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01 To f0 s ol ] o) /PP PPPPPPPPPPPP 180

Figure 5.9. a) Mixture of LacSC8 hydrogel particles in aquedolsiene emulsion, and b) after
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Abstract

Low Molecular Weight (LMW) Hydrogels are threimensional networks made up of
noncovalently bonded molecules capable of absorbing and retaining large amounts of water or
biological fluids. Due to their composition, they are considered highly biocompatible, attracting
significant interest from scientists and finding applications in drug delivery, cell encapsulation,

agriculture, cosmetics, and more.

Among all kinds of LMW glators, glycolipids stand out as one of the most attractive types
given the unique biological role of sugars in organisms and nature. Numeroushaseghr
hydrogelators have been reported and studied, demonstrating incredible potential in diverse areas
swch as neural cell cultures, stem cell scaffolds;msponsive capsules, ionogels as electrolytes
for electrochemical cells, mercury ion sensors, water purification, gel electrophoresis, optical
devices, and otherblowever, the discoveries of new LMW@se often unintentional due to the
unpredictable selassembly process, which makes empirical knowledge the primary foundation

for molecular design.

This dissertation presents a systematic study of a series of glycolipids with different sugar
head groupglycosidic linkers, anomers to the glycosidic bonds, and lipid tails. These synthesized
glycolipids are investigated for their gelation properties through various characterizations,
including rheology, electron microscopy, differential scanning microscdlwgrescence
spectroscopy, and more, with the intention to characterize their fundamental physicochemical
properties. Furthermore, a few strong candidates are explored for their stability in extreme pH

conditions and their loading and releasing behavisspotential drug delivery systems.

21



Additionally, attempts to fabricate microgel particles have been made, showing some early success

characterized by microscopy as well as AFM force spectroscopy.

The overall impact of this work is twofold. Firstly, thesgymatic study of glycolipids by
varying their sugar head groups, glycosidic |
and lipid tails provides a valuable library for the molecular design of hydrogelators. This is a
crucial component that isrely seen but of paramount importance in an area heavily relying on
empirical knowledge. Secondly, the glycoliggdsed LMW hydrogels synthesized demonstrate
unigue properties with rarely seen structures. Moreover, they show promise as strong candidates
in drug delivery and can be engineered into microgels, opening up further potential applications

with further refinement of the systems.
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CHAPTER 1:

INTRODUCTION

Introduction to Hydrogel s

The term fAhydrogel 0 was finlI8%twhesetthaytrepaitedoy L e
a coll oi dal gel made of i norganic sal¢ts, al t
understand today? In 1960, Wichterle and Lim described one of the earliest records of
crosslinked hydroxyethyl methacrylate (HEMA), and proposed the idea of using this hydrogel in
contact lensed.However, itwas notuntil the middle ofthe 1970 that the number of references
on hydrogetd started to take off and grow exponentially. To date, researchers have seen hydrogels
as one of the most promising and intriguing materials that can be used in many areas and

application, and the references on hydrogels have reached more than 5000.per year

Over the years, researchers have defined hydrogels in various ways. For example, a
commonly seen definition is that hydrogels are wateollen, and crosknked polymeric
networks produced by the simpleaction of one or more monomer. Another common definition
is that hydrogels are polymeric materials that exhibit the ability to swell and retain a significant
fraction of water within their structures without dissolving in wéateiowever, there is no clear
conclusion as to how to define hydrogels. To be more specific, there are simply too many kinds of
hydrogels that they all have their own unique properties where one of the definitionshotight

apply to them but they still possess the behavior of typical hydrogels.

In other words, it is probably more accurate to understand and define hydrogels by using

the phenomenological definition proposed by Almdal, Dyre, Hvidt, and Kramigh an
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understanding that hydrogels are generally acknowledged to be a type of gel where the swelling
agent is water. From this perspeetiwe can understand and defmyarogels as materials that

meet both of the following conditions:

(1) A gel is a soft, solid or solitlke material of two or more components one of which is a
liquid, present in substantial quantity. (In this scenario, thedigomponent is water)
(2) A hydrogel should baviscoelastic solid by rheological definition. Specifically, sdiick

gels are characterized by the absence of an equilibrium modulus (G), by a storage modulus,

G;j, which exhibits a pronounced plateau extagdo times at least of the order of seconds,

and by a loss modulus,jwhich is considerably smaller than the storage modulus in the

plateau region.

The initial requirement states that a hydrogel must be a colloidal sample, while the
subsequent conditiospecifies that it should be a viscoelastic solid according to the principles of
rheology. Equilibrium modulus, storage modulus, and loss modulus are defined later in this chapter
with greater detail with respect to the rheology of hydrogels. Thereferesaw comprehend a

hydrogel as a colloidal solid sample that absorbs a considerable quantity df water.

Classification of Hydrogels

Because any sampléhat are colloidal solgland contain huge amowf water can be
seenaghydrogel, the term Ahydrogel 06 can refer toc
from each otherFigure 1.1 displays an arborescence thdassifes hydrogels in different
subgroups. To start with, we can distinguirsfdrogels via their origin. That is to say, based on

how and where the gelators source from, gels can be divided into two big categories: natural gels
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and synthetic gels. To illustrate, gels that exist in nature in the form of macromolecules such as
protens, polysaccharides, collagen, gum, etc. are considered natural gels. Researchers have been
exploring their potential to be used in many applications. For instance, natural hydrogels such as
proteins, cellulosic materials, collagen, hyaluronic acid, angspocharides, are used in cell
growth matrix'1° controlled delivery, scaffold for neurite regrowth'3 cell encapsulation for

growth matrix?, nerve guidancg, etc.

On the other handhydrogelators that are made artificially are considered synthetic
hydrogels. Synthetic hydrogels also have attracted a lot of attention and have been used for various
applications as well. For example, as discussed earlier, in 19@tiaNe and Lim tried to use
hydrophilic networks of polyGhydroxyethyl methacrylate) (pHEMA) in contact lenses, and
pHEMA has also been used as materials for protein/drug delivery devices, matrices for
immobilization and separation of cells and molesidad scaffold$ Furthermore, as a nontoxic
and biocompatible synthetic hydrogel, polyvinyl alcohol [PvOH] has been utilized as the lining of

artificial heart, soft tissue replacement, articular cartilage, skin, and pattreas.

As synthetic gels have the flexibility and tunability to achieve desired properties for more
applications (in comparison to natural gels), much attention has been focused on synthetic
hydrogels. Theefore, many different types of materials and methods have been developed to

fabricate synthetic hydrogels, which lead to the complexity of samples of synthetic hydrogel.

Synthetic hydrogels can be classified into two groups, namely chemical gels amzhphys
gels, by looking at how the network thfe hydrogel is formed. If the network involvescross
linking reaction of monomers with covalent bonding, the hydrogels are considered chemical gels.
For instance, polyester, polyamide, and polyethylene aree sminthe most commonly seen

examples. In contrast, physical gal® thosevith networks held together through noncovalent
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interactions such as van der Waals interactions-boitling. To elaborate, one type of physical
gel has a network made of multipletengled macromolecules where the macromoleculdsstae
togethervia intermolecular noncovalent interactions. This is what are called macromolecular
physical gels. The other type of physical gate supramolecular hydrogels or low molecular
weight hydrogeld MW hydrogels) This type of hydrogel consists of hydrogel networks made by
only small molecules where the molecules do not polymerize buaggitegate into, typically,

fibril microstructuresva v an der Waa'l si ntndrea-taeding.rosn,s,or H

Generally speaking, chemical gels demonstrate higher stability and stronger mechanical
properties compared to physical gels due to their robust network. However, physical gels can be
readily transformed to a fluid (sol) by heating and are generally thermally reversible given that

their networks involve weaker interactions.
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Low Molecular Weight Hydrogels (LMW hydrogels)/ Supramolecdar Hydrogels

Although the first small molecule hydrogelator, dibenZioydystine, was reported in 1921
by Hoffman and coworket§ the supramolecular nature was poorly understood and largely
neglected until late 2Dcentury. In the past two decades, much knowledge about thesselinbly
and aggregation process of gelator molecules was gained. Generally, in the formation process of a
supramolecular hydrogel, small molecules will first se§emble into anisotropidbérs in
agueous environments. This is usually done by heating the gelator in aqueous media, which allows
the gelator molecules to reorient and ss§emble, and then cooling the isotropic supersaturated
solution to room temperature. As the solution iglicy down, the gelator molecules condense and
aggregate. When the concentration of the gelator is higher than a certain value, the fibers will
entangle or crosknk into a network that is able to immobilize water molecules via surface tension
and capillay forces'®!® This network prevents the water from flowing under gravity, and the
material appears macroscopically like a solid. In addition, the networks of supramolecular
hydrogels diffe fundamentally from polymer gels which possess a permanently covalently cross
linked network. As a result, the supramolecular hydrogel network usually can be reversed by the

input of energy such as heating whereas polymeric gels are not reversibleral.gene

Given their unique nature, low molecular weight hydrogels have attracted a lot of attention
and have been used in many different applicatiigure 1.2 shows some commonly seen
applications of hydrogels such as water purificatamgricultural indistry, contact lens, controlled
drug delivery, and more possible application such as catalysis, tissue engineering, nanoelectronics,
environmental remediation, cosmetics, food, and ser8fitdn addition, despite rarely being

discussed in the academic literature, they are also used inriabpsiducts a lof?
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Characterization of Supramolecular Hydrogels

Supramolecular hydrogels, as a type of soft matter, adirenterest ininherently
interdisciplinary fiel&, where physics, chemistry, materials science, biology, nanotechnology, and
engineering come together. Therefore, depending on what information or characteristics one may
be interested in, there are multiple types of analytical techniques or measureemzensethods
that could be valuable to perform. This introduction section covers the characterization of
fundamental properties that most scientists are interested in and will help researchers better
understand the materials in terms of basic mechapioglerties, molecular assembly, and phase
transitions which could be useful in designing new supramolecular hydrogelators as well as

developing functional materials that can be applied to areas of interest.

Visual Assessment

A very common, easy, but inforative characterization method is simply assessing the
sample visually32*Most of the time, this includes preparing the sample at diffemtentrations
as well as with different protocols in a sample vial. This gives scientists a rough idea of the
concentration range over which the hydrogelator forms hydrogels, what type of protocol would be
the best and consistent way to fabricate thedwyely and most importantly, confirmation that the
selfassembly of small molecules happens. In addition, after the formation of hydrogels, turning
the vial upsi de downr dcearnd scehravreacd ®er az éizieomt h
scientists an initive estimation of the shape and strength of the hydrogels. According to this
inspection, one can easily classify the material as a solution, viscous liguidgehalf solidlike
hydrogel, and assess the phase behavior of the material of interéfsrahticoncentrations. With

this basic knowledge about the materials, selection of further potentially useful characterization
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met hods can be done. -eA®osiamplag as, t hits pimak

information.

Rheology

As described earlier, the solltke property of a hydrogel can be somewhat observed by
visual assessment. However, a quantitative measurement is required to provide more definitive
characteristics as well as more comprehensive studies regarding the ppajengehydrogels of
interest. Nowadays, rheometry has become a standard method when it comes to characterizing

viscoelastic materials like hydrogéfs.

Rheology is Afl ow scienceo. I't i s evéne stud

solid sample that responds with plastic flow rather than deforming elastically when a shear force

is applied. To illustrate, we can categorize all materials, when sheared, as falling between two
extremes of properties. One extreme is when the mafieniad like an ideal viscous liquid and

the other extreme is when the material deforms like an elastic solid. As noted, most materials
possess properties of both ideal viscous liquid and elastic solid behavior, called viscoelastic
properties, but they cdre closer to one extreme or the other. For example, honey is an example

of a viscoelastic liquid, meaning it has the properties of both a viscous fluid and an elastic solid,

but it is closer to a viscous liquid; in contrast, samples like gummy bearseoelaistic solids.
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In a typical rheological experiment, a thin layer of samplmterest would be sandwiched by a
stationary and a movable component on a rheometer as shofigure 1.3a During the
experiment, the rheometer applies an oscillatory stress to the material, and it controls the top plate

by changing the torque, osciibmy frequency, temperature, and strain (degree of deformation).

The response of the supramolecular hydrogel will be recorded and quantified by its elastic
properties, including G* (the complex modul u:

modulus) where:

“O “O "Q“O
When GNj > Gnj, the sample is defined as a Vvisc
when Gn > GNj, the sampl e Higsre -d3eshawsaeeator giagrana Vi S C

that illustrates the relationship beten complex shear modulus G*, storage modulysGl the

loss modulus Gusingthephase hi ft angl e 0.

Rheological experiments can confirm hydrogel formation and -tikkd properties.
Moreover, rheological properties are important, as they affectrdwegsability of the materials
which dictate what kind of uses the materials are good for. For instance, in order to be used as cell
growth scaffolds, the rheological properties of a hydrogel have to be similar to those of the cell.
Furthermore, differertyypes of cells have different rheological properties; therefore, multiple types
of hydrogels with various rheological properties are needed to fulfill the requirements if one

intends to do different types of cell engineering.

Other than confirming the sdtlike properties and mechanical properties, another property
commonly characterized by rheological experiments is thensaling or thixotropic properties

of hydrogels. Typically, in this type of experiment, a parameter, usually shear strain, isadcrea
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to an extreme | evel such that the hydrogel ne
down to a normal level where the hydrogel maintamsolidlike properties. The researchers then

observe whether the hydyel can reform or heal itsadiver time G Npminates againf.or instance,

Rutgeerts et al. performed rheological experiments by alternating shear strain between 0.8% and
100% on the same hydrogel sample, and they ob
butwasthensurpassd by Gnj when t he s%Teeaeresdts suggestthatrthe a c h e
hydrogel they studied is a séléaling material. Numerous examples of such rheological

experiments have been reportéd®

Microstructure by Microscopy

As hydrogels form, the gelators sasemble into a network in the aqueous medium. This
network not only dictates the rheological prosrof the hydrogel, which could affect utilization
of the material, but these properties also provide insight into how the molecules aggregate, which
could be essential when designing materials like molecular machines. Therefore, it is of paramount
interest for researchers to study the microstructure of the network at the origranescale. As
microscopy instruments have improved rapidly, electron microscopy has become the most used

measurement approach when it comes to studying the microstructuges ageis30-3!

El ectron microscopes utilize a beam of el e
magnify objects up to 1 million times or mao¥eduring a typical electron microscopic experiment,
a stream of high voltage electrons is first fornagdhe electron source, accelerated in a vacuum,
and focused by metal apertures and magnetic lenses. Once the beam is focused and impinged onto
the sample by a magnetic lens, the electrons interact with the sample and scatter depending on the

thickness orefractive index of different parts of the sample. This interaction produces a range of
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signals that can be detected and used to form an image. At this resolution, it is possible that
researchers can observe some structural features of the hydrogel rsetevoals fibrils or micelles.
Furthermore, one can compare the structural differences between different hydrogels or study the
morphological changes if different components are added to the hydrogels. For instance, Yang et
al. described amino acidasel hydrogels that possess supramolecular assemblies of fibers made
up of fibrils approximately 11 nm in width. However, the width of the fibrils increased to 20 nm
evidenced by TEM after addition offluoro-20-deoxyuridine, a model drug in their study, to the
hydrogel®® For anotler example, Tang et al. utilized SEM to investigate the application of a multi
component hydrogel consisting of guanosine and isoguanosine in a 1:1 ratio, with the aid of
potassium ions, for drug delivéfy During the SEM experimentshey found that addition of
different ions to the hydrogels could lead to variations in the hydrogel's structure, including its size
and shape. Specifically, the guanosine hydrogel induced with potassium ions displayed structures
with a width of 3 um andx length of 200 um, whereas the isoguanosine hydrogel had a pore
diameter of 1 um. When both components were combined in a 1:1 ratio, they formedlitewer

structures that were porous, with a diameter of 15 pum.

Although electron microcopy can providefammation about the morphology of the
hydrogel network, it has its limitations. For example, when looking at samples under electron
microscope, the observation of morphology is restricted to a small area. Furthermore, the main
drawback for typical electromicroscopy experiments is that samples of interest are usually dried
when doing the measurement due to the requirement of vacuum. Therefore, the results of xerogel
images (dried hydrogel) may not represent the intact state of the microstructure ofrttgehys
the dehydration process could cause artifacts. One way to get around this problem is to perform

cryo-electron microscopy. Cryogenic techniques allow measurement @fsselmbled structures
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specimen to be done while maintaining the hydrogel statguch as possible by creating thin
vitrified ice films of the sample and studying the sample at cryogenic tempefafiareexample,
Fitremann et al. conducted a study that aimed to enhance the reproducibility efmalecular

weight sugatbased hydroge¥ They found that different concentration and preparation methods
would lead to different gelation mechamsand thereforedifferent microstructure during the
formation of hydrogel. TEM, cryd EM, and cryeSEM were all used to investigate and display
the difference in the gelation. Specifically, they found that at low concentrations, the gelators form
helicd fibers which were not able to sustain a gel; however, at higher concentrations, the gelators
would form large and flexible ribbons or sheets with minimal ofrfilthat ended up forming
hydrogels. Furthermore, they were able to see detailed featurdw bhelp of cryeEM. For
instance, they found that the sheet strustthrey saw in the hydrogel network are made of long
cylindrical or wormlike micelles with 7 nm width organized in parallel digleside on a long
range, over several millimeate More resarch has shown cryieM to be applicative when it comes

to studying the structure of supramolecular hydrodfetdthe structures of peptide nanofib&rs

and selfassembly of small molecules in waterlthoughcryo-EM is expensive and not many

labs have access to this cuttedge technique.

In addition to cryeEM, environmental scanning electron microscopy is an alternative way
to study supramolecular hydrogels in wet sample form and the wet specimens can be examined in
their native form without being dehydrated, althoufls approachusually produce lower

resolution than normal SEM which makekessappealing!#?
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Differential Scanning Garimetry

Low molecular weight hydrogels are typically formed through noncovalent interactions,
which makes their formation reversible. Most hydrogelators are also tempesamnsigve, so
raising or lowering the temperature can convert the hydrogelibtxlk solution. It is therefore
crucial to determine the critical temperature at which this "phase change" occurs. Characterizing
this temperature can provide important insights into the behavior of the hydrogel, such as its

thermal stability and responsiness to environmental changes.

Differential scanningcalorimetry(DSC) is a thermoanalytical technique that is useful for
determining the temperature at which phase changes occur in hydrogels. During a basic DSC
experiment, energy is simultaneously igtnged into a sample cell containing the hydrogel and a
reference cell that is empty. The temperature of both cells is raised at the same rate over time, and
any difference in the energy required to match the temperature of the sample to that of theereferen
is measured. This information can be used to determine the heat capacity, enthalpy, entropy, and
Gibbs free energy associated with the thermal transitions in the sample. For instance, Akkari et al.
reported on a hydrogel in which the building blockthef hydrogel network were micelles formed
by hydrogelators. They found that by adding a second gelator to the existing hydrogelator, the
conformation of the micelles that make up the hydrogel network changed, resulting in different
enthalpy and temperaturequired for micellization to occd?f.For another example, Lee et al.
reported a calix[4]arenrderived supramolecular hydrogel. This hydrogel preserves the
reversibility of a low molecular weight hydrogel while exhibiting the mechanical strength closer
to a polymer gel. The hydrogel is made first with organogelators, followed by oligomerization of
the maomers without fully polymerizing the gelator into a covalently ctod®d network

structure. In this study, DSC was utilized to verify the success of oligomerization by measuring
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the reversibility of gel formation. Also, by looking at the charactesgsticthe tlermogram, they
were able to confirm that the resulting supramolecular gel was formed from discrete gelator species

that were multimeric, rather than extended polymer network struétures.

Small Angle Xay Scattering

Smaltangle x-ray scattering (SAXS) is aanalytical analysidool that measures the
intensities of xrays scattered by a sample as a function of the scattering angle (usually 0.1 deg to
5 degq). Itis one of the most universal techniques for the structural characterization of nanomaterials.
Accordng to Bragg's law, as the scattering angle becomes smaller, the d spacing detected increases,

which means larger structural features are being probed.
Br aggos_ kKaiwQe

Therefore, a SAXS signal is observed whenever a material costaicsural features on the
length scale of -IL00 nm. In the case of measuring supramolecular hydrogels, signals regarding
the selfassembly of monomers and secondary aggregations such as interactions between fibrils
could be observed as they typically finllthis size rang& Although this technique can provide
structural information of supramolecular hydrogels at similar resolution offfENBAXS probes

for structural features averaged over a large sample volume, unlike TEM, which focuses more on

the local morphology of the hydrogel structtfe.

Usually, the SAXS results are used to compare with microscopy images to acquire a more
comprehensive understanding of the gel. For instance, Akkari et al. aimed to ussaeotequrlar
hydrogel made of two components, poloxamer 407 (PL407) and poloxamer 188 (PL188), as a drug

delivery system that delivers ropivacaine (RVC). In their study, they utilized both SAXS and SEM
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to assess how the incorporation of RVC affects theigalaand they found that the inclusion of

RVC did not affect the supramolecular structure of the sy$téside from comparing the SAXS

data with other experimental results acquired from other technique, Drechsler et al. utilized SAXS
to study aggregation of the hydrogelators, which is then compared to their computational studies.
This process identified shortcoming in their molecular dynamgimulation model by showing

a different stacking mechanism forming the aggreddtes.

Other techniques

Aside fromthe techniques mentioned above, other methods such as nuclear magnetic
resonance spectroscopy (NMR) and infrared spectroscopy (IR) are also widely used in the
characterization of supramolecular hydrogels. These techniques provide atomic and molecular
level structural and morphological information, which help to analyzesglition interface
dynamics and binding processes, thus providing insight into the formation and stability of

supramolecular hydrogels.

NMR spectroscopy is a valuable tool for determirting presence of specific functional
groups or species in a sample. Since hydrogen nuclei are typically studied'tdshiyiR
spectroscopy in solutiestate, the reduction in mobility during gelation can limit its usefulness.
However, in supramolecular chatry, NMR can still be used to monitor the gelation process of
supramolecular hydrogels as NMR can identify the difference in chemical shift of solution state
and gelled stat&?>! Furthermore, soligtate NMR is known to be a powerfechnique to study
intermolecular interactions such as hydrogen bonding, aromatic and CH nt er act i on
supramolecular chemist®y. Ramalhete et al. attempted to use single and +ooitiponent

hydrogels of Lphenylalanine as model materials to develop an NMBed analytical approach
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to study mechanisms of supramolecular gelation. In their study, they empidyé@ cross
polarization magic angle spinning (CP/MAS) sedithte NMR experiments on the hydrogels of
interest and they were able to conclude that the Leu and Ser did not participate in forming the rigid

fibril structure of the multicomponentphenylalanine hydrogeltat they were studyirg.

Infrared spect exhibit distinct stretching vibrations that are characteristic of specific
functional groups, which can be used to analyze the atomic structure and composition of hydrogels
and solutions. Therefore, Infrared spectroscopy (IR) is commonly used to ctipresence of
hydrogen bonding and determining the protonation state of carboxylic acids of the géRstors.

For instance, Shimizu et al. used-FR'to identify the existence of amide hydrogen bonds between
hydrogelators in their study. Moreover, this region of peaks corresponding to the amide hydrogen
bonds showed differences between hydrogelators with odd and even numbers of carbons. This
difference was a crucial component that led the researchers to conclstieréoehemical effect

of evenodd connecting links on supramolecular assemblies madglatasamidé?

In addition to the aforementioned analytical techngjuinere exist various other
techniques that can potentially provide valuable informatagure 1.4 illustrates a fowsstage
diagram depicting the aggregation process of a low molecular weight hydrogelator, from
monomers to fibrils/ribbons to secondamusture to bulk hydrogel, along with the techniques that
can be employed to analyze each stage. It is beneficial to conduct multiple characterizations since
most techniques offer distinct information about the material, or they can be used as an intlependen

analysis for verification.
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Figure 1.4.Aggregation process of a low molecular weight hydrogelator, from monomers to fibrils/ribbons to secondary struc
bulk hydrogel, along with the techniques that can be employed to analyze each stage.
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Carbohydrates

Carbohydrates are abundant in nature and can be found in various forms in our daily life,
such as sugars, fibers, and starches. Furthermore, carbohydrates play various roles in livings. For
example, starch and glycogen is enestgred in nature. In addition, cellulose and chitin are
materials that support the structure of plants and arthropods. They can also be found in all living
systems as sugars, polysaccharides, or glycolipids, and they are one of the building blocks of life
besides nucleic acids and proteins with complex molecular structure and the binding affinity to

other molecules®>’

Not only are carbohydrates found in living organisms, but they are also key biomolecules
in various biological events and processes including bacterial/viral interactions, immune response,
fertilization, preventing pathogenesis, blood clotting, cell proliferation/differentiation, growth
regulation, cell signaling, recognition, adhesion, routing and developmefittetdthough most
carbohydrate molecules only exhibit very weak affinity to other biomolecules with association
constants below fOM™56 it is known that many natural biomolecules tend to interact with
multiple carbohydrates which results in higher binding affinityth&molecular level, multivalent
glycosides are known to bind with proteins (e.g. lectins) and form supramolecular cesnplex
which serve as markers for signal transductMany pathological interactions are mediated by
these carbohydratearbohydrate and carbohydraietein interactioa®®%® Hoping to develop
carbohydrate therapeutics, substantialréffbave been devoted to designing multivalent systems
that mimic natural supramolecular interactions as well as studying the supramolecular nature of

carbohydrate8” 6

Glycolipids, as their name indicates, describe molecules that possess glycans that

covalently bonded to lipids, resulting in a unique class of amphiphilic molecules. Because of their
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readily amphiphilic, biocompi#ble, and biodegradable nature, glycolipids have been seen as a
great candidate for use in many areas including detergents, emufsifietting agent$! drug
delivery system$? cosmetics? environmental remediation, microreactétstc. In addition,
since carbohydrates akmown to exhibit supramolecular nature, it is not surprising that many
glycolipids and amphiphilic glycoconjugates are reported to form supramolecular hgdnodget

certain conditions.

Sugar based Low molecular weight Hydrogel$ MW hydrogels) "

As discussedbove carbohydrates play important roles in life science for various reasons.
They are considered to be central in most biological events, such as aeltelf cell pathogen
interactions’® Also, theycanbind to proteins, which affegexpression and correct protein folding
and many other pathological interactidhsBesides, they can also represent strong enzyme
inhibitors and even powerful dru¢¥Therefore, supramolecular hydrogels made by sugars have
gained special interest, and many efforts have been dedicated to designing, synthesizing, and

characteriing glycolipids with dfferent sugar head groups and lipid tails.

Monosaccharidéased hydrogels are reported extensively with different chemical
structures. Gels formed by phetfyD-glucopyranoside derivatives with different alkyl chains in
mixture of water andifferent organic solvents includingeOH, EtOH,acetone DMF, THF, and
DMSO are reported by John et al.; these hydrogels possess twisted ribbon microstilitiare
also found that if th@henyl ringis replaced by raalkyl chain the resulting compousdorm
hydrogels in pure watéf:2*Other glucoside derivatives based on similar chemical structure such

as imineand amide and galactoside derivativesraported 384
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Besidegheselection ofadifferent sugar as well deevariation of conjugated molecules,
glycolipids with sugar head grosighat are partially or fully protected are also investigated.
Gonwald et al. and Kowalczuk et al. reported hydrogels formed from m&h@-(p-
nitrobenzyidene}U-D-glucopyranoside and mannopyranoside from correspgnaethytU-D-
glycopyranoside and -pitro-phenylbenzaldehyde (partially protected glycosides and
mannoside3®>8® These compounds form hydrogels with fibrillar microstructure in aqueous
solutionat 1.55 wt %87 Similar molecules based on glucosides but with aldehyde functional group
have beeprepared and characterized by Chen & &hese glycolipids form fibril hydroges with
critical gelation concentratiamf 0.8 wt% in water. More variants of protected glycosyl conjugates
with variatiorsin their chemical structure including adding new functional groups such a&ester,

benzyliden€® methoxy group? urea functiof? are also reported.

Disaccharidébased hydrogelators are reported less frequently compared to those of
monosaccharideClemente et al. reported disacchatiessed hydrogelators made of lactose,
cellobiose, and maltose with a triazole linkage throughraie bond to an alkyl chain with 16
carbons¥% They showed that lactose and cellobiose, with a small stereochemical difference in
the structure of the sugar moiety (axial or equatorial orientation of a sipggexyl group), give
rise to different molecular conformations within a network of twisted ribbons. Additionally,
Yamanaka and coworkers synthesized daetose/maltosbased hydrogels and demonstrated

their potential use in drug delive?§ 8

In additionto monosaccharide and disaccha#fidesed hydrogelators, hydrogelators made
of sugar alcohal bola glycoamphiphiles, and other more stiggsed hydrogelators are also
reported® 1%4Although glycolipids with variation itheir chemical structures demonstrate much

difference in their hydrogel properties, it is extremely difficult to predict how modification
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chemical structuravill change the propertiesmdhow big this effect would be. Furthermore, it is
difficult to even just predict the hydrogelation behavior, degpidé¢trends can often be identified
when the changes in chemical structure are relatively subtle (e.g. few atoms difference in chemical

structure).

Although more studies are needed to better understariditdamentals of supramolecular
chemistry of LMWGs, sugabased LMWGs have demonstrated their potential in many areas.
Fitremann et al. described a disacchabdseed opeffiorm glycoamphiphile with triazole on the
chemical structure that could be usedasaffold for neutral cell cultuféIn addition,Latxague
et al. reported the first use of baaphiphilebased hydrogels in the adhesion and proliferation
of stem cell$?Interestingly, Ikeda et al. prepared a hydrogel with extremely high mechanical
toughness and demonstmtae possibility to use it as cettsponsive capsulé$Although much
research focuses on using sugased LMWGin biomedicaly related fields, these gels have also
shown potential in other area. For instance, Kimizuka et al. reported first ionogels formed by self
assembly of carbydrates, specifically agaro$¥,and Bielejewski et al. showed that LMWG
made by methy#,6-O-(p-nitrobenzylidene)}D-glucopyranoside possess great potential to be
used as organic ionic gel. Furthermore, utilization of sugar based LMWG is reported in areas
including mercury ion sensé?! water purification:®® gel electrophoresi¥? optical devicegi®
Although this work listed above is still in its infan@nd optimization of systns and properties
is required,thereis no denying that carbohydrdbased LMWG are gaining more and more

attention andhaveshown potential in many aspects.
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Research Goals

Although many LMW are reported ithe literature, they are most of the time found by
accident. Therefore, a common threadhastudy of LMWGs is that properties of the hydrogels
are characterized after discovering hydrogelation of certain molecules. Then, based on the
properties determinedhese materials are tested for potentially suitable applications. From the
aspect of understanditige fundamentad of supramolecular chemistry, it is reasonable to perform
research with this type of semmpirical stud/). However, the inverse procéssdesiqiing a
material with a specific desired propétis obviously much more desirable from the aspect of
utilizing this unique class of materials to benefit society. It will be of paramount importance to be
able to predict the chemical structure one shoulgetato make to achieve certain criteria of
properties of LMWGSs so that they will be good candidates for the application required. It is
apparent that this requires an approach in which simulations, theory and experiments are combined,
and it is still far fom achieved. Thus, empirical knowledge remains the main foundation of

molecular design of hydrogelators.

The Pemberton laboratory has worked extensively on synthesizing glycolipids and
characterization of the materials. A series of glycolipids with differsugar head groups,
specifically cellobiose and lactose, conjugated to simyallkyl chain range from 8 to 12 carbons,
with oxygen or sulfulinkageswere synthesized and demonsttatiee hydrogelation behavior.

The chemical structures of these glypals are shown ifigure 1.5 Surfactant performance of
these glycolipids and thioglycolipids (glycolipids with sulfur linkage to lipid tail) were studied
thoroughly in this laboratory. In addition, some of these glycolipids reported were found to possess
hydrogelation properties. In spite of the already existing broad literature onbasgat LMWG,

thioglycosidebased LMWGs have not been reported. Therefore, characterization of the hydrogels
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formed by these materials will add crucial information to thealy of sugar based LMWG.
Furthermore, in the thioglycoside family, it was found that the disaccharide analogues possess
lower solubility in agueous compared to monosaccharide analogue, meaning the hydrophilic
lipophilic-balance could vary in differenteincs than what maybe thought when it comes to
designing hydrogelator§. Additionally, these thioglycolipids possess only simple alkyl lipid tails
(e.g.n-octyl, ndecyl, nrdodecyl), making them a gect system to study the lipid tail effect on the
performance of hydrogels, which would be valuable information for researchers who are interested

in designing new hydrogelators.

The hydrogelation propees of the corresponding Onked analogues va also not been
studied, and therefomreof interest to understand the physical and chemical property differences
between the Bnked and Glinked glycolipids. Furthermore, in contrast to théirfked systems,
which are excl us i-codidusatiom m thd pracess of symthedizimgiiket
analogusby the methosdr e port ed previously, both U and b a
sought to analyze and compare the differences between thetpioges of U and b ana

canprovide critical information relevant to designing molecular structures to achieve desked self

assembly or chemical and physical properties.

In this research, we studied glycosiuesed hydrogels to a) provide as mugsight as
possible to understand how differences in chemical structure may affect resulting hydrogel

properties, and b) find suitable applications for the unique shaged LMWG described here.
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Toward this end, three main research goals motivated this research:

1. To synthesize glycolipids and thioglycolipids analogues using lactose and cellobiose as
sugar head groups with different lipid tailsdqatyl, n-decyl, and ndodecyl) and different

linkage atoms (oxygen and sulfur), with potentially different anomers.

2. To comprehensivig characterie thesehydrogelssoformed. Characterization methods
including visual assessment, rheometry, differential calorimetfisGtron microscopy,

single crystal xay diffraction, as well as prodan fluorescence are employed.

3. To explore potential use of the hydrogels in drug delivery system by studying the
stability of the hydrogels at extreme pH environment, loading cgpafcémall molecules
to hydrogels, release profile of small molecules in biological relevant environment, and

potential response to targeted enzyme for targeted drug delivery system.

Besides the three goals mentioned, a further step is to attemptaoepnm@progel particles
from the hydrogels formed by these glycoconjugates. Although hydrogels are used as substrates
in many biological related fields given their similarity to the native extracellular natrbe bulk
hydrogels are not always ideal materials for their intended applications. For example, when it
comes to injection, microgels or nanogels can be suspended in solution and therefore more
versatile!'* As a result, scientists have been developing methods to fabricate hydrogels as
microscale particle$~1i1, 000 Om) . However, most of the mi
made from natural or synthetic polymeFserefore, it is of our interest to explore the potential of

making microgels based on sugmsed LMWGs studied here, as they may have aages over
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the polymeric hydrogel materials, such as less cytotoxicity and better biocompatibility. These early

efforts and results of proaff-concept experiments are includeddhapters.
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CHAPTER2: SYNTHESIS AND CHARACTERIZATION OF

HYDROGELS FROM ALKYL-b-THIOLACTOSIDE

Gels are unique materials made of molecules that assemble into-dithezsional (3D)
network with relevant spatial dimensions on the nanometer to micrometer range and immobilize
solvent. Macroscopically, gels areswoelastic solid materials. Depending on the nature of the
interactions that hold together the 3D network of such gels, they can be classified as either
chemical gels or physical gels. Chemical gels are made of molecules connected by covalent
bonding anddrm a network of crosslinked polymer chains. In contrast, physical gels, sometimes
referred to as supramolecular gels, are made of 3D networks held together by noncovalent
interactions such as van der Waals interactions, the hydrophobic éffedtiteractions, and
hydrogen bonding. Chemical gels are generally thought to be more stable, with stronger
mechanical properties than physical gels given the stronger interaction between monomers.
However, over the past two decades, interest in physicahgslincreased, as they are considered
alternatives to chemical gels with the added advantages of being reversible between gel and sol,
responsive to various stimuli, and more biocompatible and biodegradable, making them suitable

for novel application$®®

Low molecular weight gels (LMWG), as a class of physical gels, are composed of small
molecules that aggregate via noncovalerteractions and form fibrous 3D networks that
immobilize solverft®!1® Generally, LMWGs are known to be thermoreversible, gel at low
concentration, and have high tolerance towards'$al§ Given these unique properties, they

have great potential for diverse applications in soft matarashiomaterials including catalysis,
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drug delivery, tissuengineering, nanoelectronics, environmental reatemh, cosmetics, food

and agricultural industry, and sensihg. Much effort has focused on the design of small
molecules thatan serve as low molecular weight hydrogelators as well asymroving their
physicochemical properties for varioagplications:!®*?°The gelation behavior and mechanical
properties ohydrogels are difficult to predict given the complex processes eassfimbly and

3D network formation, although approaches to tune their properties such as improving mechanical

properties based on known hydrogels have been repdft&d.

Glycolipids are amphiphilic molecules compd®# a sugar moiety andlipid tail andare
known to be biocompatible. Because of the amphiphilic nature of these molecules, they possess
foaming, emulsifying, cleansing, and potential hydrogglproperties, which attracts a lot of
interests in cosmetics, environmental uses, food industmyelsas biomedical applicatiorn$®
Furthermore, hydrogels made from glycolipltsve gained special interest for use in novel soft
materials due to their biodegradability and biocompatibility, as asefor their sourcing from
renewable raw material§.heir utility in many areashas been reportemhcluding neural cell
culturest?® scaffolds for stem cell$?” cell responsive capsulé®,ionogeb as electrolyts for
electrochemical cell¥®*22 mercuryion sensas;,'” water purification:°® gel electrophoresi®?
optical deviceg'? although this work is still in its infancy and optimization of systems and

properties is required.

Previously,Szaboet al. reported a scalable synthetic method that produce anomerically
pure simple alkytb-thioglycolipids as opposed to most chemical synthetic methods that would
yield to a mixture of anomer$®Furthermore, Kegel et albservedydrogelation otertainalkyl-
b-thioglycolipids with preliminary characterizatid?f This motivatesthe systematic explation

of anomericallypure simple alkyl glycolipids asMW hydrogelators which would not only
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providea deeper understanding of the saffisembly behaviors of these {imspired amphiphilic
molecules but also extend the library of these biocompatible materials with differpattpes for

usein applications.

Motivated by this work, we airto further simplify the synthetic metheds well aprovide
a comprehensive characterization of the hydrogels formed byfatkybglycolipidsto study the
effect oftail lengthon hydrogelpropertiesas well as tanveiltheir physicochemicalroperties as
a foundation for use in applicatiorfScheme2.1 showsthe synthetic routefr these molecules,
modified based on what was reportedSmaboet all?® Different phases of the thioglycolipids at
different concentrationsvere assessed by their visual appearance at difféeemperatures,
mechanical properties by rheology at differéatmperatures, microand nanestructure by
scanning electromicroscopy (SEM) and transmission electron microscopy (r&Mxerogels
resulting from flash freezing and lyophilizationtbe hydrogels, phase transition temperatures by
differential scanning calorimetry (DSC), and lyotropic phase microstrudiyréluorescence
spectroscopy at different temperatures ugimglan, a polaritysensitive dye. The collective whole
of theseresultsallows phase diagrams for each thioglycolipid todséimated. Different from most
LMW hydrogels, thesehiolactosebased hydrogels form disordered bicontinuous cigiic
networks of lamellabilayers, instead of the more commoelycountered fibrils or ribbons, with
storage moduli &> 10° Pawithout optimization. Robust formation of these unidualrogel
microstructures could potentially be useful as materailst h t unab |l e al@djdev al ues
range that might bienportant for applications such as 3D cell scafféfds 33 biolubrication3413
intelligent actuator$®®-13’superabsorbents® andagriculture and food chemistty®14°The green

and highyield synthetic process of the thglycolipids, unique sulfur linkagleetween sugar and
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Scheme 2.1General scheme for thioglycolipid synthesis
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lipid moieties, sugar effect on the hydrogelatpm o c e s s , hi gh storage mod.L

microstructureof these materials make them extremely uniqueirtniguing.

Experimental

Materials

Lactose (99%) and cellobiose (99%) were purchased from Carbosym#tic Anhydridevas
purchased fromSigma Aldrich (>99%). Dethyl ether(99%) was purchased from Thermo
Scientific. hdium bromidg99%)was purchased froBigma Aldrich 1-Octanethiok>96%)was
purchased from Thermo Scientificdecanethiol (>96%) was purchased from Thermo Scientific.
1-dodecanethiol (>98%) was purchased fronerfino Scientific Amberlyst A26 hydroxide form
resinwas purchased frorBigmaAldrich. Prodan(>98%)was purchased frolbcam.Methanol

(99%, HPLC grade) was purchased from Fisher Chemical. Ethanol (99.5%, ACS reagent, absolute,
200 proof) was purchased fro Thermo Scientific. Toluene (>99%, Sigma Aldrich) and
chloroform (Certified ACS grade, Fisher Chemical) were driedtAymolecular sieveg§Sigma
Aldrich) prior to use. Purifed ¥0 ( >18 Mq resistivity and <8 pp
obtained using Waters Milli-Q UV Plus purification system (Millipore Corp).2KP9.999%) was
purchased from University of Arizona Cryogenics & Gas Facilifyloroformd (998 aomic %

D) was purchased from Thermo Scientific. Metha®@@ (99.5 atom % D) was purchased from

Sigma Aldrich. Dimethyl sulfoxidel6 (99.9 atom 9b) was purchased from Sigma Aldrich.
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Synthesis

Acetylation.To an overdried round bttomflask equipped wh a stir bar were added sugar (1 eq)

and sodium acetate (0.37 eq). The rounttidinflask was evacuated and refilled with dry nitrogen.
Anhydrous toluene (20 mL/mmol of sugar) and acetic anhydride (1.7 eq/OH of sugar) were then
added via syringe. The camits of the round button flask were stirred and refluxed at 120 °C for
24 h until the reaction was complete as indicated by TLC analysis. The reaction mixture was cooled
to room temperature and water (10 mL/mmol of sugar) was added. The contents ohthe rou
bottomflask were stirred for 1 h. Then, diethyl ether (30mL/ mmol of sugar) was added te the re
action. The stirring was continued until white solid precipitated. Suction filtration was then
performed to collect the products. Recrystallization by ethams then performed to give pure

products.

Glycosylation.To an overdried round bttom flask equipped with a stir bar were added sugar
octaacetate (&q) and indium bromide (3 wt%). The round button flask was evacuated and refilled
with dry nitrogen. Ahydrous chloroform (5 mL/mmol of sugar octaacetate) and alkyl thiol (2 eq)
were then added via syringe. The contents of the roattdrbflask were stirred and refluxed at

60 °C for 24 h until the reaction was complete as indicated by TLC analysis.attiemanixture

was then cooled to rootemperature and extracted with chlorofoifhe combined organic layers

were washed three times with copious amounts of water and then dried over magnesium sulfate.
The organic phase was then condensed by evaporati@enresulting residue was purified by

column chromatography on silica gel to give the product.

DeacetylationTo an overdried round bttomflask equipped with a stir bar were added albyl
thioperacetyl sugar (1 eq) and Amberlyst A26 hydroxide form (&gkdrich) resin (35 wt% of

alkyl-b-thioperacetyl sugar). Methanol was then added to the mixture. The contents of the round
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bottom flask were stirred for 24 h until the reaction was complete as indicated by TLC analysis.
Grauvity filtration was then performed to separate resin from organic phase. The organic phase was
then condensed by evaporation. The chemical structures of finglocms were characterized

by *H NMR, 3C NMR and mass spectrometig shown irAppendixA.

Preparation of Hydrogels.Aqueous solutions of thioglycolipidgere prepared by weighing 2

mg of thioglycolipid in 2 mL glassials and adding an appropriate vole of water to make
samplesat desired concentrations. The vials were capped, sealedari#iilm, heated to 7%C

(or 85°C for LacSC12) until théhioglycolipids were completely dissolved (typicaty min) as
indicated by the complete absence of tuthid=or LacSCxhydrogels, the samples were allowed
to cool to ambientemperature; during this cooling, hydrogels spontaneously foronder a
minute once the solution reaches its transitemperature. Gels were allowed to equilibrate at
roomtemperaturdor 15 min prior to analysis. For CelSCx hydrogels, samples quegached at

14 °C in an ice/water bath and allowed to equilibiafe4 °C for 15 min prior to analysis.

A similar protocol as just described was used to prepateogels containg the fluorescent dye
prodan. Forthesmat er i al s, water was r epl moda(Moldcyar an aq!
Probes) which was made by adding dippropriate amount of a prodan/ethanol stock solution to

purewater, after which the ethanol waggorated under vacuum.

Rheology. The viscoelastic mechanical properties of hydrogedse characterized using small
amplitude oscillatory sheaneology on a Discovery Hybrid Rheometer 2 (TA Instrumeds$h)

in a coneandplate geometry consisting of arglblaste®0 mm 2 cone and a sandblasted stage.
Inertia, friction, andotational mapping calibrations were performed prior to eagteriment. A
Peltier temperatureontrolled stage maintaineat 4, 10, 25, or 37C was used for all rheology

testing. Toensurehydrogels are transferred without damage, hydrogels were omaithe sample
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stage of the rheometer using the followprgcedure. First, hydrogel/water solutions were heated
in a watetbath to temperatures above their transition temperatukerfor, then transferred to the
sample stage as a viscous ligbefore the cone portion of the sample stage was rapidly lowered
(11 3 s) to the testing gap height of 50 mm. Excess gel wastttinemed from the edges of the
geometry. To contrabvaporationthe geometry was encased in a solvent trap with a water seal
anda mineral oil barrier was placed around the edges ofi¢loenetry. The temperature of the
sample stage was maintainagbve the transition temperature for 15 min, then coole@ianin

to either 25 oii 4 °C depending on the thioglycoliptd allow formation of hydrogel. After this,

the sample stageemperature was adjusted to the appropriate measuréemeperature and the
sample was equilibrated for 1 h prioregperimentationStrain sweeps were performed from 0.01
to 1000% shear strain at a constant 10 radrsyular frequencyGNand Gj values reported were
determined by averaging the datints within the linear viscoelastic region of the strain sweep.
Frequency sweeps wee performed from 0.01 to 100 rad at aconstant 0.01% shear strain.

Thixotropy experiments were conducteyglcycling the shear strain between 0.01% and 100%.

Electron microscopy.Scanning electron microscopy (SEMas performed on an FEI Inspect S
microscope equipped with tangsten filament; standard secondary electron imagingused.
Xerogel samples of the hydrogels were preparddlisvs. Hydrogels were first heated to the sol
state and thepipetted onto an SEMompatible sample stub. For LacSkydrogels and fibrous
CelSCx samples, sample stubs waeled to room temperature for 15 min to form hydrodess.
CelSCx hydrogels, sample stubs were quenchéd & in an ice/water bath for 15 min to form
hydrogels. The hydroges® formed weréhen flaskhfrozen by immersion in liquid Nollowed by
lyophilization for 24 h in a VirTis LyeCentre 3.5LDBT benchtop lyophilizer. Samples were-Au

coated before SEMharacterization to reduce sample charging.
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Transmission electron microscopy (TEMas performed oa Hitachi HF5000 to provide
insight into the nanostructure gérogels made from these thioglycolipids. To ensure films thin
enough for TEM, xerogel preparation was as follows: lyophilizatias performed immediately
after hydrogel formion in al-dram vial. After lyophilization, hexane, a solvent in which the
thioglycolipids are poorly soluble, was added to thefoiddwed by sonication for several sewls
Then, 1 mL of the resultingolution was pipetted onto a carbon TEM grid (SBppliesHoley
Carbon Coated Grids onto 100 Mesh Gold 3mm). Thewasl allowed to dry overnight before

TEM imaging, during whichime the hexane slowly evaporated.

Differential scanning calorimetry. A Mettler Toledo DS@23e differential scannincalorimeter
equipped with coolingpparatus was used for measurement of phase trartsmiqeratures and
enthalpies of the hydrogels. Samples wigst made as described above and were then melted by
heatingto 75°C (or 85°C for LacSC12). Once complégan the sol statesmall aliquots equating

to ~6 to 8 mg of material were pipettedo 40uL aluminum DSC pans (DSC Consumables, Inc.)
andcapped with lids. The pans were maintained atZ%or 85°C) for 1 min to ensure sample
melting. Then, the pansere cooledo and maintained at 8 for 20 min to ensure hydrogel

formation. DSC data were then acquired for hydrogel sarhplig®d from 5 to 8%C at 5°C min

1

Fluorescence spectroscopysteadystate fluorescencgpectroscopy was performed on a Photo
Technologies, IndQuanta Master 40 spectrofluorometer. Prodan fluorescencexwigsd at 350
nm with emission observed from 370 to 640 hacSC8, LacSC10, LacSC12, CelSC8, CelSC10
and CelSC1hydrogels and solutions were explored. Fibsarsples fron€elSC10 and CelSC12
were also explored. Initial fluoresceneeperiments were performed at®. Then, spectra were

acquired at 10C increments up to 7% for all samples excehiacSC12, which was studied up
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to 85 °C. A frontface excitatiorcollection geometry was used for acquisition of hydrogel
fluorescence spectra since these materials are opaquelaivéreemperatured?reparation of
hydrogel samples containipgodan for fluorescence spectroscopy consisted of first hdatthg
sol state, followed by pipetting the warm sol solution to illl.7 mL triangular fluorescence
cuvette (Wilmad LakGlass)which was then capped to prevent evaporation. Then, the cuastte
guenched at either room temperature or in an ice/water tbatbrm hydrogels or fibrous
aggregates. Samples were tladlowed to equilibrate for 30 min prior to measuremédentical
preparation was used for the 1 wt% LacSC8 anvat% CelSC10 samples, both of which were
visually clear andacked any indication of turbityi, but fluorescence spectra weaequired on
these sol solutions in a standard orthog@xaitationcollection fluorescence geometry in a 10

mm rectangulacuvette (Starna).

Fluorescence spectra were fit to a minimum numb&r066 Gaussian bands needed
ensure a good fiPeakemission wavelengths and fullidth-at-half-maximum (FWHM)values

were unconstrained during fitting. Fits were deemeckptable foe® values> 0.995.

X-Ray crystallography. Powder Xray diffraction was performedn a Philips PANAlytical
X0Pert PR& dift&idns)stem under Cu Ka-Xay radiation. The measuremenisre

performed at room temperature using the Br&gygntanogeometry.

Single crystal Xray diffraction d#a for CelSC10 and CelSCiere collected at 150 K on a D8
goniostat equipped with a BrukeHOTONHI detector at Beamline 12.2.1 at the Advanced Light
Source (Lawrence Berkeley National Laboratory) using synchrogiciation tuned t@= 0.7288

A. For daa collection, 1s frames were measured in shutterless mode. APEX3 v201#08.0
SAINT v8.38A data collection and processing prograraspectively, were used. The Bruker

Analytical X-ray Instrumentsinc. (Madison, WI) SADABS v2016.2 serampirical absorpbn
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and beam correction program (Sheldrick, UniversityGottingen, Germanyyas used. Using
Olex2,65 the structurevas solved with the ShelXT structure solution program usitnsic

phasing and refined with the ShelXL refinempatkage using leastisares minimization.

Results and Discussion

Visual assessment of hydrogel formation

A wide range of thioglycolipid solutions were evaluated establish concentration
conditions (wt%) under which hydrogelationcurs and to assess the formation of othase$.
Photographs of these hydrogels are showkignire. 2.1c. Brief schematics describing hydrogel
formation are shown ifigure 2.2. Visual assessments of these aqueous solutandifferent
concentration conditions at room temperature ammmarized inTable 2.1. In this table, C
indicates clear solutiodevoid of any perceptible turbidity, O indicates turbid or closalytion,
G indicates gel, G + C indicates a gel that has underggmeresis over time, resulting after

equilibration in eclearfluid layer on top of a gel, and F indicates the presence of fibers.

For LacSC8 and LacSC12 solutions at concentragod$ wt%, the solutions are either
clear (C) or turbid suggestirte presence of large aggregates (O). These solutiongpaotial
hydrogels surrounded by clear solution between 0.5<bLitwt% and are completely gelled at
concentrations of 1 wt%and greater. Solutions of LacSC10<a2 wt% form partialhydrogels

surrounded by clear liquid but are completely ge#ledr above 2t%.
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OH n=6,8,10 OH n=6,8,10

CelSC8 CelSC10 CelSC12 LacSC8 LacSC10 LacSC12
solution hydrogel fibers hydrogel fibers hydrogel hydrogel hydrogel
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Figure 2.1. Molecular structures of (a) alkf-thiocellobiosides and (b) alkyd-
thiolactobiosides, and (c) photographs of CelSC8 solution and gel formation for CelSC10,
CelSC12, LacSC8, LacSC10, and LacSC12.
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Figure 2.2 a) Schematic for preparation of LacSCx hydrogels. b) Schematic for preparatio
CelSCx hydrogels.



aC =clear solution, G + C = gel with clear liquid layer above, G = gel, O = cloudy solution, F = fibrous aggregate.

Table 2.1. Visual assessment of aggregation and gelation behavior of thioglycolipids.

Thioglycolipid (wt%) 0.05 0.1 0.25 0.5 0.75 1 2 5 10
LacSC8 C C C G+C G+C G G G G
LacSC10 G+C G+C G+C G+C G+C G+C G G G
LacSC12 @) O O G+C G+C G G G G
CelSC8 C C C C C C C C C
CelSC10 F F GorF GorF GorF GorF GorF GorF GorF
CelSC12 F F GorF GorF GorF GorF GorF GorF GorF
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CelSC8 solutions remain clear at all concentrations studiben allowed to form at room
temperature, CelSC10 azelSC12 solutions form fibrous structures that settle osbhiftion
after long periods of time or if they are subjecteeMen modest vibrational shock duesymeresis.
However, CelSC10 and CelSC12 solutions can form hydrogels wherdly quenched and
maintained at temperatures20 °C, although after warming to room temperature, these slowly
transform into fibrous structures that settle out over tsnggesting that they are metastable in
the gel stateSubstantial research on metastable LMWGs hasteported, and a universal energy
level description of thissehavior has emergée*t**2upon cooling from the solutiostate,
agueous samples containing amphiphilic gelators cakinggically trapped in a metastable gel
state, which prevents thmolecules from forming crystals. In systems for which thetivation
barrier around the gel state is low, the system can trangfitonthe crystalline state, as has been
observed in many examplesported in literaturé>41147 Indeed, the balance of hydrophitiad
hydrophobic intraand intermolecular interactions is suggedteglay the major role in dictating

metastability *° althoughclear molecular design guidelines are still somewhat elusive.

In the work reported here, the gels from CelSC10 and Cel8€d@nstrate this gab-
crystalline transition behavior indicativé a relatively lowactivation barrier out of the gel state.
Indeed X-ray diffractometry confirms the crystalline nature of thidsers {ide infra). However,
when the barrier is sufficiently higlas is apparently true of the LacSCx gels, systems can be
trappedin the gelstate for longer periods, even indefinitely dependimgthe environmental
conditions of the gel. Further evidence foetastability in the CelSC10 and CelSC12 gels is that
when theyare maintained at % after their formation at this temperatutee hydogels are stable
for over 6 months. The truly intriguiraspect of these observations is that this difference in energy

landscape is conferred on these materials by a changeciortfiguration of only a single hydroxyl
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on the sugar distal to tladkyl chain at C4. In CelSCx, the hydroxyl at C4 in the sugagigatorial
(glucose) whereas in the LacSCx molecules, the hydraixyhe C4 is axial (galactose). This

distinction is discussed greater depth below.

Overall, the minimum thioglycolipid caentration at whiclhydrogelation is observed can
be as low as 0.05 wt% dependogthioglycolipid system. This compares favorably to the typical
concentration for hydrogelation of similar low molecuilaeight systems of at least 1 wt%
commonly reportechitheliterature, although 0.22 wt% is the concentration rang#erein these
thioglycolipid solutions fully hydrogel. The existeneEmetastable hydrogels and the ability to
tune the transformatioof hydrogels into crystals may allow theibtential use as smartaterials
for different applications. Although LacSCx and CelS@are almost identical chemical structure,
the hydrogels fronthem exhibit very different propertieBherefore, the results and discussion of
their properties below arseparated for clarity. The properties of LacSCx (x = 8, 10, 12) hydrogels
are detailed first followed by a discussion of the CelSCx (x = 10, 12) hydrogels and crystalline

materials.
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Thiolactoside hydrogels

Rheological properties.Rheology was employea ttonfirmthe formation of hydrogels as well
as to characterize thiscoelastic properties of these hydrogels. The two paranwdtarerest in
these studies are storage moduluBljdd lossmodulus (@). Materials for which Gi Gnjare
consideredrisceelastic solids, the common behavior for hydrogelgointrast, systems for which
GN§ Gnjare considered viscoelastiquids. The magnitude of Kgs well as the viscoelastic and
mechanical properties of the hydrogels are important paramatetbey didcte the utility of
hydrogels in differenapplications. For instance, hydrogels used as carriersetbate cargo such
as fertilizer should have sufficient mechanistiength to withstand normal handling and storage
without fracturing#° additionally, sheathinning and thixotropichydrogels with proper flow

properties are better candidatesifgpectable therapeutic delivery vehicles.

Frequency sweep and strain sweep experimdsitpure 2.3) were first conducted to
explore the mechanical properties of tleeSCx hydrogels. Frequency sweep experiments were
peformedfrom 0.1 to 100 rad’sat a constant 0.01% shesdrain, and strain sweep experiments
were conducted from.1 to 1000% shear strain at a constant 10 tachgularfrequency. LacSC8
and LacSC12 samples were at 1 wt% concentratiaii,acSC10 wastudied at 2 wt% given that
it requiredhigher concentration for full stable gelation. As showRigure 2.3a, at 25°C, dynamic
frequency sweeps indicate that ttecSC8, LacSC10, and LacSC12 hydrogels exhibit dided
behavior (i.e GNy Gnj that is nvariant with frequency ovéhe entire range of frequencies tested.
Further, LacSC10 andacSC12 hydrogels show large values of storage modul®{&10° Pa
at 25°C. Additional frequency sweep experiments ahndl 10°C were conducted and the results
are shown irFigure 2.4. These studies reveal that all LacSCx hydrogels demonstiddike

properties that are independent of frequencwllatemperatures tested. Moreover, a trend of
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increasing Glyalues as temperatirdecreases is observed for LacSC8 BadSC10 due to
strengthening of the noncovalent interacti@islower temperatures. TheNjalues are also
generally dependewin alkyl chain length with the Igpr LacSC8 less than thédr LacSC10 and
LacSC12, whichare close in value; thesdservations are not surprising, as longer atkyins
areexpected to result in stronger intermolecular interactiotménhydrophobic portion of these

gels.

Figure 2.3b shows the strain sweep results for LacSC8, LacS&id]acSC12 at 25C.
These strain sweeps suggest that Lad$f@xogels are stable viscoelastic solidb§&l Giyemain
constant) when being deformed ky2% strain. This regiomf strain is known as the linear
viscoelastic region, and ihdicates theange wherein oscillatory strain can be appimthout
altering the structure of the material. As the stb@oomes 42%, LacSC10 and LacSC12 hydrogels
becomaunstable and the hydrogels move into the plastic deformaggime. Identification of this
regime is useful for determininthe shear strain limits for thixotromxperiments adescribed

below.

In total, the LacSCx hydrogels demonstrate similar behaarat,the linearity limit and
crossover points are generalhydependent of lipid alkyl tail lertly. Moreover, the mechanical
properties of these hydrogels are qualitatively similathtwse of most LMWGSs reported in
literature. However, theacSCx hydrogels are distinct relative to other LMWGs byréetively
large magnitudes of theirMalues. Tis distinctionallows these gels to hold their shapes in liquids
once moldedThe G\yalues observed for the LacSCx gels at different temperatergiven in

Table 2.2.
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Figure 2.3.a) Frequency sweep experiment, b) Strain sves@eriment of LacSCx(x=8,10,12) hydrogel at 25°C, a
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Figure 2.4. a), c) Strain sweep and b), d) frequency sweep results for 1 wt%
LacSC8 and 2 wt% LacSC10 at a), b) 4 °C and c), d) 10 °C. Strain sweep (e)
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Table 2.2 Storage modulus (5 loss modulus (§ from rheologymeasurements on LacSCx and CelSCx hydrogels.

LacSCx (x = 8, 10, 12)

2 wt% LacSC12

T (°C) 1 wt% LacSC8 2 wt% LacSC10 1 wt% LacSC12
Gj Gt Gj Gt Gij G+ Gj Gt
(Pa) (Pa) (Pa) (Pa) (Pa) (Pa) (Pa) (Pa)
4 1.0x 10 1.0x 16 5.7x 16 9.0 x 1¢ - - - -
10 1.0x 10 2.0x 16 1.8x16 2.1x10 - - - -
25 1.0x 10 5.0x 16 1.3x16 2.0x 10 6.8 x 10 7.0x 10 1.6x16 1.1x1d
37 - - 6.0 x 10 7.0x 16 5.1x 10 3.9x 10 1.4x16 1.1x1d

CelSCx (x = 10, 12)

T (°C) 1 wt% CelSC10 1 wt% CelSC12
4 Gj Gt Gj Gt
(Pa) (Pa) (Pa) (Pa)
10 6.8 x 10 7.0x 16 4.0x 16 2.0x 16
25 - - - -
37 - - - -
4 - - - -
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The LacSCx hydrogels described here exhiblj&@ues up tdl0°% 10° Pa. In contrast to
thesevalues, typical Glyaluesreported for peptiddased supramolecular hydrogels arg¢he
range of 18 10° Pal*® with GNyalues reported for seversiligarbased LMW hydrogels in the
range of 10010° Pa/>100.104120.12%10npsacchariddased hydrogelators withNganging from
1071 10* Pa havébeen reported by Wartg*®while Latxague et al. reported a biopolar glycolipid
basechydrogel that exhibits Byalues as high as 1@a!?*!?’Sekharand coworkers prepared a
series of glycolipicbased LMWGDased on NmethytD-glucamine with branched asymmetrical
and symmetrical octadecyl chain hydrocarbon tails contathidg2 or 3 sites of unsaturation that
exhibited G\yaues rangingrom 2 to 16 Pal%4'*°Ben and coworkers reported hydrogitsm
N-octyl-D-gluonamide that have N§alues in the range dfo*i 10°.86 Yamanaka and coworkers
recently reported severddctose and maltodeased hydrogelators with Npaluesof 10% 10*
Pa% % Thus, the values of igor the LacSCx hydrogels rardmong the highest observed for
LMWGs, suggesting thatjespite their simple chemical structures compared with ctingar

based hydrogelators, the 3D wetks of the LacSChydrogels are unexpectedly strong.

Figure 3.3c shows the strain sweep results for LacSC10 laacSC12 at 37C. The
corresponding frequency sweep informatisrshown inFigure 2.4. Interestingly, the LacSC10
and LacSC1roperties do not change much from those at@5althougha small drop in @]
value for LacSC10 is observed. Amonglajdrogels tested, only LacSC10 and LacSC12 retain
their hydrogelproperties at 37C or higher ¢mperature for more than 24 Further mechanical
strength and stability at 3 can be achievedr LacSC12 at a slightly higher concentration of 2
wt% (seeFigure 2.5). This stability at physiological temperature maktesse materials suitable

for possible applications as biomaterials.
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Thixotropic materiaf®* are desirable when it comesdertain applicationsfdydrogels
in the food industry, cosmeticand biomedical science. In addition, thixotropldWGs have
gained considerable attention for their potentisé¢ in drug delivery and other pharmaceutical
applications.Therefore, to explore further the potehtutility of the LacSC10and LacSC12
materials at physiological temperature, thixotregperiments were performed in which the shear
strain isstepped between 0.01 and 100% to evaluate théealihgproperties of these gels at 37
°C. The results arenewn inFigure 2.6. At 0.01% strain, these gels exhibiNfalues greater than
their Gnjvalues. Upon stepping the strain to 100%, bar@ Gijvalues decrease in magnitude,
with the G\jalues decreasingore than the @jvalues. As a result, thenfwalue becomegreater
than the ®jjalue, indicating the transition to a viscoelabitjaid state at 100% strain. Noteworthy
is that thischange is observed essentially instantaneously (i.e. withiméasurement period of
10 s) for LacSC10. However, fadtrac SC1 2, t hi s de candsfarsGajwith @N§ e s
valuescontinuing to decrease after the strain step indicating thairdeess is more kinetically
limited given the stronger intermolecuiateractions of the longechain length. Upon stepping
the stain back down to 0.01%, both LacSC10 and Lac&{@d@st immediately regain their initial

GNand Ghjpropertiesconfirming that the gels selfeal at a rapid rate.

Although other thixotropic gels are reported tedaturetheir properties vary considerably
in terms ofmolecular structuretheology, and microstructure (fibrous, porous, discs), making
comparison with these LacSC10 and LacSC12 gels diffieldtvever, a common observation
regarding the microstructuief several sugabased thixotropic gel&'?’is that these gels are
generally fibrous, possessing microstructures with specific junamres that hold the gel
structure together. These junctiare the weak points within these gels and break under increased

shear burecover with time when shear is removed. Althougmtieostructures of the LacSC10
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and LacSC12 gels studied here ao fibrous, the intermolecular interactions holding the gels
together are clearly reversible, a property that may be usediloncertain applications requiring

gel flow.

Microstructure of xerogels by electron microscopy.

One of the most unpredictable and perplexing aspects of LMW hydiagetion is the self
assembly process, which is usuastimated from hydrogehicrostructure, because it provides
insight into the intermolecular interactions that lead to formatfahe hydrogel networkreeze
fracture SEM and TEMre the most commonly used approaches for investigatibiydrbgel
microstructure. In this approlaca xerogel of théydrogel is first made by flash freezing the gel
in liquid N2 followed by lyophilization to remove water or solvéhiThe xerogel so drmed can
then be studied with standard SEM arteM. Admittedly, the resulting xerogel structure might
fail to completely represent hydrogel microstructure becauslearfges that occur during the flash
freezing and lyophilizatiorprocesses. However, thepproach is generally acceptedrédlect
hydrogel microstructure and so was used here to retreakural details in xerogels on a scale of
1006s of Hydrogel sampiasnfrom the LacSCx systems and the metasialregels
from CelSC10 and CelSCl&ere investigated. Xerogelnd fibrous structures resulting from
precipitation of themetastable CelSC10 and CelSC12 systems were also anared are

discussed in later sections.

Figure 2.7 show representative SEM images of xerogeldifigrent magnifications from
the LacSCx systems at the widtlicated. These xerogels consist of a layered structutergfled
sheets of thioglycolipid that are strongly suggestif’gheet stacks in whichetthioglycolipids

are packed itamellar structures based on bilayers of thioglycoli@tcolipids are welknown
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to pack in lamellar and curvddmellar structures (e.g. cubic) with their liquid crystallpfeases

existing as the related smectig phag 1°21°° Higher magnification of individual sheetBigure

2.7d and h confirms this structure. Although the size of each sheet varies widely, it is clear that
these sheets can span areas as | arge as 10606s
wavy layersare observed (séggure 3.7d andih) Interestingly, more folds are observed in these
structures in going from LacSC8 to LacSC10 to LacSC12. This observation suggests that
hydrophobidnteractions may drive fold formation, and by extensioay ultimately be the forces

that balance gel formatn andeventual crystallization through the formation of cylindritaérs.

In several images, small amounts of amorphous or crystalin8Cx structures are also
observed at apparently randosites throughout the matrix. These structures clearly do not
contribute to the hydrogel network but may be thioglycolipidg have begun to crystallize out
of the hydrogel. Whether thizccurs within the hydrogel as it exists or during the flasbzing
and lyophilization processes of making the xerogelsnidear; however, the presence of these
structures suggests thhe hydrogel is a metastable state with crystallization possilbleit with

a high barrier based on the stability of these gels.
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Figure 2.7. Scanning electron micrograpbsxerogels at different magnifications from flash
freezing and lyophilizing hydrogels of &) 1 wt% LacSC8, &) h) 2 wt% LacSC10, and )
) 1 wt% LacSC12.
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Although the layered structures of the xerogels are reveal&&Ebl additional details on
asi ze scal e of udsé&ute aseess whether the siricdireshobserved in the SEMs
are, in fact, a tertiary structure composed of smaller secondarypandhry structures of the
thiolactoside monomers. Hence, TBNMAs used on LacSCIrogels, as representative of the
stableLacSCx hydrogels, supported on carbon grids to further investigateanostructure of
these materials. We note that gamples thin enough to be suitable for TEM had to be prepared
using a different protocol timaused for the xerogels studied®¥M. TEM samples were prepared
by depositing a thin film frorhexane which was then allowed to evaporate prior to analyss.
process is substantially different from that used for the Skslges in which theaqueous
hydrogels were flash frozen arglophilized. The possibility thus exists that the resulting
microstructure®f the xerogels studied by TEM differ from thadadied by SEM as the result of

these differences in preparation.

Figure 2.8 shows TEM images acquden the annular dark field mode at relatively low
magnification. In this image, layered structures that are observed in the SEM images are clearly
apparent. At higher magnificatiofrigure 2.8 b and c show TEM images from the LacSC10
xerogel at nm spatiaksolution, with the image iRigure 2.8 acquired in the annular dark field
mode buFigure 2.8cacquired in the secondary electron mode at the same posikayuas 2.8b.

The difference between the two acquisition modes is that the annular darkdidgdrigure 2.8b)
shows structural information throughout the thin film whereas the secondary electron mode

(Figure 2.80) shows structural features only from the surface of the film facing the electron beam.

Figure 2.8b andc both show the presence of pores randomly distributed in the xerogel structure.
Figure 2.80 documents that these pores exist throughout the film. HowEigme 2.8c shows

large regions of what appear to be closely packed lansédliartures on the surfaof the thin film,
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suggestinghat thepores may result from what can be described as a disotuleogdinuous cubic
phase based on lamellar bilayers oftthieglycolipids. Overall, the TEM images do not show any

obvious aggregation pattern of LacSCEydnd layered sheet$ intrinsically lamellar structures.

As a final caveat to the election microscopy results @gan noted that xerogel structures
might not represeritydrogel microstructures due to artifacts caused by drilogethelesshiese
electron microscopy results differ substantidilym the fibrous structures of xerogels observed
for the alkyl thiocellobiose systemwifle infrd and more commonlyeported.These results are
thus intriguing, as the microstructuresmostpreviously studied LMWGs are eithentangled

fibrils or entangled ribba
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Figure 2.8. Transmission electron micrographs from 2 wt% xerogels of LacSC10 at two different magnifications. Scales
each case represent ay®, and b), c) 0.2m. Both a and b were taken under annular dark mode, and ¢ was taken under
secondary electron mode at the same spot as b.
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Gel-to-sol transition temperatures by DSC After visualassessment of gelation properties as a
function of concentratiorand temperature, differential scanning calorimetry (DSC) weasl to
determine the geb-sol phase transition temperaturesre accurately as well as to look for other

potential lyotropiqphases. The results of these studies are summariZedia 2.3.

The gelto-sol phase transition temperatures measured BB can be used as an
additional quantitative indicator dfydrogel stability; DSC further enables determination of the
enthalpy change during this phase transition. In the temperaange from 5 to 858C, within
which water remains liquidan endothermic process is observed for each hydrogel, with the
transition temperature increasing anywhere froi250C for each twecarlon increase in alkyl
chain length. The transitiolemperatures measured with DSC match those obseisedlly in
bulk mixtures. Unsurprisingly, hydrogels made frémoglycolipids with longer carbon chains
have higher thermostabilifg.g. higher phaseansition temperature). LacSC8 dracSC10 gels
require almost identical enthalpies for the-ggeloltransition whereas LacSC12 hydrogels require
twice asmuch enthalpy. This suggests that as alkyl chain lengtbases, greater thermal stability
is confared on the hydrogelsr a nonlinear fashion. Overall, the magnitude of the enthalpy
changes observed is relatively small. This is rationalized byattiehat the hydrogel structure
does not break into free monomarpon gelto-sol transition, but instel the macroscopic
hydrogel structure transforms into nanoscale aggregate umtdution. Such structures retain a
considerable fraction of theydrophobic bonding strength of the lamellar structureshist as

many isolated entities instead ofr@croscopic network.
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Table 2.3. Differential scanning calorimetry results for LacSCx and CelBgtkogelssystemsThe enthalpy required to melt the
hydrogels (transition from solid to liquid) is calculated. Furthermore, this enthalpg»gdsessed in kdiol glycolipids with the
assumption that majority of the heat were taken to change the aggregation of thioglycolipids, which turned out to hgh\sloprisi

Thioglycolipid

Phase Transition Temperature (°C)

Enthalpy

(J/g hydrogel)

Enthalpy

(kJ/mol thioglycolipid)

1% LacSC8 38 0.196 + 0.030 921+141
2% LacSC10 64 0.354 + 0.022 8.83 +£0.54
1% LacSC12 79 0.392 + 0.100 20.7+5.3
1 % CelSC10 37 0.180+ 0.013 8.99+ 0.64
1% CelSC12 a7 0.424+0.063 22.3+3.3
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Prodan fluorescence for lyotropic phase identification.

Further insight into the structure and microenvironmenhes$e thioglycoside systems at
different temperatures and concentrati@ngrovided by fluorescence spectroscopy using the
polarity-sensitive fluorophore, prodan. Work by Karukstis ethak demonstrated that the peak
emission wavelength f@rodan reports on the polarity of its microenvironment, thepebyiding
information about the nature of the amphiplitgregatiot®® The emission maximum shifts to
shorter wavelengthwith increasing order due to a decrease in polarithefenvironment of the
sequestered prodan. The emissiaximum for prodan free in aqueous solution is 525 nm; this
systematically decreases with increasing order through miégl)ahexagonal (H), lamellar (L),
cubic (C), gel (Gel) and crystallingCry) phases. For the various lyotropic phases of octyl
glucoside, the peak emission wavelengths and correspondargdructures were reported as

follows:16°
Structure Cry < Gel < C << L < H < M < Hx0
_prodan(NM) 380 400 410 473 485 490 525

The polaritysensitive property of prodan was used herasgess changes in microenvironment
within these aqueouthioglycolipid mixtures with concentration and temperati8pectra at
representative concentrations for the LacSCx sesea function of temperature are shown in
Figure 2.9. Spectra for alLacS@ concentrations studied are showririgure 2.10, andthose for

LacSC10 and LacSC12 are shown in Figl®d 1 and 3.12espectively

Figure 2.9 reveas several similarities across the three Lac&<x 8, 10, 10) systems.
First, at temperatures lower than the-gesol transition temperature (i.e. 38 for LacSC8, 64

°C for LacSC10, and 79C for LacSC12), a major emission band vadserved with a peak of
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478 491 nm. In interpreting thespectra, it is important to recall that they reflect the spectral
responsdrom the entire hydrogel, including the water phasd the more solitlke phase. Since
the water phase is the mamymponent of these hydrogels, it is reasonable to attributedio
band at 478491 nm to prodan in micellar aggregateshie aqueoushase of the hydrogel as we
have observed faelated thioglycolipids. An additional peak in the wavelengtige of 421428

nm is observed for higher concentratisamples of LacSC8 (seEigure 2.10) and all
concentrationsf LacSC10 and LacSC12 in the mgdel statdseeFigure 2.11andFigure 2.12).

This additionaband is in between the peak wavelengths identified by Kardkstise cubic and
lamellar phases and is attributed her@rtodan that is fully embedded within the thioglycolipid
microstructureof the hydrogels in an environment that resembtaaething between an ordered
cubic phase and a lamellar phds#sed on its peak wavelength. This assignment is wholly
consistent with the conclusion of a disordered bicontinuous qifaise hsed on thioglycolipid
lamellar bilayers from the electranicroscopy studies. Further evidence for these assignments
comes from heating these LacSCx hydrogels above theio-geltransition temperatures wherein
the thiolactosides are in ttsol state whereupon the prodan fluorescence exhibits a dominant

emission peak at 48300 nm assigned to prodan in smallacSCx micellar aggregates.

The prodan peak emissiaravelengths were extracted frahese fluorescence spectra by
band decomposition. All praahfluorescence spectra from the LacXgstemsKigure 2.10-2.12)
canbe fit with only two bands, indicating only twahases, in the temperature range from 5 to 85
°C. The spectrafits for all LacSCx systems are shown kigure 2.13 the peakemission
wavelengths are givein Table 2.4, and the FWHM othe fit peaks inTable 2.5. Based on the
maximumemission wavelengths, these are assigned to disordered bicontnbarEamellar and

micellar phases. Similarly, in analys#fsspectral data éim the LacSC8 and LacSC10 systems up
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to 10 wt% Figures 2.9 and 2.10), only two major lyotropicphases are observed, disordered
bicontinuous cubic/lamellgshase, which is only observed at temperatures below the-gel
transition, and the micellar prgswhich is observed bofbr temperatures below and above the
transition. The behavias generally similar for the LacSC12 system, except foobiservation of

a small band at 520 nm for temperatures alibeegelto-sol transition. Thisadditional band is
assigned tgrodan free in solution and indicates that melting ofitherogel creates a mixed
solution of phasseparated LacSC1sdls that exclude some fraction of the prodan. Despite this
anomaly, the micellar states for all LacSCrgpées are generalltable up to 88C. In total, these
prodanfluorescencespectra support the conclusions based on electron microstepyogels of

disordered bicontinuous cubic structures bamsethmellar bilayers in hydrogels of LacSCx.
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Table 2.4 Emission maxima indicative of different lyotropic phases for LacSCx from spe
fitting of prodan fluorescence spectra at room temperature and at a temperature above

to-sol transition.

LacSCx T=25°C T>T8

a1 (nm) & (Nm) a1 (nm) & (M)
LacSC8 - 484 500 -
LacSC10 428 478 493 -
LacSC12 421 491 487 520

4Ty is getto-sol transition temperature. Measurement temperatures for

LacSC8 and LacSC10: 7&, for LacSC12 85C.

Table 2.5.Spectral fitting of prodan fluorescence spectra for LacSCx at the lowest
concentrations that fully hydrogel.

Gel State (25C) Sol State (75C)
Thioglycolipid | a8 (FWHM) in | &2 (FWHM) in nm| & (FWHM) in nm | & (FWHM) in nm
nm
LacSC8 - 484 (91) 500(80) -
LacSC10 428 (38) 478 (90) 493 (78) -
LacSC12 421 (31) 491(80) 487 (56)* 520 (73)*

*Experiment conducted at 85°C.
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Figure 2.9. Steadystate fluorescence spectra from prodaped LacSCx hydrogels at representatireperatures: a) 1 wt%
LacSC8, b) 2 wt% LacSC10, and c) 1 wt% LacSC12.
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Figure 2.10. Prodan fluorescence spectra for hydrogels of a) 1 wt%, b) 5 wt%, and c) 10 wt% LacSC8 as a f
of temperature.
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Figure 2.12.Prodan fluorescence spectra for hydrogels of a) 1 wt%, b) 5 wt%, and c) 10 wt% LacSC12 as a fur

temperature.
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Figure 2.13.Prodan fluorescence specta and fits to pure Gaussian lineshapes for hydrogels from a
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Estimated phase diagrams for LacSCx systems

Combiningthe results gleaned from the collective settatles described above, phase
diagrams were estimated for each of the LacSCx systems. These are shkagurdar2.14. The
phase boundariyines in each ase serve only as guides to the eye based on experimentally

determined data points shown by the colored symbols.

Typical phase diagrams of amphiphilgolecules or surfactanisclude mainly three
regions: solid, monomers and micelles. Hoéid phase uglly lies in the low temperature/high
concentratiomange and represents the concentration and temperatureviaemgen the surfactant
is not soluble in the solvent and eitipliase separates or precipitates. The monomer region usually
lies inthe low comentration range across all temperatures. In this rahgencentration and
temperature, the surfactant molecules sokeible in the solvent but not at concentrations high
enough tadrive aggregation and micelle formatidfor concentrations abovkee critical micelle
concentration (CMC), surfactants beginaggregate into different lyotropic phases in solution
dependingon temperature. The phase diagrams estimated here can be undergicsichilar
logic. The hydrogel network is viewed as a s@lise in which the thioglycolipids extensively
aggregate. FdracSCx (x = 8, 10, 12), this is a viscoelastic solid comprisedaaioscopic sheets
of a disordered bicontinuous cubic phastaaofellar bilayers in which the molecules are not in the
crystallinestate but are highly organized. This hydrogel region lies in theédowerature range
but doesndét exi st teetmpleavataarec @ mtcrraetaisoerss,. tAse
micellar orsol stateThis getto-sol transition is where the tempinae exceedthe solubility line
with formation of either monomers, micelles, phase separated regions. Because the
concentrations studied hegeesatly exceed the CMC values, we observe only lyotropic phases in

the LacSCx systems.
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Thiocellobioside hydrogels

As noted above, thiocellobiosides form metastable hydraggelsell as fiborous sample§able
2.6 summarizes the visuabservations of the CelSCx (x = 10, 12) samples aftere2quitibration
at different temperatures. When a mild vibratiqraturbation ispplied to the CelSCx hydrogels,
they slowlytransform into fibrous crystals. However, without perturbatiba, CelSC12 fibrous

hydrogel remains somewhat stable eveBs4C.

Generally, when the CelSCx materials are in the metadtghlie@gel state, theexhibit
characteristics and properties similarthose of the LacSCx (x = 8, 10, 12) hydrogels. However,
due totheir instability at temperatures of 26 and greater, rheologyas performed only at %
at which the CelSCx hydrogels astable. Theseesults are shown iRigure 2.15. The lower
stability ofthe CelSC10 and CelSC12 hydrogels is confirmed by the lowgalGes ¢10* Pa)
observed compared to those of the LacS@id) LacSC12 hydrogels10° Pa). This behavior is
interestinggiven theequivalent alkyl chain lengths with only subtle differenaeschemical

structure.

Figures 2.16ad show SEM images of xerogels formed from timeetastable
thiocellobioside hydrogels. CelSCx hydrogptsssess the folded sheet microstructure similar to
that d the LacSCx hydrogelgFigures 2.16b and g) with small inclusions of amorphous or
crystalline aggregates. At higher magnificatiBigure 2.16b suggests similar porous nature of
the sheet asbserved in the TEM images from the LacS@¢@rogels Figure 2.8). SEM images
taken on the metastable CelSCx hydroggihples suggest similar aggregation behavior in the

CelSCxand LacSCx systems; this is generally unsurprising in ligtiteaf structural similarities.
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Table 2.6. Visual observation of CelSC10 and CelSC12 samples at different temperature
after equilibration for 24 h.

CelSC10 CelSC12
Without perturbation 2 | With perturbation | Without perturbation With
perturbation
GP F G F
F F G F
F F G F
F F F F
S S S S

aThe perturbation applied is a mild vibrational shd& = gel; F = fibrous aggregate, S = so
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Figure 2.16. Scanning electron micrographs at different magnification of xerogels from fla:
freezing and lyophilizing hydrogels of &) 1.5 wt% CelSC10, d)d) 1 wt% CelSC12, €) h)
1 wt% CelSC10 fibers, andK) 1 wt% CelSC12 fibers.
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DSCanalysis of CelSC10 and CelSC12 hydrogels (Tal8gindicates a lower tolerance
to melting than the LacSChydrogels of similar alkyl chain length, with phase transition
temperatures of 37 and AZ for CelSC10 and CelSCl2spectively, compared withrtgeratures
of 64 and 79C for the corresponding LacSCx systems. Despite these lower plhasdions
temperatures, however, no significant differencenthalpy is noted for the CelS@elto-sol

transitions than fothe LacSCx geto-sol transitions.

Prodan fluorescence was also employed to understarafjtiregation of CelSCx. These
spectra arshown inFigures 2.17 and2.18 with the spectral fits shown igures 2.19and2.20.
As noted above, CelSC10 hydrogels turn into fibrous aggregegadily atand above room
temperature, although fluorescence spectrosobplie metastable CelSC10 hydrogels could be
performedat temperatures 15 °C. At the warmest temperature at whible CelSC10 hydrogels
could be maintained~(5 °C), prodanfluoresence in the CelSC10 hydrogel exhibits a major
emissionband at 486 nm, similar to that observed for the Lad$fixogels. As above, this band
is assigned to prodan in miceliructures in the agueous phase of the hydrogel. These metastable
hydrogels hag a weak band at 436 nm similartb@t observed for the LacsSCx gels assigned to
a disorderedbicontinuous cubic phase based on lamellar bilayers. In coqgradgn fluorescence
spectroscopy from the CelSC1ibrous state at temperatures below ¢etto-sol transitionare
dominated bythe emission band at 436 nm with onlgraall shoulder at 486 nifrigure 2.17).

The peak at 436 nm @&ssigned to prodan located within the fibers.
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Figure 2.17.Prodan fluorescence spectra for aqueougisolsiof CelSC10 at concentrations ¢
a) 0.25 wt%, b) 1 wt%, c) 5 wt%, and d)10 wt% as a function of temperature.
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Figure 2.18 Prodan fluorescence spectos aqueous solutions of CelSC12 at concentrations of a) 1 wt%, b) Sawt

c) 10 wt% as a function of temperature.
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Figure 2.19. Prodan fluorescence specta and fits to pure Gaussian lineshapes for 1 wt% CelSC10 in a) hydrogel state at 15 °C, b
state at 25 °C, and c) solution state at 75 °C. Raw spdatahbre black lines, spectral fits are red dashed lines and blue dot dash lines for

systems with multiple bands.
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The hydrogel state for CelSC12 behaves somewhat differe@ghsC12 hydrogels are
relatively stable, cloudier, ang@main as metastable hydrogels to°85for at least 24 h ihot
subjected to anyibrational perturbationTable 2.6). Prodan fluorescence spectroscopy was
performed on these hydrogelBidures 2.17-2.20), and at temperatures below the-tgeol
transition, the spectra are dominated by a peak at 492 nm, simiMratois observed for the
LacSCx hydrogelsTables 2.5 and2.7). This similarity supports the assertion that the CelSC12

hydrogels aggregate similarly to the LacSC12 hydrogels.

At temperatures above the geltsol transition, both th€elSC10 and CelSC1®/stems
behave identically to the LacS@xaterials in that a major peak is observed ai 489 nm that is
assigned to the micellar or sol phase with a smaller pee20a525 nm that is assigned to prodan
free in solution. In briefas long as the CelSCxaterials remain in the metastablgdrogel state,
they exhibit properties similar to the LacSBydrogels, possessing identical microstructure and

aggregatiorpatterns but with weaker mechanical properties and ltverance to heat.

Further insight intahe microstructure of the fibrous CelS€xmples is provided by SEM.
Figures 2.164 k shows SEM images of the fibrous samples from CelSC10 and CelSC12. These
materials primarily consist of fibrils that resemble crystals with a snzfiount of layered
structures observdgrigures 2.16f andj). Thepresence of small amounts of the layered structure
is consistentvith the prodan fluorescence results that indicate restagdrogel that has yet to
crystallize into fibers. This may explawhy the fibers can retain theshape after transitioning
out of the hydrogel structure even when placed upside down. Comparison of tlseeoSHM
hydrogels Figures 2.16ad) and fibrous systemsFigures 2.166 k) reveals that the
microstructure can be mediverse consistent with the idea that the gelatmocess is metastable,

representing a
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Table 2.7. Spectral fitting of

prodan fluorescence spectra for 1 wt% CelSCx samp

Thioglycolipid | Hydrogel FibrousState Sol State (75 °C)
State (15 (25 °C forCelSC10/
°C) 45 °C for CelSC12)
& ( FW| & (FWHM) o a1 (FWHM) 2
in nm in nm (FWHM) in nm (FWHM)
in nm in nm
CelSC10 486 (95) 436 (45) 486 (71) 495 (61) 520 (83)
CelSC12 492 (78) 436 (49) 492 (77) 489 (58) 525 (84)
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competition betweeraggregation into a lamellar hydrogel network and crystallizaitibm a

fibrous morphology.

To ascertain whether the fibers that form from the gel sta@andeed crystalline, both
powder Xray diffraction andsynchrotroAbased singlecrystal Xray crystallography were
performed on fibers crystallized and harvested directly fg@hsamples. These fibers were not
subjected to any dryingrocess prior to their XRD analysis. The powdera) diffractionresults
are showrnn Figure 2.21for 1 wt% CelSC10 and CelSC12. The multitude of sharp peaks in the
2d data are clearly indicat i-wagcrystdllogaphyostheseé | i ne
very fine fibers was performed using synchrotron afdn at the Advanced Light Sourdbe
experimental of the single crystalray diffraction are described as flowing atietse data are

summarized below with crystal structures showRigures 2.22and2.23.

Single Crystal X-Ray Diffraction
Crystals of CelSC10 and CelSC12 were grown from aqueous solutions. CelSC10 and CelSC12
were first dissolved in water at a concentration of 2 wt% in a hot bath at 75 °C. Once fully dissolved,

these CelSCx solutions were place in a 45 °C sand bath fosta?ldays to allow crystal growth.

Crystal Data for CelSC10 (C22H46012S) (M = 534.65 g/mmabnoclinic, space group P21 (no.

4) , a = 16.7335(18) i b = 4.8136(5) i c = 3
4, T = 150 K1, Dcat == 01..139203 ngmd c m3, 61061 reflecti
55.032°), 11006 unique (Rint = 0.1814, Rsigma = 0.1587) which were used in all calculations. The

final R1 was O0.0856 (I > 20 (Flgore223nd wR2 was O
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Crystal Data for C&5C12 (C24H50012S) (M = 562.70 g/mat)onoclinic, space group P21 (no.

4) , a = 16.720(2) i, b = 4.8154(6) |, c¢c = 35.
T = 150 K, -k, =D®all8&2=mm. 306 g/ cm3, 63605 refl
54.918°), 11712 unique (Rint =0.2872, Rsigma = 0.2351) which were used in all calculations. The

final R1 was 0.0872 (I > 20(Flggre223nd wR2 was 0

These structureshow that CelSCx crystals degyered with the sugar headgroups in rows
of headto-headorientation along the outside of interdigitated alkyl tails, sintdawhat has been
observed previously for crystalline and liquidystalline alkyl glycolipid strumires!>2161166 Of
note is that theCelSCx materials crystallize out as the dihydrates from tHésge solutions
wherein the water molecules play a significaole in stabilizéion of the structure through
hydrogen bonding?revious work has shown that oet¥D-glucopyranoside carrystallize as the
mono or hemihydraté®® but we have foundho evidence of dihydrates of alkyl glycolipid
crystalline materialseported in the literature. Although this molecular packiagtern in the
single crystals does not necessarily represerdadhjeegation pattern of molecules in the ogpbl
structures, idoes provide some possible insight into the different propetidse two types of
hydrogel systems observed here. Mgpecifically, the crystal structures of the CelSCx materials
allow consideration of what interactions migbvide their lowebarrier to crystallization. Indeed,
previous work on the lyotropjghases of the inked systems di-GlcC8 andh-GalC8 hashown
differences in crystalline lamellar phase structurgaimg from Glc to Gal; a smaller layer spacing
by 4 A wasobserved for crystalline-GalC8 compared with crystallifieGlcC8 and was attributed
to greater interdigitation of the chairend consequently stronger interchain hydrophobic
interactionsin the disaccharidbased CelSCx and LacSCx systems stlidége, it seems unlikely

that a significant difference in interchapacing occurs. However, careful analysis of the CelSCx
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crystal structures reveals the presence of a critical bridging hydrbgeding configuration
between the C4 equatorial hydroxyl thedistal Glc of the Cel headgroup with an integral water
of thecrystal structure. In the corresponding LacSCx systems, thecaxifijuration of the C4
hydroxyl would disallow this hydrogemonding interaction. We speculate that this difference in
configuration of the C4 hydroxyl in Cel results in a critical stabilizihgdrogen bond that
decreases the barrier out of the metasthptirogel state for the CelSCx systems but not the
LacSCx systemsThus, the CelSCx systems more rapidly convert to themresponding

crystalline phases while the LacSCx systems remnapped in the gel state.

Using the data in hand for the CelSCx (x = 8, 10,rdjerials, phase diagrams for each
system were estimateshd are shown iRigure 2.24. Again, it is importantd note thathe phase
boundary lines are only used as guides to thévaged on experimentally determined data points
shown by theolored symbols. These phase diagrams exhibit substsiniddrity to those for the
LacSCx systems. At temperatuadsvethe gelto-sol transition, the micellar state dominatest
CelSC8, this is the only phase observed at all temperadtudiged. In contrast to the LacSCx
systems, however, two statedst for the CelSC10 and CelSC12 systems belowdhbility line;
these are hydrogel and fibrous crystalline state, with begiiesenting a different form of
aggregation out of aqueosslution. At low temperatures, the CelSC10 and CelS@/tl2ogels
can be stable for weeks if not months. Howevertdmperatures abovel5 °C for CelSC10 and
~25°C for CelSC12 up to the geb-sol transition temperature, thasgdrogels slowly crystallize

into fibers in a few days, indicatintbat the hydrogels are metastable.

107



300000
160000 -
| CelSC10 a - CelSC12 b
140000 - 250000 4
120000 -
| 200000 4
2 100000 - =
w w
3 | & 150000
£ 80000 £ .
60000 -
| 100000 -
40000 -
20000 ] 50000 -
0- A_l_,l.._ N 0 ‘JUM' N Aae
5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90
20 20

Figure 2.21. Powder xray diffraction from fibers of a) CelSC10 and b) CelSC12.
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Figure 2.22 a) Displacement ellipsoid representation of CelSC10, and b) crystal packing in CelSC10.
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Figure 2.23. a) Displacement ellipsoid representatiolCefSC12, and b) crystal packing in CelSC12.
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Conclusions

LMWGs have attracted considerable interest in the mateaafsnunity, and many studies have
focused on utilizing sugarontaining LMWGs for various applications. We have synthegized
classes of disaccharidmsed thioglycolipids hydrogeladcharacterized their physical properties.
LacSC8, LacSC10, andacSC12 form stable hydrogels at room temperature; the Lac&@il0
LacSC12 hydrogels are stable to 64 an@@9respectivelymaking them potentially of interest
for biomaterials applicatian CelSC10 and CelSC12 form metastable hydrogels withiogsd!
transition temperatures of 31 and %2, respectively, but they aamnly metastable and slowly
transform into crystalline fibers aom temperature. However, CelSC10 and CelSC12 hydrogels
do remain stable for more than 6 months when kept %.Rheology demonstrates that the
LacSCx hydrogels exhibit excellemtechanical properties with storage moduli up to almo$t 10
Pa. In addition, thixotropic characteristics are exhibited by #wSC10and LacSC12 hydrogels.
SEM and TEM images aferogels of these hydrogels reveal a microstructure comprisad of
layered 3D network that appears to be made of a disord@&eatinuous cubic phase of lamellar
bilayers. Fluorescencspectroscopy of thanicroenvironmentsensitive dye prodan islso
consistent with this microstructure. Not only are thdsalrogelators synthesized in a
straightforward, cosgffective, highyield process, thesmaterials represent a new class of sugar
based.MWGs that possess HigaNyith intriguing microstructures thatiggest their potential use

in a myriad of applications. The linear(1d34) linkage in the Lac and Cel headgroups confer

uniquestructural efficiencies in the molecular assembly processrtiggt be furtheexploited in

identifying other glycosylatedmphiphiles that behave as low molecular weight hydrogelators
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This chapter is based on theublished paper:

Wang, Y:C.; Kegel, L. L.; Knoff, D. S.; Deodhar, B. S.; Astashkin, A. V.; Kim, M.; Pemberton,
J. E.Layered Supramolecular Hydrogels from Thioglycosidedlater. Chem. R022 10 (20),

3861 3875. https://doi.org/10.1039/D2TB00037G.
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CHAPTER3: b GALACTOSIDASE RESPONSIVE

SUPRAMOLECULAR HYDROGELS AS POTENTILA

BIOMATERIAL AND DRUG DELIVERY SYSTEM: DRUG

RELEASE AND DEGREDATION STUDYIN VITRO

Hydrogels are thredimensional networks that immobilize relatively large amounts of
water, and therefore, attacroscopically like solid materials. Depending on the hydrogel network,
these materials are classified as polymeric or physical gels. Polymeric gels are held together by
covalent bonding; in contrast, physical gels are held by noncovalent interactibras syarogen
bonding, van deri nWealaxtfiommse, t'he hydrophobic
abundantly in nature; for example, gelatin and collagen have attracted considerable attention for
use in cosmetic, environmental, biomedical lmapions, etc1®16716° | ow molecular weight
hydrogels (LMWGSs), however, have only attracted interest relatively recéhtBompared to
polymeric gels, LMWGs are generally more biocompatible depending on the chemical nature of
the gelator and the hydrogel fabrication procé$soreover, the gelation of LMWGs is usually
reversible in contrast to the irreversible nature of most polymeric gels, providing additional
flexibility for real applicationg#>117.118eing biocompatible soft materials, LMWGSs are potent
candidates foBD cell culture'’* controlled drug delivery system& optical devicei!® etc!”
Therefore, much effort has been dedicated to the design and synthesis of LMWGs that are
environmentally responsive to stimuli such asrasounct’ electric and magnetic fiefd?
pH,1® " "heat'"8light,”® chemicaf'®® or enzyme®°’ Thus, these systems have potential as smart

materials for a broad range of applicatidHse*
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In chapter2, we reported a series of hydrogels made freatkyl thioglycolipids!®?

These hydrogels are biocompatible, biodegradable, thixotropic, scalable, and possess a unique
layered structure and unexpectedly strong mechanical prop&tiegstimated phase diagrams

of these materials are shownRigures 2.14and?2.24.

Among the thioglycolipids from which we have formed gelsdegytb-1-thio-D-
lactopyranoside (LacSC10) anddndecytb-1-thio-D-lactopyranoside (LacSC12) exhibit the
most desirable properties fdurther application.The chemical structures of LacSC10 and
LacSC12 are shown figure 3.1 These gels are stable to 67 and 78ré&8pectively, and remain
in the hydrogel state f613 weeks when properly stored (i.e. sealed environment to prevent drying
out, room temperature). More importantly, these hydrogels are made of glycolipids which are

potentially degraded by glycosidase emeg for control of cargo release.

The goals of the work reported here are severalfold. First, we document the stability of
these gels in pristine agueous buffer environments at different pH. Additionally, doxorubicin
(DOX), a common model drug, anec@rboxyfluorescein (6FAM), a molecule that is known to be
lipophobic, are incorporated into these gels and used as fluoresjperiers of cargo capacity and
release. Rheology studies including frequency sweep experiments and amplitude sweep
experiments on the gel materials loaded with these cargo molecules were undertaken to document
changes in mechanical properties of the loageld compared with the pristine gels. Hydrogel
microstructure was assessed using scanning electron microscopy (SEM) to assess any significnat
changes induced by the presence of cardgonally, the triggered release of cargo by the
gl ycosi da s dactasidaseywae exflored as motivated by previous work on aromatic
lactosec ont ai ni ng hydrogels by Akama that showed

galactosidas®®” a glycosidase that is detected at relatively high levels in senescernttfts
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Indeed, many studies have reported facilitated drug delivery systems based on this specific
biomarker, as the amount of this enzyme is significantly higher in damaged or diseased tissue than

in normal hekhy tissue!83186189

In total, the studies reported here demonstrate that LacSC10 and LacSC12 hydrogels are
strong candidates for potential usecontrolled or triggeredrelease biomedical, cosmetic, or

environmental applications.

OH
? o OH

a HO o/TS;:A/S/\V/\\/\\/«\/A\/A\
on HO OH
OH

b OO OH

HO O/jééii/s/\\/\\/«\/A\/A\

on HO OH

Figure 3.1 Chemical structure of a) LacSEZM) LacSCD

Experimental

Materials.

Doxorubicinhydrochloride was purchased fraicl America(>95%).6-Carboxyfluoresceinvas

purchased fronThermo Scientifiq(99%). Sodium chloridg>99%) was purchased frofisher

Chemical Potassium chloridé>99%)was purchased frofisher ChemicaDisodium phosphate

(>99%) was purchased from Sigma Aldridhonopotassium phosphafe99%) was purchased

from Sigma Aldrich.b g a | a cftom &Kluydesomyees lactisvas purchased from Sigma

Aldrich. Purified O ( >18 Mq r esi st i viictcarborg was obtaBedpginpa t ot a
Waters Mill-Q UV Plus purification system (Millipore Corp)209.999%) was purchased from

University of Arizona Cryogenics & Gas Facility.
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Buffers. pH 7.4 buffer was prepared as follows: NaCl (137 mmgj),8Cl (2.7mmol , 0.29),
NaHPQ; (10 mmol, 1.42 g), and KiPQs (1.8 mmol, 0.24 g) were added to & beaker with
around 900mL of Milli-Q water. The pH of the solution was then adjusted to 7.4, indicated by a
pH meter, using HCI or NaOH, and this solution is thamdferred to a L volumetric flask.
Lastly, adequate amount dfilli-Q water was added to the volumetric flask to make the final

solution 1L.

pH 10 buffer was prepared as follows: Glycine (80 mmol, 6.01g) and NaOH (51.25 mmol,
2.05 g) were added to allbeaker with around 90@L of Milli-Q water. The pH of the solution
was then adjusted to 10, indicated by a pH meter, using HCI or NaOH, and this solution is then
transferred to a IL volumetric flask. Lastly, adequate amount\ifli-Q water was added tbe

volumetric flask to make the final solutior._1

pH 2 buffer was prepared as follows: KCI (100 mmol, @#&and 0.02 mL of M HCI
(20 mmol) were added to allbeaker with around 906L of Milli -Q water. The pH of the
solution was then adjusted2pindicated by a pH meter, using HCI or NaOH, and this solution is
then transferred to allvolumetric flask. Lastly, adequate amountifli -Q water was added to

the volumetric flask to make the final solutioh. 1

Hydrogels sample preparation Aqueous solutions of the thioglycolipids were prepared by
weighing 23 mg of LacSC10 or LacSC12 in vials and adding an appropriate volume of water to
malke the desired concentration for the hydrogel. The vials were capped and sealed with Parafilm.
The LacSC10 mixture was heated to 75 °C, or to 85 °C for LacSC12, until the thiolactosides were
completely dissolved (~1 min); then, the mixtures were allowenbod to ambient temperature.
Above some minimal concentration, the resulting solutions form hydrogels spontaneously as they

cool. Although hydrogelation occurs in <1 min, the gels were allowed to equilibrate at room
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temperature for 15 min before analysia.similar protocol was used for preparation of cargo
loaded hydrogels with aqueous buffer solutions of DOX (1 mg/mL) or 6FAM (1 mg/mL) added to

the thioglycolipid powder instead of pure buffer.

Hydrogel Stability Studies. A volume of ~800 pL of aqueousacSC10 (1 wt% at 75 °C) or
LacSC12 (2 wt% at 85 °C) solution was used to fill cylindrical Teflon molds sitting in glass
crystallizing dishes; upon cooling to room temperature at which stable hydrogels were formed, the
gel pellets were dislodged from thelas by knocking the dish gently; after removing the Teflon
molds, freestanding cylinders of hydrogels remained in the dish. 20 mL of buffer solution (pH
2.0, 7.4, or 10) was then added to the dish to completely cover the hydrogel disks. The dishes
werethen stored at room temperature in a closed, sealed container with an ambient air environment
of 100% relative humidity to ensure minimal evaporation of the buffer solution. The buffer
solution in each dish was replaced with fregiigpared solution easheek and the dish returned

to the controlled environment. Hydrogel stability was assessed visually by monitoring size and

volume loss of the bulk hydrogel.

Scanning Electron Microscopy.Scanning electron microscopy (SEM) was performed on an FEI
Inspect SSEM equipped with a tungsten filament and a secondary electron detector for standard
imaging. Xerogel samples of the hydrogels for SEM analysis were formed by first heating the
mixture to the solution state and then pipetting an aliquot onto an SEM sstoipld he stub was
allowed to cool at room temperature for 15 min for hydrogelation, after which the samples were
flash-frozen by immersion in liquid nitrogen followed by lyophilization of the resulting frozen
solid to yield the corresponding xerogel. Séspvere gold coated prior to SEM characterization

to reduce sample charging.
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Rheometry. The viscoelastic mechanical properties of the hydrogels were characterized using
small amplitude oscillatory shear rheology on a Discovery Hybrid Rheometer 2 (TAnhestis,

USA) with a sandblasted 20 mm ceamdplate geometry at a 1° angle and a sandblasted stage.
Inertia, friction, and rotational mapping calibrations were performed prior to each experiment. A
Peltier temperatureontrolled stage was maintained at°87for all rheology testing. Hydrogels

were heated in a water bath above their transition temperature for 5 min, then transferred to the
stage before the geometry was lowered quickig €) to the testing gap height of 50 um. Excess

gel was trimmed fronthe edges of the assembly. To control evaporation, the assembly was
encased in a solvent trap with a water seal, and a mineral oil barrier was placed around the edges
of the trap. Hydrogels were allowed to form and relax for 1 h prior to experimentatiam S
sweeps were performed from 0.01 to 1000% shear strain at a constant 10 rad/s angular frequency.
GNj and GNJNj values were determined by averagin
the strain sweep. Frequency sweeps were performed fi@t®.100 rad/s at a constant 0.01%

shear strain.

Cargo Release Studied mL of DOX-loaded or 6FAMoaded hydrogel was made in a vial using

the methods described above. The vial was then transferred to a 37 °C sand bath, covered in
aluminum foil, and eqlibrated for 15 min. Then, 2 mL of PBS buffer solution (equilibrated at 37

°C) was added to the vial. To quantify the amount of DOX or 6FAM released at different times, 1
mL of the PBS buffer supernatant was removed for fluorescence spectroscopy, aind ftasih

PBS buffer was added back to the vial. Stesidye fluorescence spectroscopy was performed on

a Photon Technologies, Inc. (PTI), Quanta Master 40 spectrofluorometer with the sample in a 10
mm-path rectangular fluorescence cell (Starna cB)X fluorescence was excited at 486,nm

with emission monitored at thenax of 590 nm*® DOX concentration was determined from a
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calibration curve6FAM fluorescence was excited at 494 nm and emssi@s monitored at the

_max 0f 520 nm*®1 6FAM concentration was similarly determined from a calibration cixeeed

thata separate calibration line isniructed foreach measuremeat different time point so that

errors wereminimized.For car go r el ease s-paadasidase, a smilar he p i

protocol was us e dcomainindiPBS buffer splatibnareplbcing PB& busfes.

Resuts and Discussion

Hydrogel Stability in Aqueous Media of Different pH. Hydrogel stability is a critical metric

that differs for different applications. Therefore, developing an understanding of hydrogel stability
is essential in evaluating tlsaitability of a given hydrogel for a given application. Some LMWGs

are known to be stable only for a short period of time. For example, guahased
supramolecular hydrogels are known to have poor longevity and the need for excess cations to
form and $abilize the gel$?? Other hydrogelators are known to only form thermostable
supramolecular hydrogels that can be rendered unstable depending on pH. Although this property
might limit their utilization in some applications, in other cases, such lability is prefermred fo
applications like drug deliverd?> Here, we examine the stability of cylindrical disk41-12 mm

dia) of LacSC10 and LacSC12 hydrogels submersed in aqueous enviroohugffiésent pH with

time for up to three weeks.

Figure 3.2a shows photographs of LacSC10 hydrogels incubated in.@H 2, and 1@ buffers

at different time points over the course of 21 ddysgure 3.2b shows the corresponding
photographs for LacSC12ydrogels. Despite the known lability of glycosidic linkages in dilute
acid®*these LacSC10 and LacSC12 hydrogel disks show no visible changes in volume over this
time course in any of these aqueous media. This stability is interpreted to indicate that the majority

of the glycosidic bonds are sequestered in ttgelg hydrophobic pocket of the hydrogel network,
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and thus, are not directly exposed to the aqueous environments in which they might be expected
to readily degrade. More interestingly, the hydrophobic environment of the hydrogel network
appears to be so leesive that the network remains largely intactafileast several weeks. Based

on these results, we conclude that these hydrogels are generally robust divéthmghich might

make them useful in applications that require exposure to environmentatofely extreme pH.
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Figure 3.2. Stability of pristine a) LacSC10 and b) LacSC12 hydrogel samples in aqueous media @f ¥, 2and 1@ over 21
daysat room temperatur&ach demarcation line in the scale bar in the photographs represents 1 mm.
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Cargo Loading Capacity. The excellent stability and mechanical streftjtof the LacSC10 and
LacSC12 hydrogels render these materials potentially useful for many applications areas including
environmental sensing, agriculture, personal care products and cosmetics, and drug delivery
systems. For all such applications, the hydrogalst carry molecular cargo; thus, the loading
capacity of these hydrogels for molecules of different chemical natures must be investigated to
further define this potential utility. Specifically, we chose here to explore the possibility of using

these mateals in drug delivery applications.

Loading methods for incorporation of small molecule drugs for drug delivery systems are
variable!®® For example, in liposomal drug delivery systems, drugs are commonly mixed with
ingredients that will later form liposomes, after which the liposomes are isolated from the drug
containing loading environmeht® In contrast, drugs are commonly loaded into polymeric gels by
immersion é the gel into a drugontaining solutiort®”1°® Once the gel swells and takes up as
much as it can, the excess liquid is removed from the system, leaving tHeahtad gels. In most
loading methods, an excess of drug is used to ensure maximal incorporation. Thus, the

encapsulation efficiency becomas important consideration.

Nonetheless, no standard drug loading method exists for drug carriers, although simple drug
loading processes are preferred as long as the drugs can be loaded as intended. In the work reported
here, the drug loading method useds to simply dissolve the drugs into the aqueous medium

from which the LMWG is fabricated; this is similar to many other studies of LMWGs for drug
release applicatiorf§%2% For hydrogels that form in drugpntaining aqueous media without
syneresis, encapsulation efficiency is usually assumed to be 100%. However, an upper boundary
of drug loading exists as limitdaly either the solubility of the drug in aqueous media or by the

inability of the hydrogel to form, which is more commonly observed. Drug carriers of LMWGs
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loaded in this way retain the incorporated drugs throughcoealent interactions between the
hydrogel matrix and the drug. In this work, understanding the nature of the interactions between
the drug and the layered structure formed in LacSC10 and LacSC12 hydrogels are key to assessing

the drug loaetelease behavior.

Toward this end, two drug models wedentified for study gtructures shown ifigure 3.3): a
well-known anticancer drug, doxorubicin (DOX), and a fluorescent dye commonly used in
biological systems,-8arboxyfluorescein (6FAM). DOX has been used as a model drug in many
studies of drug delery systems. Although DOX is water soluble, its molecular structure possesses
a large nonpolar moiety with relatively small portions of polar functional groups. Therefore, we
hypothesize that it may interact with the hydrophobic layers of the LacSCHe8CI12 hydrogel
structures, and exhibit release behavior that is slower than simple diffusion through the aqueous
portions of the hydrogels. In contrast, 6FAM is known to not interact with the hydrophobic
portions of hydrogel but instead, to remain dissdlwithin their aqueous portioA%thus, it was
chosen hex to serve as a control for comparison to DOX in drug release studies. These molecules
were also chosen based on their known spectral compatibility with sensitive and quantitative
fluorescence spectroscopy for monitoring of uptake and release and th@ugnese in similar

studies of potential drug delivery materi&f$ 294

The cargo loading capacities of 2 wt% LacSC10 and 1 wt% LacSC12, the nominal minimal
concentrations that fully gelled, were tested by varying the DOX concentrations in the aqueous
solutions used to fabricate the hydrogels. We found thay dverl. of 2 wt% LacSC10 hydrogel

can readily accommodate DOX in the range of i@ 1 mg. At the highest concentration studied

of ~2 mM (~0.1 wt%) DOX in the gel, corresponding to a mole ratio of ~22:1 LacSC10:DOX, the

LacSC10 still forms a hydrogel.r8ilarly, 1 mL of 1 wt% LacSC12 can also readily accommodate
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DOX within the range of 10@g to 1 mg, with the maximum concentration corresponding to a
mole ratio of ~10:1 LacSC12:DOX. However, beyond this point (i.e. >1.1 mg/mL DOX), LacSC12
loses its abity to incorporate more DOX, suggesting that a mole ratio betwee?0:10
LacSCx:DOX is close to the upper limit of cargo accommodation in these hydrogels. This limit

is interpreted to indicate that DOX partitions into the hydrophobic portion of the reldasg
expected based on its hydrophobic nature, beyond which the intermolecular interactions necessary
to support hydrogel formation are sufficiently disrupted as to make stable gel formation impossible.
In contrast, the loading capacity of 6FAM is lindtBy its aqueous solubility before it reaches the
concentration where the LacSC10 and LacSC12 fail to gel. This is also foreseeable given that the
6FAM is known to not interact with the hydrophobic portions of gels, and therefore, may not

participate or dirupt the selassembly of the hydrogel matrix.

Compared to polymeric hydrogels, in which as much as 10 wt% cargo can be loaded (i.e.
>100 mg/mL), cargo loading capacities on the order of ~1 to 10 nfgfAtE20>2%7 or |es01:202
are more frequently reported for LMWGs. For example, Bajaj and coworkers reported a series of
LMWGs that are retained as hydrogels when loaded with fairly high concentrations (up to ~1.2
mg/mL) of anticancer drugs (cisplatin, carboplatin, doaatadoxorubicin, and tamoxifed§>2°8
Thus, the LacSC10 and LacSC12 gels exhibit similar cargo loading capacities to other LMWGs

reported in the literature.
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Figure 3.3. Chemical structure of a) doxorubidibOX) and b) 6
Carboxyfluorescei(6FAM).
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Microstructure of Cargo-loaded Hydrogels.Previous work in this laboratory has shown that
these LacSCx hydrogels possess unique layered microstructures that diffethéromore
commonly reported structures comprised of aggregated fibers or rifBétmvever, it is known

that the microstructure of LMWGSs can change as cargo is incorporaaelihdeto changes in
hydrogel properties. For example, Tao et al. reported morphology changes of phenylboronic acid
hydrogels upon loading with DOX indicating that the DOX disrupted hydrogelator intermolecular
interactiong% Thus, it is important to understand the eff@ftsargo on microstructure as a precis

to characterizing other properties of catgaded hydrogels.

Figures 3.4a-c show SEM images at different magnificatiasfsa 1 mg/mL DOXloaded 2 wt%
LacSC10 xerogel after fladheezing and lyophilization. The Higr magnification images of
Figures 3.4b andc clearly show that the microstructure of the D@éded microstructure is
essentially identical to that of the pristine hydrogels without cargo as reported in our previous
study?®2 These images suggest that the microstructure of the hydrogel network does not change
significantly with DOX loading, at least on the micron sc@lds observation is similar to that of
Gupta and coworkemgho reported SEM images of drlmaded L-alaninebased small molecule
hydrogels that did not show significant changes from pristine gels without loaded®®rug.
Anirudhan et al. similarly report minimal changes to gle¢atin methacrylate methacrylic acid
(GMA) hydrogels they studied after introducing the drugs Amp Zsadhinoguanidine; these
researchers rationalize this behavior by proposing that the drugs are incorporated deep into the

hydrophobic portion of the hydrogel netwafR

Our previous work revealed that shékeé structures ofhie LacSCx hydrogels are based on
stacked presumably bilayers in which the lipid tails of the thioglycolipids are interdigitated to
create a strongly hydrophobic region and the sugar headgroups face outward for hydration and
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hydrogen bonding between bilagéf? The lack of apparent change in microstructure of these
hydrogels upon incorporation of DOX suggests that DOX is largely incorporated into the planar
hydrophobic regionsfathe bilayers, a molecular view that naturally leads to questions about
possible changes in viscoelastic properties in the loaded gels and the release rates of cargo from
the loaded gelsv{de infrg. Scheme3.1 shows the formation scheme of these ednayled

hydrogels.

Mechanical Properties of Cargeloaded Hydrogels.Viscoelasticity is an important property of
hydrogels, as different mechanical properties dictate utility in different applications. In our
previows report describing the properties of pristine LacSC10 and LacSC12 gels, large storage
moduli (Gevalues were observed, up to £Ha under certain conditions. It is well known that

drug incorporation into hydrogels can significantly alter their mechigmiogerties depending on

where the drug resides within the gel. For exampégaj and coworkers reported amino acid
based hydrogels that incorporate drug cargo molecules, with increases or decreases in their
mechanical strength depending on the chemmeslire of the drud’® Here, we investigate the
rheological properties of DOXand 6FAMinfused 2 wt% LacSC10 and 1 wt% LacSC12
hydrogels at 37°C. This temperature was chosen to best represent potential drug delivery
applications of these materials in the human body. Strain sweep experiments were conducted on
these hydrogels from 0.01 to 1@ shear strain at a constant 10 rad/s angular frequency, and
frequency sweep experiments were performed from 0.01 to 100 rad/s at a constant 0.01% shear

strain.
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Figure 3.4. Scanning electron micrograpasdifferent magnificationsf a xerogelof 2 wt% LacSC10 hydroge[BOX-loaded
at 1 mg/mL afteflash-freezing and lyophiliation.
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Scheme3.1. Proposed aggregation pattern and microstructure that demonstrate how doxorubicin molecules are
incorporated in the LacSC10 /LacSC12 hydrogels
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Figure 3.5a shows the frequency sweep results for LacSC10 hydrogels.[Bo¥ and 6FAM
loadedLacSC10 hydrogels exhibita®alues of ~1Hto 1 Pa, which are similar to the values of

this gel in the absence of carfdinterestingly, the DOXoaded LacSC10 gel exhibits a lowesG
value (-3 x 16Pa) than the 6FAMoaded gel (~2 x 10Pg suggesting that the incorporation of
DOX slightly diminishes the integrity, and hence mechanical gtheof the network. In contrast,

the Gawalues for the DOXand 6FAMIoaded LacSC12 gel$igure 3.5¢) show no significant
change relative to the pristine gel without cargo, with both loaded gels exhib&@rajués of ~2

x 10P Pa Figure 3.5b demonstrates the results of amplitude sweep experiments on the LacSC10
hydrogel. Both DOXoaded and 6FAMoaded LacSC10 hydrogels remain stable until the
deformation reaches 2%, known as the linearity limit, beyond which the gel becomes increasingly
unstdle until the cros®ver point is reached signaling the transition to ligikd behavior when

the gel is deformed more than 20%. Similar behavior can be observed for LacSC12 hydrogels as

shown inFigure 3.5d.

Overall, the Gwalues of ~16- 10° Pa forthe DOX and 6FAMIloaded LacSC10 and LacSC12
hydrogels determined by amplitude sweep experiments are similar to those determined by
frequency sweep experiments. The D@@4Aded LacSC10 hydrogels exhibit the smallestaBies.

The DOX and 6FAMIloaded LacSCO and LacSC12 gels have the same linear range in the
amplitude sweep experiments up tB% strain, although the LacSC12 gels have a higher
crossover point of ~20% strain than the LacSC10 gels. In general, the rheological properties of the
drugloaded hydogels are similar to those of the pristine hydrogels. These results are consistent
with the minimal microstructural changes observed in the SEM images in the presence of cargo.
Overall, these results suggest that DOX and 6FAM loading does not signyficater

intermolecular interaction behavior of the thioglycoliopids in these gels.
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Figure 3.5. Rheolog results for DOX and6FAM-loaded hydrogelsa) frequency
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Gadand 6FAM A = GaeA = Gaax) frequency sweep and d) amplitude sweep
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132



Hydrogel Cargo Release CharacteristicsTo further evaluate the potential of LacSC10 and
LacSC12 for drug delivery applications, the release profiles of DOX and 6FAM were investigated.
Obtaining meaningful release profiles for drug formulations is essential piovitemtesting and

for ensuing consistent quality'® One factor to be considered in choosing a model drug for release
studies is drug solubility, as release results of hydrophobic drugs eraipded due to solubility
limitations. DOX is an anticancer drug that is commonly used as a model drug in release studies,
because, although it has some hydrophobic character, it is considered relatively hydrophilic, and
hence, can undergo partitioningween the phasés! In hydrogels formed from systems such as
LacSC10 and LacSC12 in which the loading site of DOX is the more hydrophuidibilayers,

DOX becomes an excellent choice as a model drug, because it should readily partition from the
hydrogel network into the aqueous medium when the gel is submersed in fresh aqueous solution.
On this basis, D& was chosen as one of the model druygthis study. 6FAM was chosen as an
additional model drug, because it is known to have much worse hydrophobic interactions than
DOX?%:2123nd so would be expected to reside largely in the aqueous portions of the hydrogels
from which it should be released more readily than D@OXhese studies, hydrogels were loaded
with the model drugs during the process of hydiatign, and then the loaded gels were submerged

in aqueous solutions for varying amounts of time. The aqueous media in which the hydrogel was
sampled by removing small aliquots which were then replaced with the same volume of fresh
agueous medium. The aligts removed were analyzed for the presence of DOX or 6FAM using
fluorescence spectroscopy. Release profiles for these compounds are shkagunar8.6a and

3.6b.

Figure 3.6a shows the release profile of DOX from LacSC10 and LacSC12 hydrogels to

aqueous PBS buffer. 1 wt% LacSC12 exhibits the fastest release of DOX, followed by 2 wt%
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LacSC10, 5 wt% LacSC10, and 5 wt% LacSC12. Over the course of 72 h, only 10% of DOX is
releasedfrom 2 wt% LacSC10 although 35% is released from 1 wt% LacSC12. When the
concentration of hydrogelators is increased to 5 wt%, the extent of release rate decreases to only
5% DOX in 72 h. These results demonstrate that DOX, even though only moderatejynoyic,

is still trapped in the hydrogel network of LacSC10 and LacSC12. These results further suggest
even stronger retention for more hydrophobic cargo. A dependence on hydrogelator concentration
is also observed with higher concentration gels exhtsiower release. This indicates that the
release of molecular cargo from LacSCx hydrogels is somewhat tunable with the potential to be
used in controlled release applications. Interestingly, however, is that the release profile has little
dependence onlgll chain length, as the release from the 5 wt% LacSC10 gel is very similar to
that of the 5 wt% LacSC12. In general, DOX were released very slowly, suggesting that the
interaction between DOX and the thioglycolipid gels is relatively strong in contraistedosugar

based hydrogels from which 2I8% of model drugs is released in 222

Figure 3.6b shows the release profile of 6FAM from the LacSC10 and LacSC12 hydrogels
to aqueous PBS buffer. Compared to the release of DOX, the release of 6FAM is abhsider
faster and more complete with over 90% being released from all gels studied within 8 h. This
behavior suggests relatively weak interaction of 6FAM with the gel material. The release results

for 6FAM also show no dependence on alkyl chain length aresdration of the hydrogelator.

In total, these release studies suggest that DOX sequestration and release involves a
partitioning of DOX into and out of the more hydrophobic portions of the hydrogel whereas 6FAM
sequestration involves simple digstobn in the aqueous portions of these gels with release likely

by simple diffusion. Overall, these release results demonstrate the potential of these gels for
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controlled release applications depending on the cargo and composition and concentration of the

hydrogelators.

Enzyme-triggered Hydrogel Cargo ReleaseAs described above, even drugs with relatively low
lipophilicity such as DOX can bind tightly to the hydrogel matrix of LacSC10 and LacSC12 with
release as low as 5% in 72 h. Thus, the LacSC10 and LacSC12 hydrogels have good potential for
controlled relase or triggered release drug delivery applications if a trigger mechanism can be
identified. These types of dissipative supramolecular materials have been widely eX3IBozd.
example, van Esch and Eelkema described the first example of chertiggiéred driven
dissipative disassembly of fiberous hydrogéfgland Ulijn et al. reported dissipative hydrogels

that can be triggered by enzynfé%2'’

To explore the possibility of triggered release of cargo driven by enzymatic action in these
LacSC10 and LacSC12 hydrogels, we explarddie us e of b gal actosi das
enzyme, on DOXoaded gels. This choice was motivated by the previous work reported by
Yamanaka and coworkers on wilaatose/maltoséased hydrogels whose degradation was shown

to be successfully inducdady b gat¥ctosidase.

Figure 3.7 shows the release profiles for D@¥aded 2 wt% LacSC10 and 1 wt% LacSC12 gels

in the presence of a smal/l amount of b gal act
is observed between the two LacSCxsg¢he more significant observation is the considerably
faster release of DOX from these gels in the |
absence of the enzymEigure 3.6a). Evidence of this difference can also be observed visually

as $iown by the photographs Figure 3.8. I n the presence of b gal @
which start as an integrated solid whole, have been broken into pieces after a matter of hours,

further confirming the degradative effect of the enzyme on the hyldnegegork. These findings
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Figure 3.8.Photos that shows the degradation of Dox loaded(1mg/mL) LacSC10 (2%) and that 8hours af
introducing 30units of b galactosidase.
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support the potential utility of the LacSC10dmic SC12 hydrogel s as fismar

responsive not only tongperature but also chemical and enzymatic triggers to release cargo.

Conclusions

Low molecular weight hydrogels are known to be potent candidates for many applications
including drug delivery, tissue engineering, biomedical materials, cosmatistry, food industry,
sensors, etc. In this study, we have tested and shown more characteristics of previously reported
hydrogel s made othioglychseles 4ac®i0 and LadSEW2.| Thebe materials
exhibit excellent mechanical properties wiaaip to 16 Pa and good thermal stability up to 67

°C and 78 °C, respectivelifurthermore, these hydrogels are stable in extreme pH environments
for at least weeks without significant degradation. fjdrogels can also be loaded with small
molecules sch as DOX and 6FAM, and the release profile of these molecules were studied. DOX
can be loaded in the hydrogels but released very slowly, as the DOX incorporate and partition into
the hydrogel thioglycolipid network, whereas the 6FAM diffuses into andbtite aqueous
portions of the hydrogel relatively easy. Most importantly, both LacSC1Qac®C12 hydrogels
have proven to be responsive to b galactosi da
hour upon introduction of the enzyme, potentiathaking it a potent smart material for

applications requiring these properties.
This chapter is based on thenanuscript submitted to Soft Matter.

Temperatureand Glycosidas®esponsive Supramoleculatkyl Thioglycolipid Hydrogels as

Controlled Releasklaterials
Yu-Cheng Wang, Bhushan S. Deodhar, and Jeanne E. Pemberton
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CHAPTER4: SYNTHESIS AND CHRACTERIZATION OF n
ALKYL -ULACTOSIDES,n-ALKYL -b-LACTOSIDE, n-
ALKYL -U-CELLOBIOSIDE, ANDNn-ALKYL -b-
CELLOBIOSIDE EFFECT OF GLYCOSIDIC BOND
CONFIGURATION AND ATOMTYPE ON

HYDROGELATION and HYDROGEL PROPERTIES

In the previous chapters, a series of LMW hydrogels made of thiolactosideb-8@x)
and thiocellobiosides (C&-SCx) were reported. Laz-SCx and Ceb-SCx gel at concentrations
as lav as 0.1 wt.%, with the resulting hydrogels possessing unique layered structures and unusually
strong mechanical properties. Furthermore, the hydrogels formed bf-&&8x are enzyme
responsive materials and have shown potential as drug delivery sydté&risagortant to note
that the synthetic procedure used to produce thdsée Sk ed systems preduces
anomers. In contrastal t hough t his synt het iamomemsforptheo a c h y
thioglycolipids, it ybferthsorrespordingfinkedssystefns. ld a n d
fact, the Glinked versions of the cellobiosides (CelOCx) were synthesized and characterized in
previously in this laborator*®t hi s wor k showed thath @Qelo@@x smidx
not serve as hydrogelators, but instead, behave as typical surfactants by forming micelles in
aqueous solutions. It is unknown whether the phase property differences across this set of

molecules comes from the linkage atom (O versus S),thécogur at i onal di fferer
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a mixture of U and b), or both, although it ha

can exhibit significantly different intermolecular foréég222

Therefore, this study seeks to further elaborate the cause of the different phase behaviors
across the following four classes of compounds:-U&Cx, Lach-OCx, Cet-OCx, and Ceb-
OCx (Figure 4.1) synthesized by theame methodSchemed.1) and isolated chromatographically.
Visual observations are used to establish gelation behavior and rheological studies are conducted
on systems for which gelation is observed. Finally, for systems that gel, SEM is employed to

undersand and compare hydrogel microstructure.

Experimental

Materials

Lactose (99%) and cellobiose (99%) were purchased from Carbosynth. Acetic anhydride was
purchased from Sigma Aldrich (>99%). Diethyl eth®9%) was purchased from Thermo
Scientific. Indium bromid€¢99%)was purchased from Sigma Aldrich. Amberlyst A26 hydroxide
form resin was purchased from Sigwkrich. 1-Octanol (>99%) 1-decanol (>98%), and-
dodecanol (>99%) were purchased from TCl Americaetinol (99%, HPLC grade) was
purchased from Fisher Chemical. Ethanol (99.5%, ACS reagent, absolute, 200 proof) was
purchased from Thermo Scientific. Toluene (>99%, Sigma Aldrich) and chloroform (Certified
ACS grade, Fisher Chemical) were dried4#y moleallar sieves (Sigma Aldrich) prior to use.
Purifed O ( >18 Mq resistivity and <8 ppb total o |
Milli -Q UV Plus purification system (Millipore Corp).2N99.999%) was purchased from
University of Arizona Cryogenics &as Facility. Chlorofornad (998 aomic % D) was purchased

from Thermo Scientific. MethandDD (99.5 atom % D) was purchased from Sigma Aldrich.

Dimethyl sulfoxided6 (99.9 atom % D) was purchased from Sigma Aldrich.
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(Lac-b-OCx), nralkyl-U-cellbiosides (CelJOCx), and ralkyl-b-cellbiosides (Ceb-OCx).

142



Acetic anhydride

(o]
Sodium Acetate reflux at 130°C

Toluene 18h
AcO
AcO
cO
OH
6.8,10 reflux at 80°C
InBrs 18h
CHCl3

Column Chromatography

OAc

Column Chromatography

OAc OAc
AcO (0] 0 OAc
AcO ACO A OO O_OR
OAL® Ac ¢
OR OALCO OAC
MeOH
MeOH
35% Wtag}TbeﬂySt 35% wt. Amberlyst
18h
OH
OH OH
HO (@) 0 OH
HO HO O 0
oH HO Ho fo OR
OH oRr OH OH

Scheme 4.5ynthesis of ralkyl-UHlactosides, ralkyl-b-lactosides, falkyl-U-cellbiosides, n

alkyl-b-cellbiosides. Although the chemical structures shown in the scheme are cellobiosides,

lactosides can be synthesized by the same protocol.
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Synthesis of LaeUJ-OCx, Lac-b-OCx, CeFU-OCx, and Celb-OCx. The general synthesis

procedure is shown ichemes.1.

Acetylation.To an overdried round bottom flask equipped with a stir bar were added sugar (1 eq)
and sodium acetate (0.37 eq). The round bottom flask was evaeumatedfilled with dry N.
Anhydrous toluene (20 mL/mmol of sugar) and acetic anhydride (1.7 eg/OH of sugar) were then
added via syringe. The contents of the round bottom flask were stirred and refluxed at 120 °C for
24 h until the reaction was completaradicated by TLC analysis. The reaction mixture was cooled

to room temperature and water (10 mL/mmol of sugar) was added. The contents of the round
bottom flask were stirred for 1 h. Then, diethyl ether (30 mL/mmol of sugar) was added to the re
action. Tle stirring was continued until white solid precipitated. Suction filtration was then
performed to collect the products. Recrystallization by ethanol was then performed to give pure

products.

Glycosylation.To an overdried round bottom flask equipped withstir bar were added sugar
octaacetate (1eq) and indium bromide (3 wt%). The rootidinflask was evacuated and refilled
with dry No. Anhydrous chloroform (5 mL/mmol of sugar octaacetate) and alkyl alcohol (2 eq)
were then added via syringe. The cotdgesf the round bottom flask were stirred and refluxed at

60 °C for 24 h until the reaction was complete as indicated by TLC analysis.

The reaction mixture was then cooled to room temperature and extracted with chloroform.
The combined organic layers weewashed three times with copious amounts of water and then
dried over magnesium sulfate. The organic phase was then condensed by evaporation. The
resulting residue was purified by column chromatography on silica gel to first remove the alcohol
and unreaetd starting material. Then at least one more column chromatography is performed to

separate the anomers before the next step. Dur
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prior to U anomers. t wna | gueense r aafl , ~ (hondark hawddy rse ahsa \
values of ~0.52. (hexane: ethyl acetate = 1:1) The pure anomers only elute in the very first few
fractions and the last few fractions of a given chromatographic band during column
chromatography. As a result, within ~7 g of a mixture of agrsmonly ~462 00 mg of pur e

b anomers can be purified by two separations

DeacetylationTo an overdried round bottom flask were added atkyberacetyl sugar (1 eq) and
Amberlyst resin (35 wt% of alkyb-thioperacetyl sugar). Methanol was then added to the mixture.
The contents of the round bottom flask were shaken for 24 h until theoreaas complete as
indicated by TLC analysis. Gravity filtration was then performed to separate resin from organic
phase. The organic phase was then condensed by evaporation. The chemical structures of final

compounds were characterized'syNMR and'*C NMR.

Preparation of Hydrogels. The general protocol is the same as reported in chapter 2 except the
temperature where the glycolipids dissolve is aroundCi5and the quenching temperature to
trigger gelation is4 °C for Lacb-OC8, Laeh-OC10, Laeb-OC12,Celb-OC10, and Ceb-OC12,
and-10°C for LacU-OC10 and Cell}OC12. In addition, the gelation process takes around 20

minutes to be observed visually.

Rheology. The viscoelastic mechanical properties of hydrogels were characterized using small
amplitudeoscillatory shear rheology on a Modular Compact Rheometer Model 302e (Anton Paar,
USA) equipped with a 10 mm parrel plate sample stage (PP25 pglalie). Inertia, friction, and
rotational mapping calibrations were performed prior to each experimdteltidr temperature
controlled stage maintained &, 10, or 25°C was used for all rheology testing. To ensure
hydrogels are transferred without damage, hydrogels were made on the sample stage of the

rheometer using the following procedure. First, hgettwater solutions were heated in a water

145



bath to temperatures above their transition temperature for 5 min, then transferred to the sample
stage as a viscous liquid before the cone portion of the sample stage was rapidly longesyd (1

to the testing gaheight of 50 mm. Excess gel was then trimmed from the edges of the geometry.

To control evaporation, the geometry was encased in a closed environmental control system. The
temperature of the sample stage was maintained above the transition temperaturaifg then

cooled for 15 min to eithe# or-10 °C depending on the glycolipid to allow formation of the
hydrogel. After this, the sample stage was adjusted to the appropriate measurement temperature
and the sample was equilibrated for 1 h prior tpegxnentation. Strain sweeps were performed

from 0.01 to 1000% shear strain at a constant 10tadsgu |l ar frequency. GNj a
determined by averaging the data points within the linear viscoelastic region of the strain sweep.

Frequency sweeapwere performed from 0.01 to 100 radas a constant 0.01% shear strain.

Electron microscopy.Scanning electron microscopy (SEM) was performed on an FEI Inspect S
microscope equipped with a tungsten filament; standard secondary electron imagingdvas use
Xerogel samples of the hydrogels were prepared as follows. Hydrogels were first heated to the sol
state and then pipetted onto an SEMnpatible sample stub. For 1-860C8, Lach-OC10, Lae
b-OC12, Celb-OC10, and Ceb-OC12 hydrogels samples, samplebstwvith the sample were
cooled toi 4°C in an ice/water bath(without exposing the sample to the ice/water bath) for 15 min
to form hydrogels. For Lat-OC10 hydrogels, sample stubs containing the viscous liquid were
guenched at10°C in an ice/water battof 20 min to form the hydrogels. These hydrogels were
then flashkfrozen by immersion in liquid Nfollowed by lyophilization for 24 h in a VirTis Lyo

Centre 3.5L DBT benchtop lyophilizer. Samples werecdated before SEM characterization to

reduce sampleharging.

146



Results and Discussion

Synthesis.The synthetic scheme is showrSoheme 4.1The synthetic method is almost identical

to Scheme 2.1lexcept that an extra step of column chromatography is performed after
glycosylation to ensure pure U or b peracetyl
yields of the protection and deprotection steps are comparable to those -tihttezl§lycolipids

reported in Chapter 2. However, the yields of the glycosylation step are much lower for the O
linked systems than thelBked glycolipids due to the inefficient separation of anomers noted
above. Given the extremely low efficiency of produsto of pure U or b anome

essential characterization and chemical analysis tools were undertaken inékidinR, 13C

NMR, gelation testing, rheology and SEM.

Visual assessmentDue to the limited quantities of anomerically pure glycoligidailable, visual
assessments of gelation properties were only performed on select concentrations. Given that
hydrogels formed from Lab-SCx and Ceb-SCx were primarily characterized at concentrations

of 1 wt%, this was the starting concentration fopkxation of the gelation properties of the O

linked glycolipids with concentrations up to 3 wt% further explored.

For visual assessment of possible gelatior6 vdg are weighed in a glass sample vial and
then water is added to the vial with a pipettenake a 1 wt% mixture. This mixture is then heated
until a clear solution is obtained suggesting complete solvation of the glycolipid, typic&lly 45
unl ess specified otherwise. It is noted that
soution (i.e. clear solution) at room temperat
heating to 45C to dissolve completely. Once dissolved, the solution is then quenched at a lower
temperature to facilitate the gelation process. Flimk&d dycolipids, any temperature below 20

°C would trigger gelation. However, for theli@ked analogs, it is observed that gelation occurs
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only when the temperature is below 0 °C. Specifically,-b#2C8, Lacbh-OC10, Laeb-OC12,
Celb-SC10, and Ceb-SC12 carundergo the gelation process-4t°C, while LacU-OC10 and
CelU-OC12 can undergo the gelation procesd@tC. Interestingly, when compared tdirked

analogues, @inked analogues took at least 20 minutes for apparent gel formation to be observed,
whereas Sinked analogues took around 1 minute to show significant gelation phenomena. After
allowing the gelation process to undergo for at least 1 hour, the gelled samples were then removed
from the ice bath and kept at room temperature overnight. Asulis,eall the hydrogels formed

by b anomers remained the gel pio@leantCetls by v
OC12 hydrogels turned back to solutions. Furthermore, it only took less than 20 minutes for Lac

U-OC10 hydrogel to turn into soloth after being removed from ice bath.

In terms of the concentration of the glycolipids samples, we have tested the samples at
concentrations range from 1 wt% to 3 wt %. This concentration range is selected due to the limited
guantity of samples as well amtching the concentrations ofiSked analogues reported previous
in order to compare their physicochemical properties. In generab-C(€x can form hydrogels
across a range of concentrations from8 Wt%, which is generally consistent with hydrogels
formed from Laeb-SCx. This is not surprising given that LB<SC8 and La®-SC12 are known
to form hydrogels at 1 wt%, although LacSC10 only completely gels at 2 wt% without syneresis.
However, Laeb-OC10 and La®h-OC12 both completely gel without synaeeat 1 wt%, whereas
Lac-b-OC8 only gels at 3 wt% without undergoing syneresis. This suggests thbt@@8 may
form a hydrogel matrix that is much more similar to that from LacSC10 than from LacSC8 despite
the fact that LacSC8 seemed to be closer tef-G¢C8 at first glance. In addition, ti@d-b-OCx
series also displays behavior similar to the-&8ICx series. Both the C10 and C12 compounds

form hydrogels without syneresis at 1 wt%, whereas gelation of the C8 compounds is not observed
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across the conogration tested. In contrast, however, fid-b-OCx materials do not slowly
crystallize and precipitate out of solution as was observed for thb-E€k compounds. (i.e. no

fibrous sample observed such as what was reported in chapter 2).

Interestinglywi t hin all the U anonrkCl2axdhddbOCEd her e
compounds can form hydrogels across the concentration range studi8dw®¥d This suggests
that the U anomer materials aggregatethdi ffere
concentration range is not very wide, it is large enough to encompass the typical hydrogelation
character of a material if it is likely to occur; typical LMW gelation concentrations afewt%,
with partially gelled samples that undergo syneregmc@ly observed at significantly lower
concentrations. These results are summarizdalote 4.1.with corresponding Bnked versions

(only b glycosyl ated) reported previously.

Overall, the nature of the linker atom to the anomeric carbon of the €ugarsus S, does
not seem to alter the ability of these materials to form hydrogels. However, as indicated by the
gelation properties, the stereochemistry of the glycosidic bond dictates the aggregation behavior

of these glycolipids, and hence theirlépito form hydrogels
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Table 4.1. Hydrogelation behavior of G and Slinked alkyl glycolipids.

-OC8 -SC8 -OC10 -SC10 -0OC12 -SC12
Lac Sd N/A Gel at 1 wt% N/A Sol N/A
when quencheg
<-10°C
Gel at 3 wt% Gel at 1 wt% Gel at 1 wt% Gelat2wt% | Gelat2wt.% | Gelat 1 wt%
when quenched whenquenched| when quencheq when quenchec when quencheq
<-4°C <20°C <-4°C <20°C <20°C
Cel Sol N/A Sol N/A *Gel at 1 wt% N/A
when quencheg
<-10°C
Sol Sol Gel at 1 wt% Gel at 1 wt% Gel at 1 wt% Gel at 1 wt%

when quencheg

<-4°C

when quencheg

< 20°C

when quencheg

<-4°C

when quencheg

<20C

Sol = remains as micellar solution, Gel = hydrogel formed, N/A = no data point available because compound not madécipmgagtete used

*NMR

indicates

greater

c ont a-limked systams.n

by U

anomer

t han

the ottt
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Rheology. Rheology was performed on hydrogels made from-ba@C8, Laecb-OC10, Laeb-

OC12, Lael-OC10, Celb-OC10, Celb-OC12, and Cell:OC12 to characterize the viscoelastic
properties of these materials. The results of these studies are shbigares 42 and4.3 and
summarized inrable 4.2 Frequency sweep and strain sweep experimé&ingsires 42a-b and

4.3a-b) were conducted. Frequency sweep experiments were performed from 0.1 to Ibatrad s

a constant 0.01% shear strain, and strain sweep experiments were conducted from 0.1 to 1000%
shear strain at a constant 10 radasgular frequency. All samples were at 1 wt% concentration,
except for Laeb-OC8, which was studied at 3 wt%, becausedquired a higher concentration for

full stable gelation.

As shown irFigure 4.2a, at 25°C, dynamic frequency sweeps indicate that thef-&xC8,
Lac-b-OC10, and La®-OC12 hydrogels exhibitsoid i ke behavior (i .e. GNj
with frequency over the entire range of frequencies tested. Similar behavior is observed for the
Celb-OC10 and Ceb-OC12 hydrogels, the results for which are shownFigure 4.3a.
Considering the data for the L-&wOCx series irFigure 4.2a, one can see that theagnitude of
GNj i s chain | ength depende-b-OClvx Ladh-OGN>lcheébCc r ea s i
OC8, despite the fact that the Ea®©C8 gel has the higher concentration of 3 wt%. This trend is
due to increased int@hain van der Waals interamts with increasing chain length and is similar

to that observed for theliked systems as described in Chapter 3.

Figure 4.2b shows the frequency sweep results for gels fromUL&C10 at-5 °C, the
only U anomer of t hedoweréenpeamtsre fdréhe IgheOICsl.0 yeed pi tt eh e
value for the La€h-OC10 gel Figure 4.2a) is still approximately an order of magnitude larger
than that for the LaE-OC10 gel Figure 4.2b), indicating the considerably greater stability of the

gelfromt he b materi al
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Frequency Sweep Lac-B-OCx @ 25°C
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Figure 4.2 Frequency sweep experiments on a)-ba@Cx (x = 8, 10, 12) hydrogels at 25 °C,
and b) LaeJ-OC10 hydrogels ab °C. Amplitude sweep (or strain sweep) experiments on c)
Lac-b-OCx (x = 8, 10, 12) hydrogels at 25 °C, and d)-LKOC10 hydrogels ab °C. Smbols
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Table 4.2Summary of key rheological resul

Hydrogel System Temperature {C) G Nj

( Gn{Pa) Crossover poin{% strain)

3wt% Lac-b-OC8 25 3x16¢  7x10? 1%
1wt% Lac-b-OC10 25 7x100  1x10° 3%
1 wt% Lac-U-0C10 -5 3x16¢  2x1C° 30%
1 wt% Lac-b-OC12 25 7x100  1x10° 1%
1wt % Cel-b-OC10 25 2x10¢  1x1C 1%
1wt% Cel-b-OC12 25 2x16  4x1C 2%
1wt% Cel-U-0C12 10 5x1¢  1x1C 10%
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Figures 42c andd show the results of strain sweep experiments on gels from thb-O#ix

series at 25C and the gel from LattOC10 at5°C. As expected, the magn
the same as in thigequency sweep experiments. The crossover points of the-isdeaed

transition frommoresoldl i ke gel s ( GNj-I> kGenj)g etlos n(oG+#pOCx i GNj)i df
series are all at a strain of-2%, with no clear trend observed in lipid tail lemgtowever, when

compared to the Lal-SCx analogues reported in Chapter 2 for which the crossover points were

all > 50% strain, these crossover point values are much lower. These properties suggest-that the S
linker somewhat strengthens the hydrogel matdmpared to @inker, likely due at least in part

to the lower solubility of the-8nked glycolipids in aqueous solutidnower solubility infers that

in aqueous media, the thioglycolipid molecules favor themselves over water molecules, which is
benefidal for aggregation and hydrogel network formation, leading to stronger hydrogel matrices
with higher GN and crossover points in strain
for the LacU-OC10 hydrogel at5 °C is ~30% strain, considergblarger than that for all Lab-

OCx hydrogels despite its | ower GN value, higt
hydrogel matrix. This observation indicates that gel temperature has a larger effect on the crossover

point than other vaables between the systems studied here.

As shown inFigure 4.3a, the rheology behavior of gels from €eDC10, Celb-OC12,
and CelU-OC12 is similar to that observed for gels from the-ba@Cx series. In the frequency
sweep experiments, both &@OC10 and Ceb-OC12 hydrogels exhibit soliike behavior (i.e.
GNj > Gnj) independemiOCaD pPponegesescygwbOdi Gaker

This behavior is consistent with that observed for thiaek&d systems in Chapter 2. For gels from
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Figure 4.3. Frequency sweep experiments on a)k€Cx (x = 10, 12) hydrogels at 25 °C, ar

b) CetU-OC12 hydrogels at 10 °C. Amplitude sweep (or strain sweep) experiments orfe) Cel
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CelUOC12 Figure43b) , t he GNj and Gn values decrease

0.1 to 1 Hz, and then become invariant with frequency above 1 Hz.

A comparison of the rheological behavior of gels from the-h-&8Cx series with those
from the Celb-OCx materials revealhat gels from the Lab-OCx compounds are, in general,
stronger (i.e. -h-O@h@mngel& Npis same &rend wak roteddre Chapter 2
for the corresponding-6i nked gl ycolipi ds. As the only U
family of the CelOCx series, the GBIOC12 hydrogel at 10C (Figure 4.3b) exhibits similar

mechanical properties (i.e. si mil-beOCxmaidiabe.nd Gnj

Figures 43c andd show results of strain sweep experiments orf3@IC10,Celb-OC12,
and CelJ-OC12 gels. As expected, gels from ®eDC10 and Ceb-OC12 exhibit similar strain
crossover points to those observed for thefE8Cx gels whereas the GBIOC12 gel exhibits a
higher strain crossover point (10% strain) than gelsiCetb-OC10 or Celb-OC12 (12% strain).
This behavior is identical to that observed for gels from theft@Cx series for which the impact

of temperature overshadows the impact of other variables.

In comparing the mechanical properties of gels froehE2OC10 and Ceb-OC12 to the
Celb-SCx gels,the @ i nked systems exhibit | ower GNj val u
similar to what was observed for the lactoside gels. Thus, a consistent trend emerges that the S
linkage confers lower solubijitin agueous solution compared with thditkage, resulting in
stronger gels regardless of disaccharide headgroup. In general, however, gels from glycosides
made with lactose exhibit stronger mechanical properties than those made from cellobiosides

regardess of linkage.
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Al t hough onl y o n-linketlcelbobiasideerlactoside syrahesized®ere is
capable of forming hydrogels, it provides important information regarding anomeric effects on
aggregation and hydr og erd#totbé nore.solublain agecous medib. , U
Hence, even at high concentrations, aggregation of these amphiphilic molecules is less likely to
result in precipitation, an essential feature for hydrogel formation. As a result, hydrogels formed
by U an o fyestableaar relatively low temperatures and possess weaker mechanical

properties as noted above.

Scanning Electron Microscopy. As discussed in Chapter 2, hydrogel microstructure provides
insight into the intermolecular interactions that lead to formation of the hydrogel network, and
freezefracture SEM and TEM are the most commonly used approaches for investigation of
hydrogel micrstructure. Because of the abundant information obtained from SEM described in
chapter 2, the same method was used here to acquire SEM images for all hydrogels studied in this
chapter. A xerogel of the hydrogel is made from either the LacOCx or CelOCxatsabgrflash
freezing the gel in liquid Bifollowed by lyophilization to remove water. Although these xerogel
structures do not completely represent the true hydrogel microstructure due to possible artifacts
introduced by the flash freezifigophilization procedure, this method is generally accepted to
reflect hydrogel microstructure. Therefore, this method is utilized to analyze structural details in
xerogels on the scale of 1000 s-b-0G8, Lac;kOG1l® mm.
Lac-b-OC12, LacU-OC10, Celb-OC10, Celb-OC12, and Cel:OC12 were thus investigated.
Figures 44 and 45 show representative SEM images of xerogels at different magnifications from
the LacOCx and CelOCx systems at the wt% indicated. Structurally, the hydrogels formed fro

the Olinked systems are similar to those of thelirked analogues in that they consist of layered
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Lac--OC8

Lac-p-OC12 +~ "
R L G2 N,

e B

Figure 4.4. Scanning electron micrographs of xerogels at different magnifications from flas
freezing and lyophilizing hydrogels of a)d) 3wt% Lacb-OC8, e)i g) 1 wt% Laeb-OC10, h)
T K) 1 wt% LacU-OC10, I)i 0) 1 wt% Laeb-OC12.
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Figure 45. Scanning electron micrographs of xerogels at different magnifications from flash freezing and lyophilizir
hydrogels of a) d) 1 wt%Celb-OC8 and e) h) 1 wt% Celb-OC12
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rumpled sheets of glycolipid. We hypothesize that these layered structures found in the gels from
the Lach-SCx, Celb-SCx, Lach-OCx, and CelJ /-®Cx materials represent stacked sheets made

of glycolipid bilayersFigure 4.5h strongly supported this hypothesis. As mentioned in chapter 2,
glycolipids are known to pack in lamellar and curved lamellar structures (e.g. cubic) with their
liquid crystalline phases existing as the related smedtiphase.Figures 4.4j and k further
substantiate this picture. In general, minimal differences are observed between the gels from the
O-linked and Slinked materials. This implies that the packing pattern of tHek&d glycolipids

is strongly similar to that of the-léked materials. Apparently, the linker atom type, O or S, mainly
affects the affinity of the molecules toward the aqueous medium with -thkédl glycolipids

more soluble in water than theliSked materials. This effect results in hydrogels from the O
linked g/stems being less stabl@dditionally, for all the OGlinked hydrogels, there are no
circumstances where fibrous aggregation overshadows the smacticaée observed in the
CelSC10 and CelSC12 samples described in chapter 2. However, some amorphoasi@ygreg
was seen in the SEM images ofliGked hydrogels, suggesting the existence of another type of
aggregation that competes with the smectic Ad phase during thassethbly of the hydrogel
network Figure 44k and 45h). LacUOC10 i s t h e ofthe LagOCKseresthame r
forms a hydrogel; thus, its SEM images provides important information about the impact of
anomeric configuration on gel microstrcuture. Despite the fact that thd}Ds210 gel is
considerably less stable than the gels fromlalet b anomer s, it exhi bi
microstructure as shown iRigures 44h-k. This suggests that the L-&6OC10 molecules
aggregate and gel in a fashi orAlOSi0xarogehaxhibitso t h e

similar microstructuretoth b a n o mdkOCgarad Lad}QCi 2 fail to gel. Thus, it seems
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that both the sugar headgroup and alkyl chain length are important factors, and that at a chain

length of C10, some optimized sweet spot of forces is attained forlihked lactose syem.

Nonetheless, one key observation from this work is that for-iilhked glycolipids that
form hydrogels, regardless of the sugar head group, anomeric conformation, or lipid tail length, all
aggregate into lamellar structures. Compared with otheogiypphiphilic gelators reported in the
literature, most of which are based on monosaccharides, often with branched and longer lipid

moieties, the microstructure and physical properties of the hydrogels reported here are quite unique.

Comparative Assessment of the Role of Glycosidic Linkage Type and Anomeric
Configuration in Hydrogel Formation. From the studies reported in Chapter 2, we concluded

the effect of alkyl chain length and sugar head groups of thioglycolipids towards the resulting
hydrogels. Same observations can be made here where alkyl chain length has some effect on the
intermolecular interactions that affects mechanical properties but not so much of influence on
molecular packing between the glycolipids that would form hydrogels.r $iega groups, even

with one different hydroxyl orientation, could lead to totally different properties (i.e. form
hydrogel or not, huge difference in rheology properties, as well as molecular packing). However,
only when we compare the results we got hertihe corresponding-hked analogues reported

in Chapter 2, we see the impact of glycosidic linkage to the molecular packing and hydrogel

properties.

In general, when comparing-linked hydrogels to dinked hydrogels, the gelation
concentration of &@inked glycolipids does not show much difference from that ¢ihiSed
analogues. Additionally, the SEM images demonstrate minimal differences betweetirthedO
gels and the $nked gels, suggesting that the molecular aggregation may be very sinifat to

of the Slinked version, which is the smectics Ahase. In fact, when comparing thelitked
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hydrogels and their-nked analogues, the major differences between them are divdtes
hydrogels possess higher mechanical properties, and the quenching temperatdnekedl O
glycolipids to trigger the hydrogelation process is lower than thatlofk€d analogues. This
observation aligns with the fact thatiBked analogues have lower solubility, as observed visually.
More precisely, Sinked glycolipids do not dissolve in water unless heated to 75 °C or higher,
whereas @inked analogues can diglve in an aqueous solution at room temperature. The
connection between the weaker mechanical properties, lower quenching temperature, and
solubility is that hydrogelation is a process of reassembling molecules from a solution state to a
solid state. Havig to quench @inked analogues at a lower temperatufe°C or even lower) in

order to gel suggests a higher solubility olitked analogues in water than that ofirked
analogues. Additionally, this indicates that at the same temperature and airaeritre hydrogel
network of Slinked analogues could possess more solid, and therefore demonstrate stronger
mechanical properties. Considering all of these observations, it can be understoodirtked O
analogues may possess a similar phase diagraihe akioglycolipids depicted in Chapter 2, but

with a shift towards the top left (lower temperature and higher concentration in order to achieve

the same properties adiSked).

Il nterestingly, a similar obser v@ds.iAmang i s
al |l the glycolipids tested here, U anomer s
Therefore, as one would predict, only 2 out

whereas 5 out of the 6 obveanomehres hfyodrrno gheyl dsr ofgre

not stable at room temperature and sl owly fdme

hour s. However, surprisingly, SEM i mages of

compared to biambmgtsthB8prerogels from U anome
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suggesting that the bulk hydrogel net wor k of
anomersl n f act, it is known that U andehbviog.l ycol i
Nilsson et al. reported phase behaviors-afkyl-b-Glucoside (octyl, nonyl, decyl) as well as four

different C8G1 Alkylglucosides with different alkyl chain (branched and linear) and anomers.
They c on c lsuridctadts Have digherKrafto undar i esurfiact ahes p a
surfactants form more stabiferacrygsttal Fattherms
surfactant f or msurfactantssfdrnadmsrphous strudtuees in theepur®tate.
22However, the observation here di s algcolipigss wi t h
studied here exhibit hi gher solubility than t
| ower Krafft bound a-alkyelLsc ot CeB. Nonetheless, fa keg diftereree s ( n
between this study and the work done by Nilsson et al. ishtbaglycolipids system studied here

are Lactosides and Cellobiosides, but Nilsson et al. only studied glucosides. Therefore, we
conclude that for linear alkyl Lactosides and Cellobiosides, a completely opposite behaviors of

anomeric effect on glucosides araserved.

Conclusions

In summary, we have synthesized and purified pairs of glycolipid anomers including Lac
U-0C8, Laeb-OC8, LacU-OC10, Laeb-OC10, Lael-OC12, Laeb-OC12, CelJ-OC8, Celb-
0OC8, Cel-0C10, Celb-OC10, CelJ-0C12, and Ceb-OC12, withtheir structures confirmed
by *H and'*C NMR spectoscopy. Among these materials-b#®C8, Lacb-OC10, Laeb-OC12,
Lac-U-OC10, Celb-OC10, Celb-OC12, and CellOC12 demonstrate the ability to form
hydrogel s. Hydrogel s f r oamtenmpératuret belam #Crbaress ar e o

gels from the b anomers are more thermally st
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25°C. Rhe ol ogy confirmed that the materials so fo
values ranging from 2x£@o 7x10*P a . I n general, these hydrogel s
and crossover point) than their correspondinginised counterparts described in chapter 3.
Scanning electron microscopy of the gels from thkn&Ked materials revealed microstructures
consisting of layered sheet structures similar to those ofdimk& materials.

I n comparing the hydrogel ation behavior be:
hydrogels can be readily f olinketelactost and celonse s t b
Ssystems, bamdmers tha¢ extobit 4ny tendency toward gel formation ard d@€10
andCelUOC12. This implies |l ower stability of agg
the greater solubility of the U anofhgoglsi n agq.!

from the corresponding-hked materials, this work showed that, although there is some effect of
alkyl chain length on molecular aggregation and gelation of tHmk@&d systems, with a
corresponding impact on the resulting mechanical ptiggeof the gels, the nature of the
disaccharide sugar head group and the anomeric configuration play a larger role dictating in

molecular aggregation as well as phase behavior.

Overall, this study, along with the results presented in Chapter 3, proaidedle insight
into the hydrogelation behavior of simplealkyl glycosides from lactose and cellobiose. The
ability to form hydrogels is demonstrated to be a complex function of the chemical nature of the
disaccharide used, the chemical nature oflyisagidic linkage (Sversus Glinked), its anomeric

configuration, and the-alkyl chain length used.
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CHAPTERS: INITIAL ATTEMPTS TO FABRICATE

MICROGEL PARTICLESFROM THIOGLYCOLIPIDS

USING DROPLETMICROFLUIDIC DEVICES

Hydrogels are materials witredirable properties such as being readily biocompatible and
biodegradable, and they are used for many applications as disaisseelin Chapter 1
Furthermore, it is shown that with proper design and enginedhiag,can even be made into
smart materialsvhere the properties can be finmed and changed as we want, making them
extremely intriguing and appealing materials. However, in many applications, bulk hydrogels may
not be ideal and a smaller size of hydrogels is neeledhown inFigure 5.1, microgels are
essentially small, spherical particles made of the same hydrogel netwbdbatk hydrogels. In
addition, they typically possess a larger surface area to volume ratio and are often in colloidal form,
both of which make them easier to use thatk hydrogelsFor instance, microgel particles can
be more useful for applications that involve injection. For another example, with higher surface
area, microgel particles can be more efficient when used in applications that involve absorption of

molecues into the hydrogels such as water purification and spilled oil recéery.

To fabricate microgels, many different methdds/e beemeported includingnolecular
associatiorf?42?> extrusion method€®??” atomization methods®2?° shearing methodg?-2%0
emulsionbased method$1?*? etc?** Among the techniques/methods used to fabricate
microgels/nanogelshe emulsionbased method usirgyopletmicrofluidic device$**?3°provides

excellent control over particle dimensions with polydispe&R96. The consistency of the quality
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of microgel particles formed as well as the easy formation process make thizdnestma

appealing.

In this work,initial attempts to usthe emulsiorbased method usirdropletmicrofluidic
devices to make microgels from LacSC8 and LacS@MHde explored. Preliminary data
demonstrates the success of microgel fabrication mithodisgrse particle siz&éom LacSC8
using microfluidic devices. Furthermore, the mechanical properties of the microgels were
qualitatively tested by AFM force spectroscopy, confirming the gel properties of the resulting

particles. The experimental design anthdare described and discussed below.

Figure 5.1 Left: schematic of a bulk hydrogel; Right: schematic of hydrogel microparticles
microgel particlesThe blue lines represent the 3D network of hydrogels. The main difference
between microgels and bulk gels is the size of the hydrogel.
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Experimental

Fabrication of Microgels via Microfluidic Device: Method 1. A syringe filled with 5 wt%

agueous thioglycolipid solution is mounted on a syringe pump (NEW ERA,00B), and another

syringe filled with Fluoridrofy500(Fluodrop) is mounted on a second syringe pUNEW ERA,
NE-1000) . The syringes pump t he BLEXMO56-831401%h r ou g h
Darwin Microfluidic) into a droplet generator microfluidic chip made of PDMS (Darwin
Microfluidic, DG-DM1-45). This droplet generator chip sits on top of a temperature controller
where half of the chip is cooled by a circulation sysf(eaiet) to maintain the temperature at 15

°C or below, and the other half of the cfiipet) is heated by a heatimgd element with ahermal

controller that maintains the desired temperature. Fluids were then collected for further assessment

and charactezation.

Stability of Emulsion from LacSC8, LacSC10, and CelSC10A 5% w/w aqueous solution was
prepared by first weighing out ~20 mg of thioglycolipid and additdj -Q water to reach the

desired concentration. The aqueous sample was then heated to 75°C. To this sample, an equal
volume of toluene, heptane, or a mixtofdoluene and heptane was added. The solution was then
vortexed for a 5 to 10 secondsd the resulting emulsion was observed under a microscope. This
emulsion sample was stored at room temperature in a sealed vial for one week, after which the

emulsionwas checked again.

Fabrication of Microgel via Microfluidic Device: Method 2. This work is done itthe laloratory
of Professor Such@avagatrupn the Department d€hemicaland EnvironmentdEngineeringat
the University of Arizona with thessistancef Dr. Savagatrup andis doctoral studeraishali

Barua.
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A Dolomitemicrofluidicset up wi t h a Tel os 2 RwasugeltofabriCaei p ( 5
a LacSCa8toluene emulsion. The microfluidic chip was képdide a heated incubator (Quincy

Lab) where the temperature was s#iove thecritical temperaturdor hydrogelation 45 °C) to

prevent hydrogel formation duriregmulsification. Two Mitos P pressure puniasso kept in the
incubator)were used to control the flow rates of tbkiene(continuous phase) and thacSC8

(dispersed phaseThe fluid emergingfrom the microfluidic chip is collected in an iceoled

beaker of toluenéhis mixture is kept in the ice bath for at least 10.mMmthe sample vial, fnL

of Milli-Q water(room temperature) is added. After tt#dayers can bebserved in the viallhe

top layer tolueng was then carefully removed by pipettdeaving the microgel particles in the

agueous phaséptical micrograps and fluorescence microscopyere used to confirm the

existence of the microgel particles. AFM is used to confirm the microgel properties.

AFM Nanoindentation Studies. Ar ound 200 €L of an aqueous so
made using Method 2, is pipet onto an 11 x 11 mm getbated mica substrate. Kimwipes
(Kimtech) are then used to remove as much water as possible by placing them at the edge of the
substrate without touching the surface of the substrate or samples, so that the LacSC8 particles
reman as intact as possible. The experiments were conducted using an Asylum Cypher ES
scanning probe microscope (Oxford Instruments) with a silicon cantilever4@D@Hz, k: 20

75 N/m, HQ300-Au, Oxford Instruments). The ES scanner was equipped withuia ljpprfusion

cell to avoid evaporation, and a cooling and heating sample cell were also used.
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Results and Discussion
To explore the possibility of producing LacSCx microgels using microfluidic devtwes,

description of thigprojectis divided into several phases:

Phase 1Develop a microfluidic device and method that can generate microdroplets, with

oil as the continugs phase andgateras the dispersed phase.

Phase 20ptimize the microfluidic device and method to generate microdroplets from

thioglycolipid aqueous solution.

Phase 3Use the microfluidic device and method to generate microdroplets from
thioglycolipid agieous solution that can undergo a gelation process to yield microgel

particles.

Phase 4Tune the properties of microdroplets to achieve the desired characteristics.

This guideline will be used to evaluate the results of the methods discussed below.

Fabrication of Microgel via Microfluidic Device: Method 1. In the first fabrication method, a
droplet generator chip (Darwin Microfluidic) was used with its design showkigiare 5.2; a
photographof the overall setup is shown iRigure 5.3a. A fluorocarborbased oil Fluoridrop,

was usedsthe continuous phase in the microfluidic cldpdLacSCx aqueous solutiamas used

as dispersed phase. The temperatures of the microfluidic chip and the dispersesiopltam

were kept at 78C (temperature above gel to sol transition temperature) such that the LacSCx
solution remained as a liquid and could be pumped into the microfluidic device. However, on the
collection side, the temperature was engineered toveer Lising acirculaing water chillerat -4

or 25°C to facilitatemicrogel particle formation dahe dispersed thioglycolipid droplets
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Figure 5.2. Design of the Darwin Microfluidic Droplet Generator. A is the inlet for
continuous phasélgorocarbon oil painted in blug and B is the inlet for dispersed phase
(thioglycolipid agueous solutigmainted in yelloy. The dropletsvith solution (painted

in green)would be collected from the outlet C. Bdilue and yellow parre heated so
that the temperature is above the critical temperature of phase changes.
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Figure 5.3(a) A photograph of the apparatus used in Method 1. The syringe containing the
dispersed phase was wrapped and heated with a heating collar to maintain the temperatu
solution and prevent it from solidifying. The microfluidic chip was placed on a tatope

control device, with the left side heated to a set temperature and the right side circulating with
coolant.(b) A photograph documenting droplet formation in the microfluidic device using a red

dye.
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