 (pages 128-130): GB
solutions were prepared at 0.8 wt% G 1 (28.8 mM G 1; 14.4 mM MB(OH)4) according
to the general procedure on page 199. While warm, the solution was transferred to a

vial containing ThT 107 and diluted with water to 0.4 wt% G 1 and 5 pM ThT 107.
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The samples were shaken to ensure the dye distributed throughout the solution and
were transferred to a quartz cuvette (10 mm path length) and allowed to cool for 2h.
Emission response was recorded from 455 to 600 nm after exciting at 450 nm. Spectra
were acquired at a scanning speed of 240 nm/min, a response time of 0.5 s, with slit
widths of 2.5 nm. Samples for concentration dependence experiments were prepared in
a similar manner, and emission was measured at 490 nm. All photographic images were

obtained using 100 uM ThT 107.

Viscometry Procedure: All viscometry experiments were performed using Cannon
Ubbelohde Semi-Micro Size 50 Viscometers. Gel solutions between 0.05-0.4 wt% in
G 1 were prepared following the general gel procedure on page 199. The solutions
were pipetted into the viscometer and allowed to equilibrate in the viscometer for 15
minutes. Each efflux time measurement was repeated 5 times. The average of these
efflux times was multiplied by the viscometer constant provided to obtain the kinematic

viscosity (n). The viscosity data is shown in Figure 4.11 on page 131.
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7.4.1 Supplemental figures for Chapter 4
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Figure 7.19. Powder X-ray diffraction spectrum of a lyophilized 0.4 wt% K* GB
hydrogel (14.4 mM G 1, 7.2 mM KB(OH)4) shows evidence for G4-quartet formation.
The spectrum shows a signal at 20 =~ 5.7° with a corresponding distance of 19.7 A, in
line with the width of a single G4-quartet. Additionally, there is a signal at 20 ~ 26.8°
(d = 3.3 A), which corresponds to the n-m stacking distance between two G4-quartets.
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Figure 7.20. Small-angle neutron scattering profiles of a 2 wt% G 1<KB(OH)4 hydrogel
and a 2 wt% G 1°TAcG 69 (50:50) binary gel?*?3 formed with KCI. These data were
fit to the flexible coil model resulting in radii of 21.5 A and 16.9 A, respectively.
Additionally, the Kuhn length was determined to be 460 A for the GB hydrogel and
355 A for the G 1+TAcG 69 binary hydrogel. Radii and persistence lengths derived

from this data are shown in Table 4.1 on page 114.
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7.5 Experimental procedures for Chapter 5

General Procedure for Gel Preparation: Guanosine 1 was weighed into a vial, and
the appropriate amount of LiOH solution (and water if necessary) was added. The
mixture was sonicated for approximately 30 s, and the appropriate amount of B(OH)3
solution was added. The suspension was heated to 90 - 100 °C in a water bath until all
material was dissolved, and the solution was clear. The solution was then removed
from the heat bath and allowed to cool to room temperature. Unless otherwise noted,

gels were formed using a 2:1 ratio of G 1:LiB(OH)sa.

Procedure for Circular Dichroism Spectroscopy Measurements: CD spectroscopy
was performed at room temperature with a 100 uM solutions of ThT 107 in H20, 50
mM LiB(OH)s and in a 100 mM Li* GB hydrogel prepared using general gel
procedures above. Samples were allowed to cool and set for at least 24 h.
Measurements were made in a quartz cell with 10 mm optical path length. Spectra were
obtained using a scanning speed of 500 nm/min, response time of 2 s, and bandwidth
of 1 nm. At least three scans were accumulated from 600 to 350 nm for each trial. The

CD spectra are shown in Figure 5.1 on page 135.

Viscometry Procedure: All viscometry experiments were performed using Cannon
Ubbelohde Semi-Micro Size 50 Viscometers. Gel solutions between 0.05-1.0 wt% in
G 1 were prepared following the general gel procedure above. The solutions were
pipetted into the viscometer and allowed to equilibrate for the time indicated. Each

efflux time measurement was repeated 3 times. The average of these efflux times was
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multiplied by the viscometer constant provided to obtain the kinematic viscosity (n).
The resulting gel point data and change in viscosity as a function of time are shown in
Figure 7.21 on page 211 and Figure 5.2 on page 136, respectively. Agitation cycles
were performed by sonicating the solution in the viscometer for the time indicated and
repeating the viscometry procedure after allotted rest times. These data are shown in

Figure 5.9 on page 144.

Procedure for Powder X-Ray Diffraction: A 1 wt% Li* GB hydrogel (36 mM G 1,
18 mM LiB(OH)4) was prepared according to the general gel procedure on page 207
and lyophilized to form a white powder. Powder X-ray diffraction (PXRD)
measurements were performed with a Cu radiation source at 20 °C using a Bruker D8
Advance Bragg-Brentano Diffractometer equipped with a LynxEye detector. The

PXRD spectrum is shown in Figure 5.3 on page 137.

Procedure for Thioflavin T 107 Assays: GB hydrogels were prepared at 50 mM G 1:
25 mM MB(OH); according to the general procedure on page 207. While warm, ThT
107 (5 uM) was added, and the samples were shaken to ensure the dye distributed
throughout. Gels were then transferred to a quartz cuvette (10 mm path length) and
allowed to cool for 2h. UV-visible and fluorescence spectra were obtained at 25 °C.
These spectra are shown in Figure 5.4 on page 138. The emission response was
recorded from 455 to 600 nm after exciting at 450 nm. Fluorescence spectra were
acquired at a scanning speed of 240 nm/min, a response time of 0.5 s, with slit widths

of 2.5 nm. All photographic images were obtained using 100 uM ThT,
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Procedure for Diffusion-Ordered Spectroscopy Measurements: A Li* GB hydrogel
(50 mM G 1; 25mM LiB(OH)4) was prepared in D>O according to the general gel
preparation procedure on page 207. The warm gel (0.2 mL) was then transferred into a
Shigemi tube (Shigemi, Inc., Allison Park, PA), and the gel was allowed to cool
overnight. Diffusion experiments were performed on a Bruker AVIII-600, using a
Stimulated Echo Pulse Gradient sequence in FT mode.?42843% Experiments consisted
of 32 points at 50 scans with a delay of 4 s, a gradient pulse length of 2.3 ms, and A
value of 60.0 ms. The temperature was controlled at 25.0 °C, and the measurements
were repeated at least 3 times. Diffusion coefficients were calculated by integrating of
the peaks of interest and deriving a single exponential decay using the “Simfit (Bruker

XWINNMR)” software. Diffusion constants are reported in Figure 5.5 on page 139.

Dynamic Light Scattering Procedure: A 72 mM Li* GB hydrogel was prepared
according to the general gel procedure on page 207. While warm, aliquots of this gel
were transferred into vials containing the appropriate amounts of water and ThT 107,
if necessary, to dilute to 50 mM G 1, and the gels were reheated to 95 °C. The gels were
then removed from the heat and allowed to cool for 2 h. Scattering measurements were
performed on a Photocor-FC light scattering instrument with a 5 mW laser source at
633 nm at 25 °C and a scattering angle of 90°. Radii were obtained from estimated
diffusion coefficients using the Stokes-Einstein relationship. Each measurement was

repeated at least three times. Determined radii are shown in Table 5.1 on page 141.
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Rheology Procedure: Gels were prepared at 2.8 wt% (100 mM G 1; 50 mM LiB(OH)a)
in the presence of the desired amount of ThT 107 or dyes 99, 100, 108-112 following
the general gel procedure on page 207. Rheological experiments were performed at 22
°C using parallel plate geometry (20 mm diameter). The gel samples were allowed to
equilibrate on the plate for 10 min. Frequency sweeps were performed at 1% strain.
Strain sweeps were performed at 10 rad/sec by varying the strain from 0.1 to 100%.
Hysteresis loops were performed by alternating from low strain (5 %) to high strain
(200 %) at a constant angular frequency of 10 rad/sec. The frequency sweep and stress
sweeps with ThT 107 is shown in Figure 5.7 and 5.8 on pages 142-143. Hysteresis
loops with ThT 107 are reported in Figure 5.10 on page 145, and time sweeps with
varying concentrations of ThT 107 are shown in Figure 5.11 on page 146. Stress
sweeps with 250 uM of dyes 99, 100, 108-112 are shown in Figure 7.25 on page 215

and resulting AG' are tabulated in Figure 5.12 on page 148.

Procedure for MV 110 UV-visible spectroscopy: Solutions of MV 110 were prepared
at 100 pM with 50 mM LiB(OH)4 in water, and the pH was adjusted to the value
indicated with HCI. MV 110 (100 uM) was also incorporated into a 100 mM Li* GB
hydrogel, prepared according to the general gel procedure on page 207. The gel was
transferred into a cuvette and allowed to cool overnight. UV-visible spectra were
recorded from 800 to 300 nm at 25 °C using a quartz cuvette (10 mm path length).

Spectra are shown in Figure 5.13 on page 149.
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7.5.1 Supplemental figures for Chapter 5
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Figure 7.21. The critical gel concentration (CGC) of the Li* GB system (1.0 equiv of
G 1 and 0.5 equiv of LiB(OH)a) is between 0.90 and 0.95 wt% G 1 (32.4 - 34.2 mM).
The apparent viscosity increases over time as the gel forms, but the CGC does not
change.
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50 mM LiGB gel at 80 °C
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Figure 7.22. Na NMR of the 50 mM Li* GB hydrogel at 20 °C and 80 °C with a Nal
in DMF internal standard. The Li* GB hydrogel was prepared according the gel
procedure described on page 207 and allowed to cool in an NMR tube for 24 h. Spectra
were obtained on a Bruker AV-400 operating at 105.8 MHz. The Nal internal standard
was standardized with a 155 mM NaCl solution. These data suggest that ~332 uM Na*
is present in the gel network.
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Figure 7.23. Full *H NMR spectrum of a 50 mM Li* GB hydrogel. Signals for the
proposed G4-intermediate, which are broader than the signals for G 1 and its borate
esters, are marked with a black dot. The signal for H2' is under the residual HDO
solvent peak. These signals were assigned from 2D-COSY and 2D-NOESY
experiments. The set of broader signals marked by the black dot had smaller diffusion
constants than the signals for G 1 and its borate esters. A spectra of the zoomed H1’
region with diffusion constants are show in Figure 5.5 on page 139.
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Figure 7.24. The signal for the H1' of the G4-assemblies decreases as a function of
time. In the presence of 0.5 mM ThT 107 (right panel) this signal decreases faster than
when ThT 107 is not present (left panel). Signals for the monoester 96, diesters 97/98,
and G 1 did not undergo any notable changes in integration over this same time period.
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Figure 7.25. Strain sweeps of a Li* GB hydrogel (100 mM G 1, 50 mM LiB(OH)a,) at
a constant angular frequency of 10 rad/s with and without added dyes 99, 100, 107-112
(250 pM). The impact of 2 equiv. of NaCl (500 uM) was subtracted from the sweep

with RB to obtain the graph shown.
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