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Abstract 

Low Molecular Weight (LMW) Hydrogels are three-dimensional 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 gelators, glycolipids stand out as one of the most attractive types 

given the unique biological role of sugars in organisms and nature. Numerous sugar-based 

hydrogelators have been reported and studied, demonstrating incredible potential in diverse areas 

such as neural cell cultures, stem cell scaffolds, cell-responsive capsules, ionogels as electrolytes 

for electrochemical cells, mercury ion sensors, water purification, gel electrophoresis, optical 

devices, and others. However, the discoveries of new LMWGs are often unintentional due to the 

unpredictable self-assembly 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 groups, glycosidic 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 microscopy, fluorescence 

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 behaviors as potential drug delivery systems. 
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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, the systematic study of glycolipids by 

varying their sugar head groups, glycosidic linker atoms, glycosidic linker configurations (Ŭ or ɓ), 

and lipid tails provides a valuable library for the molecular design of hydrogelators. This is a 

crucial component that is rarely seen but of paramount importance in an area heavily relying on 

empirical knowledge. Secondly, the glycolipid-based LMW hydrogels synthesized demonstrate 

unique 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 ñhydrogelò was first stated by Lee, Kwon and Park in 1894 where they reported 

a colloidal gel made of inorganic salts, although the ñhydrogelò described was not what we 

understand today.1,2 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 lenses.3  However, it was not until the middle of the 1970ôs that the number of references 

on hydrogels 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.2  

Over the years, researchers have defined hydrogels in various ways. For example, a 

commonly seen definition is that hydrogels are water-swollen, and cross-linked polymeric 

networks produced by the simple reaction 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 water.4 However, 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 definitions might not 

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 Kramer5 with 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 perspective, we can understand and define hydrogels as materials that 

meet both of the following conditions: 

(1) A gel is a soft, solid or solid-like material of two or more components one of which is a 

liquid, present in substantial quantity. (In this scenario, the liquid component is water) 

(2) A hydrogel should be a viscoelastic solid by rheological definition. Specifically, solid-like 

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

G¡, which exhibits a pronounced plateau extending to times at least of the order of seconds, 

and by a loss modulus, G¡¡, which 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 condition specifies 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. Therefore, we can comprehend a 

hydrogel as a colloidal solid sample that absorbs a considerable quantity of water.6 

 

Classification of Hydrogels 

Because any samples that are colloidal solids and contain huge amounts of water can be 

seen as a hydrogel, the term ñhydrogelò can refer to various materials that are significantly diverse 

from each other. Figure 1.1 displays an arborescence that classifies hydrogels in different 

subgroups. To start with, we can distinguish hydrogels 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 

proteins, 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, and polysaccharides, are used in cell 

growth matrix7ï10, controlled delivery11, scaffold for neurite regrowth12,13, cell encapsulation for 

growth matrix14, nerve guidance15, etc.  

On the other hand, hydrogelators 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 1960 Wichterle and Lim tried to use 

hydrophilic networks of poly(2-hydroxyethyl 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 molecules and scaffolds.3 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 pancreas.16
  

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. Therefore, 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 and physical 

gels, by looking at how the network of the hydrogel is formed. If the network involves a cross-

linking reaction of monomers with covalent bonding, the hydrogels are considered chemical gels. 

For instance, polyester, polyamide, and polyethylene are some of the most commonly seen 

examples. In contrast, physical gels are those with networks held together through noncovalent 
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interactions such as van der Waals interactions or H-bonding. To elaborate, one type of physical 

gel has a network made of multiple entangled macromolecules where the macromolecules are held 

together via intermolecular noncovalent interactions. This is what are called macromolecular 

physical gels. The other type of physical gels are supramolecular hydrogels or low molecular 

weight hydrogels(LMW hydrogels). This type of hydrogel consists of hydrogel networks made by 

only small molecules where the molecules do not polymerize but self-aggregate into, typically, 

fibril microstructures via van der Waals interactions, ˊ-ˊ interactions, or H-bonding. 

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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Figure 1.1. Classification of Hydrogels 
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Low Molecular Weight Hydrogels (LMW hydrogels)/ Supramolecular Hydrogels 

Although the first small molecule hydrogelator, dibenzoyl-L-cystine, was reported in 1921 

by Hoffman and coworkers17, the supramolecular nature was poorly understood and largely 

neglected until late 20th century. In the past two decades, much knowledge about the self-assembly 

and aggregation process of gelator molecules was gained. Generally, in the formation process of a 

supramolecular hydrogel, small molecules will first self-assemble into anisotropic fibers in 

aqueous environments. This is usually done by heating the gelator in aqueous media, which allows 

the gelator molecules to reorient and self-assemble, and then cooling the isotropic supersaturated 

solution to room temperature. As the solution is cooling down, the gelator molecules condense and 

aggregate. When the concentration of the gelator is higher than a certain value, the fibers will 

entangle or cross-link into a network that is able to immobilize water molecules via surface tension 

and capillary forces.18,19 This network prevents the water from flowing under gravity, and the 

material appears macroscopically like a solid. In addition, the networks of supramolecular 

hydrogels differ 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 reversible in general.   

Given their unique nature, low molecular weight hydrogels have attracted a lot of attention 

and have been used in many different applications. Figure 1.2 shows some commonly seen 

applications of hydrogels such as water purification, agricultural industry, contact lens, controlled 

drug delivery, and more possible application such as catalysis, tissue engineering, nanoelectronics, 

environmental remediation, cosmetics, food, and sensing.20,21 In addition, despite rarely being 

discussed in the academic literature, they are also used in industrial products a lot.22 
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Figure 1.2. Potential uses and applications that are already using hydrogels. 
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Characterization of Supramolecular Hydrogels 

Supramolecular hydrogels, as a type of soft matter, are of interest in inherently 

interdisciplinary fields, 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 measurement science methods 

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 mechanical properties, 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 informative characterization method is simply assessing the 

sample visually.23,24 Most of the time, this includes preparing the sample at different concentrations 

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 the hydrogel, and most importantly, confirmation that the 

self-assembly of small molecules happens. In addition, after the formation of hydrogels, turning 

the vial upside down can serve as a ñzeroth-orderò characterization technique and provides 

scientists an intuitive estimation of the shape and strength of the hydrogels. According to this 

inspection, one can easily classify the material as a solution, viscous liquid, half-gel, or solid-like 

hydrogel, and assess the phase behavior of the material of interest at different concentrations. With 

this basic knowledge about the materials, selection of further potentially useful characterization 
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methods can be done. As simple as this ñnaked-eyeò assay is, it provides much essential 

information. 

 

Rheology  

As described earlier, the solid-like 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 properties of the hydrogels of 

interest. Nowadays, rheometry has become a standard method when it comes to characterizing 

viscoelastic materials like hydrogels.25 

Rheology is ñflow scienceò. It is the study of the flow of matter in a liquid, gas, or even 

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 material flows 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 can be 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 bears are viscoelastic solids.   
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Figure 1.3. Schematic representation of a typical rheometry setup 

is shown in 1.3a.  1.3b shows a stress response to oscillatory strain 

deformation of viscoelastic material. When the phase difference (ŭ) 

is 0, the material is defined as elastic solid. When the phase 

difference (ŭ) is ˊ/2, the material is defined as viscous fluid. Most 

of the materials in real life are neither ideal solid nor perfect fluid. 

Instead, most materials are viscoelastic materials where the phase 

difference of strain (deformation) and stress (response from the 

material) is between 0 and ˊ/2. 1.3c shows a vetor diagram that 

illustrates the relationship between complex shear modulus G*, 

storage modulus G¡, and the loss modulus G¡¡ using the phase-shift 

angle ŭ. The x-axis of the diagram represents the elastic portion of 

a b 

c 
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In a typical rheological experiment, a thin layer of sample of interest would be sandwiched by a 

stationary and a movable component on a rheometer as shown in Figure 1.3a. During the 

experiment, the rheometer applies an oscillatory stress to the material, and it controls the top plate 

by changing the torque, oscillatory 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 modulus), Gǋ (the storage modulus), and Gǌ (the loss 

modulus), where: 

Ὃᶻ Ὃ  ὭὋ 

When Gǋ > Gǌ, the sample is defined as a viscoelastic solid, which is the behavior of a hydrogel; 

when Gǌ > Gǋ, the sample is defined as a viscoelastic liquid. Figure 1.3c shows a vetor diagram 

that illustrates the relationship between complex shear modulus G*, storage modulus G¡, and the 

loss modulus G¡¡ using the phase-shift angle ŭ. 

Rheological experiments can confirm hydrogel formation and solid-like properties. 

Moreover, rheological properties are important, as they affect the processability 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, different types 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 solid-like properties and mechanical properties, another property 

commonly characterized by rheological experiments is the self-healing or thixotropic properties 

of hydrogels. Typically, in this type of experiment, a parameter, usually shear strain, is increased 
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to an extreme level such that the hydrogel network breaks (Gǌ surpasses Gǋ), and then it is tuned 

down to a normal level where the hydrogel maintains its solid-like properties. The researchers then 

observe whether the hydrogel can reform or heal itself over time (Gǋ dominates again). For instance, 

Rutgeerts et al. performed rheological experiments by alternating shear strain between 0.8% and 

100% on the same hydrogel sample, and they observed that Gǋ of the sample was higher at 0.8% 

but was then surpassed by Gǌ when the shear strain reached 100%.26 These results suggest that the 

hydrogel they studied is a self-healing material. Numerous examples of such rheological 

experiments have been reported.27ï29 

 

Microstructure by Microscopy 

As hydrogels form, the gelators self-assemble into a network in the aqueous medium. This 

network not only dictates the rheological properties of 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 micro- or nano-scale. As 

microscopy instruments have improved rapidly, electron microscopy has become the most used 

measurement approach when it comes to studying the microstructures of hydrogels.30,31 

Electron microscopes utilize a beam of electrons to magnify an objectôs image and can 

magnify objects up to 1 million times or more.32 During a typical electron microscopic experiment, 

a stream of high voltage electrons is first formed by the 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 or refractive 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 network such as 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 acid-based 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 of 5-fluoro-20-deoxyuridine, a model drug in their study, to the 

hydrogel.33 For another 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 delivery34. During the SEM experiments, they 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 µm and a length of 200 µm, whereas the isoguanosine hydrogel had a pore 

diameter of 1 µm. When both components were combined in a 1:1 ratio, they formed flower-like 

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

Although electron microcopy can provide information 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 electron microscopy 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 of the hydrogel as 

the dehydration process could cause artifacts. One way to get around this problem is to perform 

cryo-electron microscopy. Cryogenic techniques allow measurement of self-assembled structures 
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specimen to be done while maintaining the hydrogel state as much as possible by creating thin 

vitrified ice films of the sample and studying the sample at cryogenic temperature.35 For example,  

Fitremann et al. conducted a study that aimed to enhance the reproducibility of a low-molecular-

weight sugar-based hydrogel.36 They found that different concentration and preparation methods 

would lead to different gelation mechanisms and therefore, different microstructure during the 

formation of hydrogel.  TEM, cryo-TEM, and cryo-SEM were all used to investigate and display 

the difference in the gelation. Specifically, they found that at low concentrations, the gelators form 

helical 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 of fibers that ended up forming 

hydrogels. Furthermore, they were able to see detailed features by the help of cryo-EM. For 

instance, they found that the sheet structures they saw in the hydrogel network are made of long 

cylindrical or wormlike micelles with 7 nm width organized in parallel side-by-side on a long 

range, over several millimeters. More research has shown cryo-EM to be applicative when it comes 

to studying the structure of supramolecular hydrogels,37,38 the structures of peptide nanofibers39, 

and self-assembly of small molecules in water40, although cryo-EM is expensive and not many 

labs have access to this cutting-edge technique.  

In addition to cryo-EM, 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, although this approach usually produces lower 

resolution than normal SEM which makes it less appealing.41,42 

  

 



37 

 

Differential Scanning Calorimetry 

Low molecular weight hydrogels are typically formed through noncovalent interactions, 

which makes their formation reversible. Most hydrogelators are also temperature-sensitive, so 

raising or lowering the temperature can convert the hydrogel back into a 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 responsiveness to environmental changes. 

Differential scanning calorimetry (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 introduced 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 the reference 

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 blocks of the 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 temperature required for micellization to occur.43 For another example, Lee et al. 

reported a calix[4]arene-derived 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 monomers without fully polymerizing the gelator into a covalently cross-linked 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 characteristics of the thermogram, they 

were able to confirm that the resulting supramolecular gel was formed from discrete gelator species 

that were multimeric, rather than extended polymer network structures.44 

 

Small Angle X-ray Scattering 

Small-angle x-ray scattering (SAXS) is an analytical analysis tool that measures the 

intensities of x-rays scattered by a sample as a function of the scattering angle (usually 0.1 deg to 

5 deg). It is one of the most universal techniques for the structural characterization of nanomaterials. 

According to Bragg's law, as the scattering angle becomes smaller, the d spacing detected increases, 

which means larger structural features are being probed.  

Braggôs Law: ὲ‗ ςὨίὭὲʃ 

Therefore, a SAXS signal is observed whenever a material contains structural features on the 

length scale of 1-100 nm. In the case of measuring supramolecular hydrogels, signals regarding 

the self-assembly of monomers and secondary aggregations such as interactions between fibrils 

could be observed as they typically fall in this size range.45 Although this technique can provide 

structural information of supramolecular hydrogels at similar resolution of TEM46,47, SAXS probes 

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

the local morphology of the hydrogel structure.48 

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 use a supramolecular 

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 the gelation, and they found that the inclusion of 

RVC did not affect the supramolecular structure of the system.43 Aside 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 a shortcoming in their molecular dynamics simulation model by showing 

a different stacking mechanism forming the aggregates.49 

 

Other techniques 

Aside from the 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 analyze gel-solution interface 

dynamics and binding processes, thus providing insight into the formation and stability of 

supramolecular hydrogels. 

NMR spectroscopy is a valuable tool for determining the presence of specific functional 

groups or species in a sample. Since hydrogen nuclei are typically studied using 1H NMR 

spectroscopy in solution-state, the reduction in mobility during gelation can limit its usefulness. 

However, in supramolecular chemistry, 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 state.50,51 Furthermore, solid-state NMR is known to be a powerful technique to study 

intermolecular interactions such as hydrogen bonding, aromatic and CH-ˊ interactions in 

supramolecular chemistry.51 Ramalhete et al. attempted to use single and multi-component 

hydrogels of L-phenylalanine as model materials to develop an NMR-based analytical approach 
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to study mechanisms of supramolecular gelation. In their study, they employed 1H-13C cross-

polarization magic angle spinning (CP/MAS) solid-state 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 multicomponent L-phenylalanine hydrogels that they were studying.52  

Infrared spectra 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 confirm the presence of 

hydrogen bonding and determining the protonation state of carboxylic acids of the gelators.53ï55 

For instance, Shimizu et al. used FT-IR 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 conclude the stereochemical effect 

of even-odd connecting links on supramolecular assemblies made of 1-glucosamide.54  

In addition to the aforementioned analytical techniques, there exist various other 

techniques that can potentially provide valuable information. Figure 1.4 illustrates a four-stage 

diagram depicting the aggregation process of a low molecular weight hydrogelator, from 

monomers to fibrils/ribbons to secondary structure 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 independent 

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 structure to 

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 energy stored 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.56,57 

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 development etc.58ï65
 Although most 

carbohydrate molecules only exhibit very weak affinity to other biomolecules with association 

constants below 106 M-1,56 it is known that many natural biomolecules tend to interact with 

multiple carbohydrates which results in higher binding affinity. At the molecular level, multivalent 

glycosides are known to bind with proteins (e.g. lectins) and form supramolecular complexes, 

which serve as markers for signal transduction. Many pathological interactions are mediated by 

these carbohydrate-carbohydrate and carbohydrate-protein interactions.56,66 Hoping to develop 

carbohydrate therapeutics, substantial efforts have been devoted to designing multivalent systems 

that mimic natural supramolecular interactions as well as studying the supramolecular nature of 

carbohydrates.67ï69 

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, biocompatible, and biodegradable nature, glycolipids have been seen as a 

great candidate for use in many areas including detergents, emulsifier,70 wetting agents,71 drug 

delivery systems,72 cosmetics,73 environmental remediation, microreactors,74 etc.  In addition, 

since carbohydrates are known to exhibit supramolecular nature, it is not surprising that many 

glycolipids and amphiphilic glycoconjugates are reported to form supramolecular hydrogels under 

certain conditions. 

 

Sugar based Low molecular weight Hydrogels(LMW hydrogels)75 

As discussed above, carbohydrates play important roles in life science for various reasons. 

They are considered to be central in most biological events, such as in cellïcell or cellïpathogen 

interactions.76 Also, they can bind to proteins, which affects expression and correct protein folding 

and many other pathological interactions.77 Besides, they can also represent strong enzyme 

inhibitors and even powerful drugs.78
 Therefore, supramolecular hydrogels made by sugars have 

gained special interest, and many efforts have been dedicated to designing, synthesizing, and 

characterizing glycolipids with different sugar head groups and lipid tails. 

 Monosaccharide-based hydrogels are reported extensively with different chemical 

structures. Gels formed by phenyl-ɓ-D-glucopyranoside derivatives with different alkyl chains in 

mixture of water and different organic solvents including MeOH, EtOH, acetone, DMF, THF, and 

DMSO are reported by John et al.; these hydrogels possess twisted ribbon microstructures.79
 It is 

also found that if the phenyl ring is replaced by an alkyl chain, the resulting compounds form 

hydrogels in pure water.80,81
  Other glucoside derivatives based on similar chemical structure such 

as imine and amide and galactoside derivatives are reported. 82ï84 
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Besides the selection of a different sugar as well as the variation of conjugated molecules, 

glycolipids with sugar head groups that are partially or fully protected are also investigated. 

Gonwald et al. and Kowalczuk et al. reported hydrogels formed from methyl-4,6-O-(p-

nitrobenzylidene)-Ŭ-D-glucopyranoside and mannopyranoside from corresponding methyl-Ŭ-D-

glycopyranoside and p-nitro-phenylbenzaldehyde (partially protected glycosides and 

mannosides.)85,86 These compounds form hydrogels with fibrillar microstructure in aqueous 

solution at 1.5-5 wt %.87 Similar molecules based on glucosides but with aldehyde functional group 

have been prepared and characterized by Chen et al.88 These glycolipids form fibril hydrogels with 

critical gelation concentrations of 0.8 wt% in water. More variants of protected glycosyl conjugates 

with variations in their chemical structure including adding new functional groups such as ester,89 

benzylidene,90 methoxy group,91 urea function92 are also reported.  

Disaccharide-based hydrogelators are reported less frequently compared to those of 

monosaccharide. Clemente et al. reported disaccharide-based hydrogelators made of lactose, 

cellobiose, and maltose with a triazole linkage through an amide bond to an alkyl chain with 16 

carbons.93ï95 They showed that lactose and cellobiose, with a small stereochemical difference in 

the structure of the sugar moiety (axial or equatorial orientation of a single hydroxyl group), give 

rise to different molecular conformations within a network of twisted ribbons. Additionally, 

Yamanaka and coworkers synthesized urea-lactose/maltose-based hydrogels and demonstrated 

their potential use in drug delivery.96ï98 

In addition to monosaccharide and disaccharide-based hydrogelators, hydrogelators made 

of sugar alcohols, bola glycoamphiphiles, and other more sugar-based hydrogelators are also 

reported.99ï104
 Although glycolipids with variation in their chemical structures demonstrate much 

difference in their hydrogel properties, it is extremely difficult to predict how modifications in 
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chemical structure will change the properties and how big this effect would be. Furthermore, it is 

difficult to even just predict the hydrogelation behavior, despite that 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 understand the fundamentals of supramolecular 

chemistry of LMWGs, sugar-based LMWGs have demonstrated their potential in many areas. 

Fitremann et al. described a disaccharide-based open-form glycoamphiphile with triazole on the 

chemical structure that could be used as a scaffold for neutral cell culture.36 In addition, Latxague 

et al. reported the first use of bola-amphiphile-based hydrogels in the adhesion and proliferation 

of stem cells.99
 Interestingly, Ikeda et al. prepared a hydrogel with extremely high mechanical 

toughness and demonstrated the possibility to use it as cell-responsive capsules.105
 Although much 

research focuses on using sugar-based LMWGs in biomedically related fields, these gels have also 

shown potential in other area. For instance, Kimizuka et al. reported first ionogels formed by self-

assembly of carbohydrates, specifically agarose,106 and Bielejewski et al. showed that LMWG 

made by methyl-4,6-O-(p-nitrobenzylidene)-Ŭ-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 sensor,107 water purification,108 gel electrophoresis,109 optical devices.110 

Although this work listed above is still in its infancy, and optimization of systems and properties 

is required, there is no denying that carbohydrate-based LMWGs are gaining more and more 

attention and have shown potential in many aspects. 
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Research Goals 

Although many LMWGs are reported in the literature, they are most of the time found by 

accident. Therefore, a common thread in the study of LMWGs is that properties of the hydrogels 

are characterized after discovering hydrogelation of certain molecules. Then, based on the 

properties determined, these materials are tested for potentially suitable applications. From the 

aspect of understanding the fundamentals of supramolecular chemistry, it is reasonable to perform 

research with this type of semi-empirical study. However, the inverse processðdesigning a 

material with a specific desired propertyðis 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 should target to make to achieve certain criteria of 

properties of LMWGs 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 from 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 different sugar head groups, 

specifically cellobiose and lactose, conjugated to simple n-alkyl chain range from 8 to 12 carbons, 

with oxygen or sulfur linkages were synthesized and demonstrated the hydrogelation behavior. 

The chemical structures of these glycolipids are shown in Figure 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 on sugar-based LMWG, 

thioglycoside-based LMWGs have not been reported. Therefore, characterization of the hydrogels 
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formed by these materials will add crucial information to the library of sugar based LMWG. 

Furthermore, in the thioglycoside family, it was found that the disaccharide analogues possess 

lower solubility in aqueous compared to monosaccharide analogue, meaning the hydrophilic-

lipophilic-balance could vary in different trends than what may be thought when it comes to 

designing hydrogelators.75 Additionally, these thioglycolipids possess only simple alkyl lipid tails 

(e.g. n-octyl, n-decyl, n-dodecyl), making them a perfect 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 properties of the corresponding O-linked analogues have also not been 

studied, and therefore are of interest to understand the physical and chemical property differences 

between the S-linked and O-linked glycolipids. Furthermore, in contrast to the S-linked systems, 

which are exclusively produced in the ɓ-configuration, in the process of synthesizing O-linked 

analogues by the methods reported previously, both Ŭ and ɓ anomers are generated. Therefore, we 

sought to analyze and compare the differences between the properties of Ŭ and ɓ analogues, which 

can provide critical information relevant to designing molecular structures to achieve desired self-

assembly or chemical and physical properties. 

In this research, we studied glycoside-based hydrogels to a) provide as much insight as 

possible to understand how differences in chemical structure may affect resulting hydrogel 

properties, and b) find suitable applications for the unique sugar-based LMWG described here. 
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Figure 1.5. Chemical structure of glycolipids proposed to study in this dissertation. 
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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 tails (n-octyl, n-decyl, and n-dodecyl) and different 

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

2. To comprehensively characterize these hydrogels so formed. Characterization methods 

including visual assessment, rheometry, differential calorimetry, electron microscopy, 

single crystal x-ray 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 capacity of small 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 attempt to prepare microgel 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 matrix,111ï113 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.114 As a result, scientists have been developing methods to fabricate hydrogels as 

microscale particles (~1ï1,000 Õm). However, most of the microgels reported in literature are 

made from natural or synthetic polymers. Therefore, it is of our interest to explore the potential of 

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

efforts and results of proof-of-concept experiments are included in Chapter 5. 
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CHAPTER 2: SYNTHESIS AND CHARACTERIZATION OF 

HYDROGELS FROM ALKYL-ɓ-THIOLACTOSIDE 

 

Gels are unique materials made of molecules that assemble into a three-dimensional (3D) 

network with relevant spatial dimensions on the nanometer to micrometer range and immobilize 

solvent. Macroscopically, gels are viscoelastic 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 and form 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 effect, -́  ́ interactions, 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 physical gels has increased, 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 applications.115  

Low molecular weight gels (LMWG), as a class of physical gels, are composed of small 

molecules that aggregate via noncovalent interactions and form fibrous 3D networks that 

immobilize solvent45,116. Generally, LMWGs are known to be thermoreversible, gel at low 

concentration, and have high tolerance towards salts117,118. Given these unique properties, they 

have great potential for diverse applications in soft materials and biomaterials including catalysis, 
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drug delivery, tissue engineering, nanoelectronics, environmental remediation, cosmetics, food 

and agricultural industry, and sensing21,91. Much effort has focused on the design of small 

molecules that can serve as low molecular weight hydrogelators as well as on improving their 

physicochemical properties for various applications.119,120 The gelation behavior and mechanical 

properties of hydrogels are difficult to predict given the complex processes of self-assembly and 

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

properties based on known hydrogels have been reported.121ï124 

Glycolipids are amphiphilic molecules composed of a sugar moiety and a lipid tail and are 

known to be biocompatible. Because of the amphiphilic nature of these molecules, they possess 

foaming, emulsifying, cleansing, and potential hydrogeling properties, which attracts a lot of 

interests in cosmetics, environmental uses, food industry, as well as biomedical applications.125 

Furthermore, hydrogels made from glycolipids have gained special interest for use in novel soft 

materials due to their biodegradability and biocompatibility, as well as for their sourcing from 

renewable raw materials. Their utility in many areas has been reported including neural cell 

cultures,126 scaffolds for stem cells,127 cell responsive capsules,105 ionogels as electrolytes for 

electrochemical cells,106,128 mercury ion sensors,107 water purification,108 gel electrophoresis,109 

optical devices,110 although this work is still in its infancy and optimization of systems and 

properties is required. 

Previously, Szabo et al. reported a scalable synthetic method that produce anomerically 

pure, simple alkyl-ɓ-thioglycolipids as opposed to most chemical synthetic methods that would 

yield to a mixture of anomers.129 Furthermore, Kegel et al. observed hydrogelation of certain alkyl-

ɓ-thioglycolipids with preliminary characterization.130 This motivates the systematic exploration 

of anomerically pure simple alkyl glycolipids as LMW hydrogelators, which would not only 
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provide a deeper understanding of the self-assembly behaviors of these bio-inspired amphiphilic 

molecules but also extend the library of these biocompatible materials with different properties for 

use in applications.  

Motivated by this work, we aim to further simplify the synthetic methods as well as provide 

a comprehensive characterization of the hydrogels formed by alkyl-ɓ-thioglycolipids to study the 

effect of tail length on hydrogel properties as well as to unveil their physicochemical properties as 

a foundation for use in applications. Scheme 2.1 shows the synthetic routes for these molecules, 

modified based on what was reported by Szabo et al.129 Different phases of the thioglycolipids at 

different concentrations were assessed by their visual appearance at different temperatures, 

mechanical properties by rheology at different temperatures, micro- and nano-structure by 

scanning electron microscopy (SEM) and transmission electron microscopy (TEM) on xerogels 

resulting from flash freezing and lyophilization of the hydrogels, phase transition temperatures by 

differential scanning calorimetry (DSC), and lyotropic phase microstructure by fluorescence 

spectroscopy at different temperatures using prodan, a polarity-sensitive dye. The collective whole 

of these results allows phase diagrams for each thioglycolipid to be estimated. Different from most 

LMW hydrogels, these thiolactose-based hydrogels form disordered bicontinuous cubic 3D 

networks of lamellar bilayers, instead of the more commonly encountered fibrils or ribbons, with 

storage moduli G¡ > 105 Pa without optimization. Robust formation of these unique hydrogel 

microstructures could potentially be useful as materials with tunable Gǋ values across a broader 

range that might be important for applications such as 3D cell scaffolds,131ï133 biolubrication,134,135 

intelligent actuators,136,137 superabsorbents,138 and agriculture and food chemistry.139,140 The green 

and high-yield synthetic process of the thioglycolipids, unique sulfur linkage between sugar and 
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Scheme 2.1. General scheme for thioglycolipid synthesis.  
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lipid moieties, sugar effect on the hydrogelation process, high storage modulus (Gǋ), and unusual 

microstructure of these materials make them extremely unique and intriguing. 

 

Experimental 

Materials 

Lactose (99%) and cellobiose (99%) were purchased from Carbosynth.  Acetic anhydride was 

purchased from Sigma Aldrich (>99%). Diethyl ether (99%) was purchased from Thermo 

Scientific. Indium bromide (99%) was purchased from Sigma Aldrich. 1-Octanethiol (>96%) was 

purchased from Thermo Scientific. 1-decanethiol (>96%) was purchased from Thermo Scientific. 

1-dodecanethiol (>98%) was purchased from Thermo Scientific. Amberlyst A26 hydroxide form 

resin was purchased from Sigma-Aldrich. Prodan (>98%) was purchased from Abcam. Methanol 

(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 dried by 4A molecular sieves (Sigma 

Aldrich) prior to use. Purified H2O (>18 Mɋ resistivity and <8 ppb total organic carbon) was 

obtained using a Waters Milli-Q UV Plus purification system (Millipore Corp). N2 (99.999%) was 

purchased from University of Arizona Cryogenics & Gas Facility. Chloroform-d (99.8 atomic % 

D) was purchased from Thermo Scientific. Methanol-OD (99.5 atom % D) was purchased from 

Sigma Aldrich. Dimethyl sulfoxide-d6 (99.9 atom % D) was purchased from Sigma Aldrich. 
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Synthesis 

Acetylation. To an oven-dried round bottom flask equipped with a stir bar were added sugar (1 eq) 

and sodium acetate (0.37 eq). The round bottom flask 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 contents 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 of the round 

bottom flask were stirred for 1 h. Then, diethyl ether (30mL/ mmol of sugar) was added to the re-

action. The 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 oven-dried round bottom flask equipped with a stir bar were added sugar 

octaacetate (1 eq) and indium bromide (3 wt%). The round button flask was evacuated and refilled 

with dry nitrogen. Anhydrous chloroform (5 mL/mmol of sugar octaacetate) and alkyl thiol (2 eq) 

were then added via syringe. The contents of 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 

were washed 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 give the product.  

Deacetylation. To an oven-dried round bottom flask equipped with a stir bar were added alkyl-b-

thioperacetyl sugar (1 eq) and Amberlyst A26 hydroxide form (Sigma-Aldrich) 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. 

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 

by 1 H NMR, 13C NMR and mass spectrometry as shown in Appendix A. 

Preparation of Hydrogels. Aqueous solutions of thioglycolipids were prepared by weighing 2ï3 

mg of thioglycolipid in 2 mL glass vials and adding an appropriate volume of water to make 

samples at desired concentrations. The vials were capped, sealed with Parafilm, heated to 75 oC 

(or 85 oC for LacSC12) until the thioglycolipids were completely dissolved (typically ~1 min) as 

indicated by the complete absence of turbidity. For LacSCx hydrogels, the samples were allowed 

to cool to ambient temperature; during this cooling, hydrogels spontaneously form in under a 

minute once the solution reaches its transition temperature. Gels were allowed to equilibrate at 

room temperature for 15 min prior to analysis. For CelSCx hydrogels, samples were quenched at 

ï4 oC in an ice/water bath and allowed to equilibrate at ï4 oC for 15 min prior to analysis. 

A similar protocol as just described was used to prepare hydrogels containing the fluorescent dye 

prodan. For these materials, water was replaced by an aqueous solution of 5 ɛM prodan (Molecular 

Probes) which was made by adding the appropriate amount of a prodan/ethanol stock solution to 

pure water, after which the ethanol was evaporated under vacuum. 

Rheology. The viscoelastic mechanical properties of hydrogels were characterized using small 

amplitude oscillatory shear rheology on a Discovery Hybrid Rheometer 2 (TA Instruments, USA) 

in a cone-and-plate geometry consisting of a sandblasted 20 mm 1o cone and a sandblasted stage. 

Inertia, friction, and rotational mapping calibrations were performed prior to each experiment. A 

Peltier temperature-controlled stage maintained at 4, 10, 25, or 37 oC was used for all rheology 

testing. To ensure hydrogels are transferred without damage, hydrogels were made on the sample 
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stage of the rheometer using the following procedure. First, hydrogel/water solutions were heated 

in a water 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 lowered 

(1ï3 s) to the testing gap height of 50 mm. Excess gel was then trimmed from the edges of the 

geometry. To control evaporation, the geometry was encased in a solvent trap with a water seal 

and a mineral oil barrier was placed around the edges of the geometry. The temperature of the 

sample stage was maintained above the transition temperature for 15 min, then cooled for 15 min 

to either 25 or ï4 oC depending on the thioglycolipid to allow formation of hydrogel. After this, 

the sample stage temperature was adjusted to the appropriate measurement temperature and the 

sample was equilibrated for 1 h prior to experimentation. Strain sweeps were performed from 0.01 

to 1000% shear strain at a constant 10 rad s-1 angular frequency. Gǋ and G¡¡ values reported were 

determined by averaging the data points within the linear viscoelastic region of the strain sweep. 

Frequency sweeps were performed from 0.01 to 100 rad s-1 at a constant 0.01% shear strain. 

Thixotropy experiments were conducted by cycling the shear strain between 0.01% and 100%. 

Electron microscopy. Scanning electron microscopy (SEM) was performed on an FEI Inspect S 

microscope equipped with a tungsten filament; standard secondary electron imaging was used. 

Xerogel samples of the hydrogels were prepared as follows. Hydrogels were first heated to the sol 

state and then pipetted onto an SEM-compatible sample stub. For LacSCx hydrogels and fibrous 

CelSCx samples, sample stubs were cooled to room temperature for 15 min to form hydrogels. For 

CelSCx hydrogels, sample stubs were quenched at ï4 oC in an ice/water bath for 15 min to form 

hydrogels. The hydrogels so formed were then flash-frozen by immersion in liquid N2 followed by 

lyophilization for 24 h in a VirTis Lyo-Centre 3.5L DBT benchtop lyophilizer. Samples were Au-

coated before SEM characterization to reduce sample charging.  
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Transmission electron microscopy (TEM) was performed on a Hitachi HF-5000 to provide 

insight into the nanostructure of xerogels made from these thioglycolipids. To ensure films thin 

enough for TEM, xerogel preparation was as follows: lyophilization was performed immediately 

after hydrogel formation in a 1-dram vial. After lyophilization, hexane, a solvent in which the 

thioglycolipids are poorly soluble, was added to the vial followed by sonication for several seconds. 

Then, 1 mL of the resulting solution was pipetted onto a carbon TEM grid (SPI Supplies Holey 

Carbon Coated Grids onto 100 Mesh Gold 3mm). The grid was allowed to dry overnight before 

TEM imaging, during which time the hexane slowly evaporated. 

Differential scanning calorimetry. A Mettler Toledo DSC 823e differential scanning calorimeter 

equipped with cooling apparatus was used for measurement of phase transition temperatures and 

enthalpies of the hydrogels. Samples were first made as described above and were then melted by 

heating to 75 oC (or 85 oC for LacSC12). Once completely in the sol state, small aliquots equating 

to ~6 to 8 mg of material were pipetted into 40 µL aluminum DSC pans (DSC Consumables, Inc.) 

and capped with lids. The pans were maintained at 75 oC (or 85 oC) for 1 min to ensure sample 

melting. Then, the pans were cooled to and maintained at 5 oC for 20 min to ensure hydrogel 

formation. DSC data were then acquired for hydrogel samples heated from 5 to 85 oC at 5 oC min-

1. 

Fluorescence spectroscopy. Steady-state fluorescence spectroscopy was performed on a Photon 

Technologies, Inc. Quanta Master 40 spectrofluorometer. Prodan fluorescence was excited at 350 

nm with emission observed from 370 to 640 nm. LacSC8, LacSC10, LacSC12, CelSC8, CelSC10 

and CelSC12 hydrogels and solutions were explored. Fibrous samples from CelSC10 and CelSC12 

were also explored. Initial fluorescence experiments were performed at 5 oC. Then, spectra were 

acquired at 10 oC increments up to 75 oC for all samples except LacSC12, which was studied up 
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to 85 oC. A front-face excitation-collection geometry was used for acquisition of hydrogel 

fluorescence spectra since these materials are opaque at the lower temperatures. Preparation of 

hydrogel samples containing prodan for fluorescence spectroscopy consisted of first heating to the 

sol state, followed by pipetting the warm sol solution to fill a 1.7 mL triangular fluorescence 

cuvette (Wilmad Lab-Glass) which was then capped to prevent evaporation. Then, the cuvette was 

quenched at either room temperature or in an ice/water bath to form hydrogels or fibrous 

aggregates. Samples were then allowed to equilibrate for 30 min prior to measurement. Identical 

preparation was used for the 1 wt% LacSC8 and 1 wt% CelSC10 samples, both of which were 

visually clear and lacked any indication of turbidity, but fluorescence spectra were acquired on 

these sol solutions in a standard orthogonal excitation-collection fluorescence geometry in a 10 

mm rectangular cuvette (Starna). 

Fluorescence spectra were fit to a minimum number of 100% Gaussian bands needed to 

ensure a good fit. Peak emission wavelengths and full-width-at-half-maximum (FWHM) values 

were unconstrained during fitting. Fits were deemed acceptable for ɢ2 values > 0.995. 

X-Ray crystallography. Powder X-ray diffraction was performed on a Philips PANAlytical 

XôPert PRO MPD X-ray diffraction system under Cu Ka X-ray radiation. The measurements were 

performed at room temperature using the BraggïBrentano geometry. 

Single crystal X-ray diffraction data for CelSC10 and CelSC12 were collected at 150 K on a D8 

goniostat equipped with a Bruker PHOTON-II detector at Beamline 12.2.1 at the Advanced Light 

Source (Lawrence Berkeley National Laboratory) using synchrotron radiation tuned to ɚ= 0.7288 

Å. For data collection, 1-s frames were measured in shutterless mode. APEX3 v2016.9.0 and 

SAINT v8.38A data collection and processing programs, respectively, were used. The Bruker 

Analytical X-ray Instruments, Inc. (Madison, WI) SADABS v2016.2 semi-empirical absorption 
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and beam correction program (Sheldrick, University of Göttingen, Germany) was used. Using 

Olex2,65 the structure was solved with the ShelXT structure solution program using intrinsic 

phasing and refined with the ShelXL refinement package using least squares minimization. 

 

Results and Discussion 

Visual assessment of hydrogel formation 

A wide range of thioglycolipid solutions were evaluated to establish concentration 

conditions (wt%) under which hydrogelation occurs and to assess the formation of other phases. 

Photographs of these hydrogels are shown in Figure. 2.1c. Brief schematics describing hydrogel 

formation are shown in Figure 2.2. Visual assessments of these aqueous solutions for different 

concentration conditions at room temperature are summarized in Table 2.1. In this table, C 

indicates clear solution devoid of any perceptible turbidity, O indicates turbid or cloudy solution, 

G indicates gel, G + C indicates a gel that has undergone syneresis over time, resulting after 

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

For LacSC8 and LacSC12 solutions at concentrations < 0.5 wt%, the solutions are either 

clear (C) or turbid suggesting the presence of large aggregates (O). These solutions form partial 

hydrogels surrounded by clear solution between 0.5 but < 1 wt% and are completely gelled at 

concentrations of 1 wt% and greater. Solutions of LacSC10 at < 2 wt% form partial hydrogels 

surrounded by clear liquid but are completely gelled at or above 2 wt%. 
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Figure 2.1. Molecular structures of (a) alkyl-ɓ-thiocellobiosides and (b) alkyl-ɓ-

thiolactobiosides, and (c) photographs of CelSC8 solution and gel formation for CelSC10, 

CelSC12, LacSC8, LacSC10, and LacSC12.  



63 

 

 

 

 

  

Figure 2.2 a) Schematic for preparation of LacSCx hydrogels. b) Schematic for preparation of 

CelSCx hydrogels. 
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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.a 
 

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 O G+C G+C G G G G 

CelSC8 C C C C C C C C C 

CelSC10 F F G or F G or F G or F G or F G or F G or F G or F 

CelSC12 F F G or F G or F G or F G or F G or F G or F G or F 
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CelSC8 solutions remain clear at all concentrations studied. When allowed to form at room 

temperature, CelSC10 and CelSC12 solutions form fibrous structures that settle out of solution 

after long periods of time or if they are subjected to even modest vibrational shock due to syneresis. 

However, CelSC10 and CelSC12 solutions can form hydrogels when rapidly quenched and 

maintained at temperatures > 20 oC, although after warming to room temperature, these slowly 

transform into fibrous structures that settle out over time, suggesting that they are metastable in 

the gel state. Substantial research on metastable LMWGs has been reported, and a universal energy 

level description of this behavior has emerged:45,141,142 upon cooling from the solution state, 

aqueous samples containing amphiphilic gelators can be kinetically trapped in a metastable gel 

state, which prevents the molecules from forming crystals. In systems for which the activation 

barrier around the gel state is low, the system can transform into the crystalline state, as has been 

observed in many examples reported in literature.45,141ï147 Indeed, the balance of hydrophilic and 

hydrophobic intra- and intermolecular interactions is suggested to play the major role in dictating 

metastability,45 although clear molecular design guidelines are still somewhat elusive. 

In the work reported here, the gels from CelSC10 and CelSC12 demonstrate this gel-to-

crystalline transition behavior indicative of a relatively low activation barrier out of the gel state. 

Indeed, X-ray diffractometry confirms the crystalline nature of these fibers (vide infra). However, 

when the barrier is sufficiently high, as is apparently true of the LacSCx gels, systems can be 

trapped in the gel state for longer periods, even indefinitely depending on the environmental 

conditions of the gel. Further evidence for metastability in the CelSC10 and CelSC12 gels is that 

when they are maintained at 5 oC after their formation at this temperature, the hydrogels are stable 

for over 6 months. The truly intriguing aspect of these observations is that this difference in energy 

landscape is conferred on these materials by a change in the configuration of only a single hydroxyl 
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on the sugar distal to the alkyl chain at C4. In CelSCx, the hydroxyl at C4 in the sugar is equatorial 

(glucose) whereas in the LacSCx molecules, the hydroxyl at the C4 is axial (galactose). This 

distinction is discussed in greater depth below. 

Overall, the minimum thioglycolipid concentration at which hydrogelation is observed can 

be as low as 0.05 wt% depending on thioglycolipid system. This compares favorably to the typical 

concentration for hydrogelation of similar low molecular weight systems of at least 1 wt% 

commonly reported in the literature, although 0.25ï2 wt% is the concentration range wherein these 

thioglycolipid solutions fully hydrogel. The existence of metastable hydrogels and the ability to 

tune the transformation of hydrogels into crystals may allow their potential use as smart materials 

for different applications. Although LacSCx and CelSCx share almost identical chemical structure, 

the hydrogels from them exhibit very different properties. Therefore, the results and discussion of 

their properties below are separated 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 employed to confirm the formation of hydrogels as well 

as to characterize the viscoelastic properties of these hydrogels. The two parameters of interest in 

these studies are storage modulus (Gǋ) and loss modulus (Gǌ). Materials for which Gǋ > Gǌ are 

considered viscoelastic solids, the common behavior for hydrogels; in contrast, systems for which 

Gǋ < Gǌ are considered viscoelastic liquids. The magnitude of Gǋ as well as the viscoelastic and 

mechanical properties of the hydrogels are important parameters, as they dictate the utility of 

hydrogels in different applications. For instance, hydrogels used as carriers that release cargo such 

as fertilizer should have sufficient mechanical strength to withstand normal handling and storage 

without fracturing;140 additionally, shear-thinning and thixotropic hydrogels with proper flow 

properties are better candidates for injectable therapeutic delivery vehicles. 

Frequency sweep and strain sweep experiments (Figure 2.3) were first conducted to 

explore the mechanical properties of the LacSCx hydrogels. Frequency sweep experiments were 

performed from 0.1 to 100 rad s-1 at a constant 0.01% shear strain, and strain sweep experiments 

were conducted from 0.1 to 1000% shear strain at a constant 10 rad s-1 angular frequency. LacSC8 

and LacSC12 samples were at 1 wt% concentration, but LacSC10 was studied at 2 wt% given that 

it required higher concentration for full stable gelation. As shown in Figure 2.3a, at 25 oC, dynamic 

frequency sweeps indicate that the LacSC8, LacSC10, and LacSC12 hydrogels exhibit solid-like 

behavior (i.e. Gǋ > Gǌ) that is invariant with frequency over the entire range of frequencies tested. 

Further, LacSC10 and LacSC12 hydrogels show large values of storage modulus (Gǋ) of ~105 Pa 

at 25 oC. Additional frequency sweep experiments at 4 and 10 oC were conducted and the results 

are shown in Figure 2.4. These studies reveal that all LacSCx hydrogels demonstrate solid-like 

properties that are independent of frequency at all temperatures tested. Moreover, a trend of 
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increasing Gǋ values as temperature decreases is observed for LacSC8 and LacSC10 due to 

strengthening of the noncovalent interactions at lower temperatures. The Gǋ values are also 

generally dependent on alkyl chain length with the Gǋ for LacSC8 less than that for LacSC10 and 

LacSC12, which are close in value; these observations are not surprising, as longer alkyl chains 

are expected to result in stronger intermolecular interaction in the hydrophobic portion of these 

gels. 

Figure 2.3b shows the strain sweep results for LacSC8, LacSC10, and LacSC12 at 25 oC. 

These strain sweeps suggest that LacSCx hydrogels are stable viscoelastic solids (Gǋ and Gǌ remain 

constant) when being deformed by < 2% strain. This region of strain is known as the linear 

viscoelastic region, and it indicates the range wherein oscillatory strain can be applied without 

altering the structure of the material. As the strain becomes 42%, LacSC10 and LacSC12 hydrogels 

become unstable and the hydrogels move into the plastic deformation regime. Identification of this 

regime is useful for determining the shear strain limits for thixotropy experiments as described 

below. 

In total, the LacSCx hydrogels demonstrate similar behavior, and the linearity limit and 

crossover points are generally independent of lipid alkyl tail length. Moreover, the mechanical 

properties of these hydrogels are qualitatively similar to those of most LMWGs reported in 

literature. However, the LacSCx hydrogels are distinct relative to other LMWGs by the relatively 

large magnitudes of their Gǋ values. This distinction allows these gels to hold their shapes in liquids 

once molded. The Gǋ values observed for the LacSCx gels at different temperature are given in 

Table 2.2. 
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Figure 2.3. a) Frequency sweep experiment, b) Strain sweep experiment of LacSCx(x=8,10,12) hydrogel at 25°C, and 

c) strain sweep experiment of LacSC10 and LacSC12 hydrogel at 37°C. (ƴ) indicates G¡ of LacSC8; (Ǐ) indicates G¡¡ 

of LacSC8; (ƴ) indicates G¡ of LacSC10; (Ǐ) indicates G¡¡ of LacSC10; (ƴ) indicates G¡ of LacSC12; (Ǐ) indicates G¡¡ 

of LacSC12. 
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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) 

and frequency sweep (f) results for 2 wt% LacSC10 and 1 wt% LacSC12 at 37 

°C.  Solid symbols indicate G¡ values, open symbols represent G± values for 

LacSC8 (ƴ, Ǐ), LacSC10 (ƴ, Ǐ), and LacSC12 (ƴ, Ǐ).   
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Table 2.2. Storage modulus (G¡), loss modulus (G±) from rheology measurements on LacSCx and CelSCx hydrogels.  

LacSCx (x = 8, 10, 12) 

T (oC) 1 wt% LacSC8 2 wt% LacSC10 1 wt% LacSC12 2 wt% LacSC12 

 G¡  

(Pa) 

G± 

(Pa) 

G¡ 

(Pa) 

G± 

(Pa) 

G¡ 

(Pa) 

G± 

(Pa) 

G¡ 

(Pa) 

G± 

(Pa) 

4 1.0 x 104 1.0 x 103 5.7 x 105 9.0 x 104 - - - - 

10 1.0 x 104 2.0 x 103 1.8 x 105 2.1 x 104 - - - - 

25 1.0 x 104 5.0 x 102 1.3 x 105 2.0 x 104 6.8 x 104 7.0 x 104 1.6 x 105 1.1 x 104 

37 - - 6.0 x 104 7.0 x 103 5.1 x 104 3.9 x 104 1.4 x 105 1.1 x 104 

 

CelSCx (x = 10, 12) 

T (oC) 1 wt% CelSC10 1 wt% CelSC12     

4 G¡ 

(Pa) 

G±  

(Pa) 

G¡ 

(Pa) 

G± 

(Pa) 

    

10 6.8 x 104 7.0 x 103 4.0 x 103 2.0 x 102     

25 - - - -     

37 - - - -     

4 - - - -     
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The LacSCx hydrogels described here exhibit Gǋ values up to 105ï106 Pa. In contrast to 

these values, typical Gǋ values reported for peptide-based supramolecular hydrogels are in the 

range of 102ï103 Pa,148 with Gǋ values reported for several sugar-based LMW hydrogels in the 

range of 100ï105 Pa.75,100,104,120,127 Monosaccharide-based hydrogelators with Gǋ ranging from 

102ï104 Pa have been reported by Wang,92,149 while Latxague et al. reported a biopolar glycolipid 

based hydrogel that exhibits Gǋ values as high as 104 Pa.120,127 Sekhar and coworkers prepared a 

series of glycolipid-based LMWGs based on N-methyl-D-glucamine with branched asymmetrical 

and symmetrical octadecyl chain hydrocarbon tails containing 0, 1, 2 or 3 sites of unsaturation that 

exhibited Gǋ values ranging from 2 to 103 Pa.104,150 Ben and coworkers reported hydrogels from 

N-octyl-D-gluonamide that have Gǋ values in the range of 104ï105.86 Yamanaka and coworkers 

recently reported several lactose and maltose-based hydrogelators with Gǋ values of 103ï104 

Pa.97,98 Thus, the values of Gǋ for the LacSCx hydrogels rank among the highest observed for 

LMWGs, suggesting that, despite their simple chemical structures compared with other sugar-

based hydrogelators, the 3D networks of the LacSCx hydrogels are unexpectedly strong. 

Figure 3.3c shows the strain sweep results for LacSC10 and LacSC12 at 37 oC. The 

corresponding frequency sweep information is shown in Figure 2.4. Interestingly, the LacSC10 

and LacSC12 properties do not change much from those at 25 oC, although a small drop in Gǋ 

value for LacSC10 is observed. Among all hydrogels tested, only LacSC10 and LacSC12 retain 

their hydrogel properties at 37 oC or higher temperature for more than 24 h. Further mechanical 

strength and stability at 37 oC can be achieved for LacSC12 at a slightly higher concentration of 2 

wt% (see Figure 2.5). This stability at physiological temperature makes these materials suitable 

for possible applications as biomaterials.  
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Thixotropic materials151 are desirable when it comes to certain applications of hydrogels 

in the food industry, cosmetics, and biomedical science. In addition, thixotropic LMWGs have 

gained considerable attention for their potential use in drug delivery and other pharmaceutical 

applications. Therefore, to explore further the potential utility of the LacSC10 and LacSC12 

materials at physiological temperature, thixotropy experiments were performed in which the shear 

strain is stepped between 0.01 and 100% to evaluate the self-healing properties of these gels at 37 

oC. The results are shown in Figure 2.6. At 0.01% strain, these gels exhibit Gǋ values greater than 

their Gǌ values. Upon stepping the strain to 100%, both Gǋ and Gǌ values decrease in magnitude, 

with the Gǋ values decreasing more than the Gǌ values. As a result, the Gǌ value becomes greater 

than the Gǋ value, indicating the transition to a viscoelastic liquid state at 100% strain. Noteworthy 

is that this change is observed essentially instantaneously (i.e. within the measurement period of 

10 s) for LacSC10. However, for LacSC12, this decrease takes 10ôs of seconds for Gǌ with Gǋ 

values continuing to decrease after the strain step indicating that the process is more kinetically 

limited given the stronger intermolecular interactions of the longer chain length. Upon stepping 

the stain back down to 0.01%, both LacSC10 and LacSC12 almost immediately regain their initial 

Gǋ and Gǌ properties, confirming that the gels self-heal at a rapid rate.  

Although other thixotropic gels are reported in literature, their properties vary considerably 

in terms of molecular structure, rheology, and microstructure (fibrous, porous, discs), making 

comparison with these LacSC10 and LacSC12 gels difficult. However, a common observation 

regarding the microstructure of several sugar-based thixotropic gels120,127 is that these gels are 

generally fibrous, possessing microstructures with specific junction zones that hold the gel 

structure together. These junctions are the weak points within these gels and break under increased 

shear but recover with time when shear is removed. Although the microstructures of the LacSC10 
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Figure 2.5. a) Strain sweep and b) frequency sweep results for 2 wt% 

LacSC12 at 25 °C  (ƴ, Ǐ) and 37 °C (ƴ, Ǐ). Solid symbols indicate G¡ values, 

open symbols represent G± values. 
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Figure 2.6. Step Strain Experiment of a) 2 wt% LacSC10 and b) 1 wt% 

LacSC12 hydrogel at 37°C. (ƴ) indicates storage modulus (G¡); (Ǐ) indicates 

loss modulus (G±). 
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and LacSC12 gels studied here are not fibrous, the intermolecular interactions holding the gels 

together are clearly reversible, a property that may be used to avail in certain applications requiring 

gel flow. 

 

Microstructure of xerogels by electron microscopy.  

One of the most unpredictable and perplexing aspects of LMW hydrogel formation is the self-

assembly process, which is usually estimated from hydrogel microstructure, because it provides 

insight into the intermolecular interactions that lead to formation of the hydrogel network. Freeze-

fracture SEM and TEM are the most commonly used approaches for investigation of hydrogel 

microstructure. In this approach, a xerogel of the hydrogel is first made by flash freezing the gel 

in liquid N2 followed by lyophilization to remove water or solvent.31 The xerogel so formed can 

then be studied with standard SEM and TEM. Admittedly, the resulting xerogel structure might 

fail to completely represent hydrogel microstructure because of changes that occur during the flash 

freezing and lyophilization processes. However, this approach is generally accepted to reflect 

hydrogel microstructure and so was used here to reveal structural details in xerogels on a scale of 

100ôs of nm to mm. Hydrogel samples from the LacSCx systems and the metastable hydrogels 

from CelSC10 and CelSC12 were investigated. Xerogels and fibrous structures resulting from 

precipitation of the metastable CelSC10 and CelSC12 systems were also analyzed which are 

discussed in later sections. 

Figure 2.7 show representative SEM images of xerogels at different magnifications from 

the LacSCx systems at the wt% indicated. These xerogels consist of a layered structure of rumpled 

sheets of thioglycolipid that are strongly suggestive of sheet stacks in which the thioglycolipids 

are packed in lamellar structures based on bilayers of thioglycolipid. Glycolipids are well-known 
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to pack in lamellar and curved lamellar structures (e.g. cubic) with their liquid crystalline phases 

existing as the related smectic Ad phase.152ï159 Higher magnification of individual sheets (Figure 

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 large as 10ôs of mm by 10ôs of mm. On a mm scale, wrinkled and 

wavy layers are observed (see Figure 3.7d and fïh) Interestingly, more folds are observed in these 

structures in going from LacSC8 to LacSC10 to LacSC12. This observation suggests that 

hydrophobic interactions may drive fold formation, and by extension, may ultimately be the forces 

that balance gel formation and eventual crystallization through the formation of cylindrical fibers. 

In several images, small amounts of amorphous or crystalline LacSCx structures are also 

observed at apparently random sites throughout the matrix. These structures clearly do not 

contribute to the hydrogel network but may be thioglycolipids that have begun to crystallize out 

of the hydrogel. Whether this occurs within the hydrogel as it exists or during the flash freezing 

and lyophilization processes of making the xerogels is unclear; however, the presence of these 

structures suggests that the hydrogel is a metastable state with crystallization possible, albeit with 

a high barrier based on the stability of these gels. 
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Figure 2.7.  Scanning electron micrographs of xerogels at different magnifications from flash 

freezing and lyophilizing hydrogels of a) ï d) 1 wt% LacSC8, e) ï h) 2 wt% LacSC10, and i) ï 

l) 1 wt% LacSC12. 
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Although the layered structures of the xerogels are revealed by SEM, additional details on 

a size scale of 10ôs of nm would be useful to assess whether the structures observed in the SEMs 

are, in fact, a tertiary structure composed of smaller secondary and primary structures of the 

thiolactoside monomers. Hence, TEM was used on LacSC10 xerogels, as representative of the 

stable LacSCx hydrogels, supported on carbon grids to further investigate the nanostructure of 

these materials. We note that the samples thin enough to be suitable for TEM had to be prepared 

using a different protocol than used for the xerogels studied by SEM. TEM samples were prepared 

by depositing a thin film from hexane which was then allowed to evaporate prior to analysis. This 

process is substantially different from that used for the SEM images in which the aqueous 

hydrogels were flash frozen and lyophilized. The possibility thus exists that the resulting 

microstructures of the xerogels studied by TEM differ from those studied by SEM as the result of 

these differences in preparation. 

Figure 2.8 shows TEM images acquired in 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 magnification, Figure 2.8 b and c show TEM images from the LacSC10 

xerogel at nm spatial resolution, with the image in Figure 2.8b acquired in the annular dark field 

mode but Figure 2.8c acquired in the secondary electron mode at the same position as Figure 2.8b. 

The difference between the two acquisition modes is that the annular dark field mode (Figure 2.8b) 

shows structural information throughout the thin film whereas the secondary electron mode 

(Figure 2.8c) shows structural features only from the surface of the film facing the electron beam. 

Figure 2.8b and c both show the presence of pores randomly distributed in the xerogel structure. 

Figure 2.8b documents that these pores exist throughout the film. However, Figure 2.8c shows 

large regions of what appear to be closely packed lamellar structures on the surface of the thin film, 
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suggesting that the pores may result from what can be described as a disordered bicontinuous cubic 

phase based on lamellar bilayers of the thioglycolipids. Overall, the TEM images do not show any 

obvious aggregation pattern of LacSC10 beyond layered sheets of intrinsically lamellar structures.  

As a final caveat to the election microscopy results, it is again noted that xerogel structures 

might not represent hydrogel microstructures due to artifacts caused by drying. Nonetheless, these 

electron microscopy results differ substantially from the fibrous structures of xerogels observed 

for the alkyl thiocellobiose systems (vide infra) and more commonly reported. These results are 

thus intriguing, as the microstructures of most previously studied LMWGs are either entangled 

fibrils or entangled ribbons.
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Figure 2.8.  Transmission electron micrographs from 2 wt% xerogels of LacSC10 at two different magnifications. Scales bars in 

each case represent a) 2 mm, and b), c) 0.2 mm. Both a and b were taken under annular dark mode, and c was taken under 

secondary electron mode at the same spot as b. 
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Gel-to-sol transition temperatures by DSC. After visual assessment of gelation properties as a 

function of concentration and temperature, differential scanning calorimetry (DSC) was used to 

determine the gel-to-sol phase transition temperatures more accurately as well as to look for other 

potential lyotropic phases. The results of these studies are summarized in Table 2.3.  

The gel-to-sol phase transition temperatures measured with DSC can be used as an 

additional quantitative indicator of hydrogel stability; DSC further enables determination of the 

enthalpy change during this phase transition. In the temperature range from 5 to 85 oC, within 

which water remains liquid, an endothermic process is observed for each hydrogel, with the 

transition temperature increasing anywhere from 10ï25 oC for each two-carbon increase in alkyl 

chain length. The transition temperatures measured with DSC match those observed visually in 

bulk mixtures. Unsurprisingly, hydrogels made from thioglycolipids with longer carbon chains 

have higher thermostability (e.g. higher phase transition temperature). LacSC8 and LacSC10 gels 

require almost identical enthalpies for the gel-tosol transition whereas LacSC12 hydrogels require 

twice as much enthalpy. This suggests that as alkyl chain length increases, greater thermal stability 

is conferred on the hydrogels in a nonlinear fashion. Overall, the magnitude of the enthalpy 

changes observed is relatively small. This is rationalized by the fact that the hydrogel structure 

does not break into free monomers upon gel-to-sol transition, but instead, the macroscopic 

hydrogel structure transforms into nanoscale aggregate units in solution. Such structures retain a 

considerable fraction of the hydrophobic bonding strength of the lamellar structures but exist as 

many isolated entities instead of a macroscopic network.
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Table 2.3. Differential scanning calorimetry results for LacSCx and CelSCx hydrogels systems. The enthalpy required to melt the 

hydrogels (transition from solid to liquid) is calculated. Furthermore, this enthalpy also expressed in kJ/mol glycolipids with the 

assumption that majority of the heat were taken to change the aggregation of thioglycolipids, which turned out to be surprisingly low.  

Thioglycolipid  Phase Transition Temperature (°C) Enthalpy 

(J/g hydrogel) 

Enthalpy 

(kJ/mol thi oglycolipid) 

1% LacSC8 38 0.196 ± 0.030 9.21 ± 1.41 

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 47 0.424 ±0.063 22.3 ± 3.3 
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Prodan fluorescence for lyotropic phase identification. 

Further insight into the structure and microenvironment of these thioglycoside systems at 

different temperatures and concentrations is provided by fluorescence spectroscopy using the 

polarity-sensitive fluorophore, prodan. Work by Karukstis et al. has demonstrated that the peak 

emission wavelength for prodan reports on the polarity of its microenvironment, thereby providing 

information about the nature of the amphiphile aggregation.160 The emission maximum shifts to 

shorter wavelengths with increasing order due to a decrease in polarity of the environment of the 

sequestered prodan. The emission maximum for prodan free in aqueous solution is 525 nm; this 

systematically decreases with increasing order through micellar (M), hexagonal (H), lamellar (L), 

cubic (C), gel (Gel) and crystalline (Cry) phases. For the various lyotropic phases of octyl 

glucoside, the peak emission wavelengths and corresponding microstructures were reported as 

follows:160 

Structure Cry   < Gel   < C   << L   < H   < M   < H2O 

‗prodan (nm) 380 400 410 473 485 490 525 

The polarity-sensitive property of prodan was used here to assess changes in microenvironment 

within these aqueous thioglycolipid mixtures with concentration and temperature. Spectra at 

representative concentrations for the LacSCx series as a function of temperature are shown in 

Figure 2.9. Spectra for all LacSC8 concentrations studied are shown in Figure 2.10, and those for 

LacSC10 and LacSC12 are shown in Figures 3.11 and 3.12, respectively.  

Figure 2.9 reveals several similarities across the three LacSCx (x = 8, 10, 10) systems. 

First, at temperatures lower than the gel-to-sol transition temperature (i.e. 38 oC for LacSC8, 64 

oC for LacSC10, and 79 oC for LacSC12), a major emission band was observed with a peak of 
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478ï491 nm. In interpreting these spectra, it is important to recall that they reflect the spectral 

response from the entire hydrogel, including the water phase and the more solid-like phase. Since 

the water phase is the major component of these hydrogels, it is reasonable to attribute the major 

band at 478ï491 nm to prodan in micellar aggregates in the aqueous phase of the hydrogel as we 

have observed for related thioglycolipids. An additional peak in the wavelength range of 421ï428 

nm is observed for higher concentration samples of LacSC8 (see Figure 2.10) and all 

concentrations of LacSC10 and LacSC12 in the hydrogel state (see Figure 2.11 and Figure 2.12). 

This additional band is in between the peak wavelengths identified by Karukstis for the cubic and 

lamellar phases and is attributed here to prodan that is fully embedded within the thioglycolipid 

microstructure of the hydrogels in an environment that resembles something between an ordered 

cubic phase and a lamellar phase based on its peak wavelength. This assignment is wholly 

consistent with the conclusion of a disordered bicontinuous cubic phase based on thioglycolipid 

lamellar bilayers from the electron microscopy studies. Further evidence for these assignments 

comes from heating these LacSCx hydrogels above their gel-to-sol transition temperatures wherein 

the thiolactosides are in the sol state, whereupon the prodan fluorescence exhibits a dominant 

emission peak at 487ï500 nm assigned to prodan in smaller LacSCx micellar aggregates.  

The prodan peak emission wavelengths were extracted from these fluorescence spectra by 

band decomposition. All prodan fluorescence spectra from the LacSCx systems (Figure 2.10-2.12) 

can be fit with only two bands, indicating only two phases, in the temperature range from 5 to 85 

oC. The spectral fits for all LacSCx systems are shown in Figure 2.13, the peak emission 

wavelengths are given in Table 2.4, and the FWHM of the fit peaks in Table 2.5. Based on the 

maximum emission wavelengths, these are assigned to disordered bicontinuous cubic/lamellar and 

micellar phases. Similarly, in analyses of spectral data from the LacSC8 and LacSC10 systems up 



85 

 

to 10 wt% (Figures 2.9 and 2.10), only two major lyotropic phases are observed, disordered 

bicontinuous cubic/lamellar phase, which is only observed at temperatures below the gel-to-sol 

transition, and the micellar phase, which is observed both for temperatures below and above the 

transition. The behavior is generally similar for the LacSC12 system, except for the observation of 

a small band at 520 nm for temperatures above the gel-to-sol transition. This additional band is 

assigned to prodan free in solution and indicates that melting of the hydrogel creates a mixed 

solution of phase-separated LacSC12 sols that exclude some fraction of the prodan. Despite this 

anomaly, the micellar states for all LacSCx samples are generally stable up to 85 oC. In total, these 

prodan fluorescence spectra support the conclusions based on electron microscopy of xerogels of 

disordered bicontinuous cubic structures based on lamellar bilayers in hydrogels of LacSCx. 
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Table 2.4. Emission maxima indicative of different lyotropic phases for LacSCx from spectral 

fitting of prodan fluorescence spectra at room temperature and at a temperature above the gel-

to-sol transition. 

LacSCx T = 25 °C T > Tg
a 

ɚ1 (nm) ɚ2 (nm) ɚ1 (nm) ɚ2 (nm) 

LacSC8 - 484 500 - 

LacSC10 428 478 493 - 

LacSC12 421 491 487 520 
a Tg is gel-to-sol transition temperature. Measurement temperatures for 

LacSC8 and LacSC10: 75 °C, for LacSC12 85 °C. 

 

Table 2.5. Spectral fitting of prodan fluorescence spectra for LacSCx at the lowest 

concentrations that fully hydrogel. 

Thioglycolipid  

Gel State (25 °C) Sol State (75 °C) 

ɚ1 (FWHM) in 

nm 

ɚ2 (FWHM) in nm ɚ1 (FWHM) in nm ɚ2 (FWHM) in 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. Steady-state fluorescence spectra from prodan-doped LacSCx hydrogels at representative temperatures: 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 function 

of temperature. 
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Figure 2.11. Prodan fluorescence spectra for hydrogels of  a) 3 wt%, b) 5 wt%, c) 8 

wt%, and d) 10 wt% LacSC10 as a function 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 function of 

temperature.  
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Figure 2.13. Prodan fluorescence specta and fits to pure Gaussian lineshapes for hydrogels from a) 1 wt% 

LacSC8 at a) 25°C and b) 75 °C, 2 wt% LacSC10 at c) 25°C and d) 75 °C, and 1 wt% LacSC12 at e) 25°C 

and f) 85 °C. Raw spectral data are black lines, spectral fits are red dashed lines and blue dot dash lines for 

systems with multiple bands. 
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Estimated phase diagrams for LacSCx systems.  

Combining the results gleaned from the collective set of studies described above, phase 

diagrams were estimated for each of the LacSCx systems. These are shown in Figure 2.14. The 

phase boundary lines in each case serve only as guides to the eye based on experimentally 

determined data points shown by the colored symbols.  

Typical phase diagrams of amphiphilic molecules or surfactants include mainly three 

regions: solid, monomers and micelles. The solid phase usually lies in the low temperature/high 

concentration range and represents the concentration and temperature range wherein the surfactant 

is not soluble in the solvent and either phase separates or precipitates. The monomer region usually 

lies in the low concentration range across all temperatures. In this range of concentration and 

temperature, the surfactant molecules are soluble in the solvent but not at concentrations high 

enough to drive aggregation and micelle formation. For concentrations above the critical micelle 

concentration (CMC), surfactants begin to aggregate into different lyotropic phases in solution 

depending on temperature. The phase diagrams estimated here can be understood with similar 

logic. The hydrogel network is viewed as a solid phase in which the thioglycolipids extensively 

aggregate. For LacSCx (x = 8, 10, 12), this is a viscoelastic solid comprised of macroscopic sheets 

of a disordered bicontinuous cubic phase of lamellar bilayers in which the molecules are not in the 

crystalline state but are highly organized. This hydrogel region lies in the low temperature range 

but doesnôt exist at low concentrations. As temperature increases, the hydrogels óómeltôô into the 

micellar or sol state. This gel-to-sol transition is where the temperature exceeds the solubility line 

with formation of either monomers, micelles, or phase separated regions. Because the 

concentrations studied here greatly exceed the CMC values, we observe only lyotropic phases in 

the LacSCx systems. 
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a b c

Figure 2.14. Phase diagrams estimated for a) LacSC8, b) LacSC10, and c) LacSC12. Phase boundary lines are guides to the 

eyes based on experimentally determined data points shown as colored squares. Á = gel; Á = sol. 
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Thiocellobioside hydrogels 

As noted above, thiocellobiosides form metastable hydrogels as well as fibrous samples. Table 

2.6 summarizes the visual observations of the CelSCx (x = 10, 12) samples after 24 h equilibration 

at different temperatures. When a mild vibrational perturbation is applied to the CelSCx hydrogels, 

they slowly transform into fibrous crystals. However, without perturbation, the CelSC12 fibrous 

hydrogel remains somewhat stable even at 35 oC. 

Generally, when the CelSCx materials are in the metastable hydrogel state, they exhibit 

characteristics and properties similar to those of the LacSCx (x = 8, 10, 12) hydrogels. However, 

due to their instability at temperatures of 25 oC and greater, rheology was performed only at 4 oC 

at which the CelSCx hydrogels are stable. These results are shown in Figure 2.15. The lower 

stability of the CelSC10 and CelSC12 hydrogels is confirmed by the lower Gǋ values (~104 Pa) 

observed compared to those of the LacSC10 and LacSC12 hydrogels (~105 Pa). This behavior is 

interesting given the equivalent alkyl chain lengths with only subtle differences in chemical 

structure. 

Figures 2.16aïd show SEM images of xerogels formed from the metastable 

thiocellobioside hydrogels. CelSCx hydrogels possess the folded sheet microstructure similar to 

that of the LacSCx hydrogels (Figures 2.16b and g) with small inclusions of amorphous or 

crystalline aggregates. At higher magnification, Figure 2.16b suggests a similar porous nature of 

the sheet as observed in the TEM images from the LacSC10 hydrogels (Figure 2.8). SEM images 

taken on the metastable CelSCx hydrogel samples suggest similar aggregation behavior in the 

CelSCx and LacSCx systems; this is generally unsurprising in light of their structural similarities. 
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Table 2.6. Visual observation of CelSC10 and CelSC12 samples at different temperatures 

after equilibration for 24 h. 

CelSC10 CelSC12 

Without perturbation a With perturbation  Without perturbation  With 

perturbation  

Gb 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 shock. bG = gel; F = fibrous aggregate, S = sol. 
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Figure 2.15. Frequency sweep and strain sweep results at 4 °C for 1 wt% CelSC10 and 1 wt% CelSC12 hydrogels. 

Solid symbols (ǒ, ǒ) represent G¡ values and open symbols (ƺ, ƺ) represent G± values for CelSC10 (ǒ, ƺ) and 

CelSC12; (ǒ, ƺ). 
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i j k

200 ́ m 20 ́ m 10 ́ m 2 ́ m

1 wt% CelSC10

1 wt% CelSC12

300 ́ m 40 ́ m 10 ́ m

ba dc

1.5 wt% CelSC10 1 wt% CelSC12

100 ́ m 500 nm 20 ́ m 10 ́ m

Figure 2.16.  Scanning electron micrographs at different magnification of xerogels from flash 

freezing and lyophilizing hydrogels of a) ï b) 1.5 wt% CelSC10, c) ï d) 1 wt% CelSC12, e) ï h) 

1 wt% CelSC10 fibers, and i)-k) 1 wt% CelSC12 fibers. 
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DSC analysis of CelSC10 and CelSC12 hydrogels (Table 3.3) indicates a lower tolerance 

to melting than the LacSCx hydrogels of similar alkyl chain length, with phase transition 

temperatures of 37 and 47 oC for CelSC10 and CelSC12, respectively, compared with temperatures 

of 64 and 79 oC for the corresponding LacSCx systems. Despite these lower phase transitions 

temperatures, however, no significant difference in enthalpy is noted for the CelSCx gel-to-sol 

transitions than for the LacSCx gel-to-sol transitions. 

Prodan fluorescence was also employed to understand the aggregation of CelSCx. These 

spectra are shown in Figures 2.17 and 2.18 with the spectral fits shown in Figures 2.19 and 2.20. 

As noted above, CelSC10 hydrogels turn into fibrous aggregates readily at and above room 

temperature, although fluorescence spectroscopy of the metastable CelSC10 hydrogels could be 

performed at temperatures < 15 oC. At the warmest temperature at which the CelSC10 hydrogels 

could be maintained (~15 oC), prodan fluorescence in the CelSC10 hydrogel exhibits a major 

emission band at 486 nm, similar to that observed for the LacSCx hydrogels. As above, this band 

is assigned to prodan in micellar structures in the aqueous phase of the hydrogel. These metastable 

hydrogels have a weak band at 436 nm similar to that observed for the LacsSCx gels assigned to 

a disordered bicontinuous cubic phase based on lamellar bilayers. In contrast, prodan fluorescence 

spectroscopy from the CelSC10 fibrous state at temperatures below the gel-to-sol transition are 

dominated by the emission band at 436 nm with only a small shoulder at 486 nm (Figure 2.17). 

The peak at 436 nm is assigned to prodan located within the fibers. 
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Figure 2.17. Prodan fluorescence spectra for aqueous solutions of CelSC10 at concentrations of  

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 spectra for aqueous solutions of CelSC12 at concentrations of  a) 1 wt%, b) 5 wt%, and 

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) fibrous 

state at 25 °C, and c) solution state at 75 °C. Raw spectral data are black lines, spectral fits are red dashed lines and blue dot dash lines for 

systems with multiple bands. 
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Figure 2.20. Prodan fluorescence spectra and fits to pure Gaussian lineshapes for 1 wt% CelSC12 in a) gel state at 15 °C, b) 

fibrous state at 45 °C, and c) solution state at 75 °C. Raw spectral data are 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 differently. CelSC12 hydrogels are 

relatively stable, cloudier, and remain as metastable hydrogels to 35 oC for at least 24 h if not 

subjected to any vibrational perturbation (Table 2.6). Prodan fluorescence spectroscopy was 

performed on these hydrogels (Figures 2.17-2.20), and at temperatures below the gel-to-sol 

transition, the spectra are dominated by a peak at 492 nm, similar to what is observed for the 

LacSCx hydrogels (Tables 2.5 and 2.7). This similarity supports the assertion that the CelSC12 

hydrogels aggregate similarly to the LacSC12 hydrogels.  

At temperatures above the gel-to-sol transition, both the CelSC10 and CelSC12 systems 

behave identically to the LacSCx materials in that a major peak is observed at 489ï495 nm that is 

assigned to the micellar or sol phase with a smaller peak at 520ï525 nm that is assigned to prodan 

free in solution. In brief, as long as the CelSCx materials remain in the metastable hydrogel state, 

they exhibit properties similar to the LacSCx hydrogels, possessing identical microstructure and 

aggregation patterns but with weaker mechanical properties and lower tolerance to heat. 

Further insight into the microstructure of the fibrous CelSCx samples is provided by SEM. 

Figures 2.16eïk shows SEM images of the fibrous samples from CelSC10 and CelSC12. These 

materials primarily consist of fibrils that resemble crystals with a small amount of layered 

structures observed (Figures 2.16f and j ). The presence of small amounts of the layered structure 

is consistent with the prodan fluorescence results that indicate residual hydrogel that has yet to 

crystallize into fibers. This may explain why the fibers can retain their shape after transitioning 

out of the hydrogel structure even when placed upside down. Comparison of the SEMs of the 

hydrogels (Figures 2.16aïd) and fibrous systems (Figures 2.16eïk) reveals that the 

microstructure can be very diverse, consistent with the idea that the gelation process is metastable, 

representing a  
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Table 2.7. Spectral fitting of prodan fluorescence spectra for 1 wt% CelSCx samples. 

Thioglycolipid  Hydrogel 

State (15 

°C) 

Fibrous State 

(25 °C for CelSC10/ 

45 °C for CelSC12) 

Sol State (75 °C) 

ɚ (FWHM) 

in nm 

ɚ1 (FWHM) 

in nm 

ɚ2 

(FWHM) 

in nm 

ɚ1 (FWHM) 

in nm 

ɚ2 

(FWHM) 

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 between aggregation into a lamellar hydrogel network and crystallization into a 

fibrous morphology. 

To ascertain whether the fibers that form from the gel state are indeed crystalline, both 

powder X-ray diffraction and synchrotron-based single crystal X-ray crystallography were 

performed on fibers crystallized and harvested directly from gel samples. These fibers were not 

subjected to any drying process prior to their XRD analysis. The powder X-ray diffraction results 

are shown in Figure 2.21 for 1 wt% CelSC10 and CelSC12. The multitude of sharp peaks in the 

2ɗ data are clearly indicative of crystalline materials. Single crystal X-ray crystallography on these 

very fine fibers was performed using synchrotron radiation at the Advanced Light Source; the 

experimental of the single crystal x-ray diffraction are described as flowing and these data are 

summarized below with crystal structures shown in Figures 2.22 and 2.23.  

 

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 for at least 7 days to allow crystal growth.  

Crystal Data for CelSC10 (C22H46O12S) (M = 534.65 g/mol): monoclinic, space group P21 (no. 

4), a = 16.7335(18) ¡, b = 4.8136(5) ¡, c = 33.559(4) ¡, ɓ = 96.922(4)Á, V = 2683.5(5) ¡3, Z = 

4, T = 150 K, ɛ = 0.190 mm-1, Dcalc = 1.323 g/cm3, 61061 reflections measured (2.942Á Ò 2Ū Ò 

55.032°), 11006 unique (Rint = 0.1814, Rsigma = 0.1587) which were used in all calculations. The 

final R1 was 0.0856 (I > 2ů(I)) and wR2 was 0.2350 (all data). (See Figure 2.22) 
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Crystal Data for CelSC12 (C24H50O12S) (M = 562.70 g/mol): monoclinic, space group P21 (no. 

4), a = 16.720(2) ¡, b = 4.8154(6) ¡, c = 35.655(5) ¡, ɓ = 94.369(5)Á, V = 2862.3(6) ¡3, Z = 4, 

T = 150 K, ɛ = 0.182 mm-1, Dcalc = 1.306 g/cm3, 63675 reflections measured (2.846Á Ò 2Ū Ò 

54.918°), 11712 unique (Rint = 0.2872, Rsigma = 0.2351) which were used in all calculations. The 

final R1 was 0.0872 (I > 2ů(I)) and wR2 was 0.2382 (all data). (See Figure 2.23) 

 These structures show that CelSCx crystals are layered with the sugar headgroups in rows 

of head-to-head orientation along the outside of interdigitated alkyl tails, similar to what has been 

observed previously for crystalline and liquid crystalline alkyl glycolipid structures.152,161ï166 Of 

note is that the CelSCx materials crystallize out as the dihydrates from these dilute solutions 

wherein the water molecules play a significant role in stabilization of the structure through 

hydrogen bonding. Previous work has shown that octyl-Ŭ-D-glucopyranoside can crystallize as the 

mono- or hemihydrate,165 but we have found no evidence of dihydrates of alkyl glycolipid 

crystalline materials reported in the literature. Although this molecular packing pattern in the 

single crystals does not necessarily represent the aggregation pattern of molecules in the hydrogel 

structures, it does provide some possible insight into the different properties of the two types of 

hydrogel systems observed here. More specifically, the crystal structures of the CelSCx materials 

allow consideration of what interactions might provide their lower barrier to crystallization. Indeed, 

previous work on the lyotropic phases of the O-linked systems of ɓ-GlcC8 and ɓ-GalC8 has shown 

differences in crystalline lamellar phase structure in going from Glc to Gal; a smaller layer spacing 

by 4 Å was observed for crystalline ɓ-GalC8 compared with crystalline ɓ-GlcC8 and was attributed 

to greater interdigitation of the chains and consequently stronger interchain hydrophobic 

interactions. In the disaccharide-based CelSCx and LacSCx systems studied here, it seems unlikely 

that a significant difference in interchain spacing occurs. However, careful analysis of the CelSCx 



107 

 

crystal structures reveals the presence of a critical bridging hydrogen bonding configuration 

between the C4 equatorial hydroxyl on the distal Glc of the Cel headgroup with an integral water 

of the crystal structure. In the corresponding LacSCx systems, the axial configuration of the C4 

hydroxyl would disallow this hydrogen bonding interaction. We speculate that this difference in 

configuration of the C4 hydroxyl in Cel results in a critical stabilizing hydrogen bond that 

decreases the barrier out of the metastable hydrogel state for the CelSCx systems but not the 

LacSCx systems. Thus, the CelSCx systems more rapidly convert to their corresponding 

crystalline phases while the LacSCx systems remain trapped in the gel state. 

Using the data in hand for the CelSCx (x = 8, 10, 12) materials, phase diagrams for each 

system were estimated and are shown in Figure 2.24. Again, it is important to note that the phase 

boundary lines are only used as guides to the eye based on experimentally determined data points 

shown by the colored symbols. These phase diagrams exhibit substantial similarity to those for the 

LacSCx systems. At temperatures above the gel-to-sol transition, the micellar state dominates. For 

CelSC8, this is the only phase observed at all temperatures studied. In contrast to the LacSCx 

systems, however, two states exist for the CelSC10 and CelSC12 systems below the solubility line; 

these are hydrogel and fibrous crystalline state, with both representing a different form of 

aggregation out of aqueous solution. At low temperatures, the CelSC10 and CelSC12 hydrogels 

can be stable for weeks if not months. However, for temperatures above ~15 oC for CelSC10 and 

~25 oC for CelSC12 up to the gel-to-sol transition temperature, these hydrogels slowly crystallize 

into fibers in a few days, indicating that the hydrogels are metastable. 
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Figure 2.21.  Powder x-ray 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. 



110 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.23. a) Displacement ellipsoid representation of CelSC12, and b) crystal packing in CelSC12. 
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a b c

Figure 2.24.  Phase diagrams estimated for a) CelSC8, b) CelSC10, and c) CelSC12. Phase boundary lines are guides to the 

eyes based on experimentally determined data points shown as colored squares. Á = gel; à = gel + fibers; ¡ = fibers; Á = sol. 
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Conclusions 

LMWGs have attracted considerable interest in the materials community, and many studies have 

focused on utilizing sugar containing LMWGs for various applications. We have synthesized two 

classes of disaccharide-based thioglycolipids hydrogels and characterized their physical properties. 

LacSC8, LacSC10, and LacSC12 form stable hydrogels at room temperature; the LacSC10 and 

LacSC12 hydrogels are stable to 64 and 79 oC, respectively, making them potentially of interest 

for biomaterials applications. CelSC10 and CelSC12 form metastable hydrogels with gel-to-sol 

transition temperatures of 31 and 42 oC, respectively, but they are only metastable and slowly 

transform into crystalline fibers at room temperature. However, CelSC10 and CelSC12 hydrogels 

do remain stable for more than 6 months when kept at 5 oC. Rheology demonstrates that the 

LacSCx hydrogels exhibit excellent mechanical properties with storage moduli up to almost 106 

Pa. In addition, thixotropic characteristics are exhibited by the LacSC10 and LacSC12 hydrogels. 

SEM and TEM images of xerogels of these hydrogels reveal a microstructure comprised of a 

layered 3D network that appears to be made of a disordered bicontinuous cubic phase of lamellar 

bilayers. Fluorescence spectroscopy of the microenvironment-sensitive dye prodan is also 

consistent with this microstructure. Not only are these hydrogelators synthesized in a 

straightforward, cost-effective, high yield process, these materials represent a new class of sugar 

based LMWGs that possess high Gǋ with intriguing microstructures that suggest their potential use 

in a myriad of applications. The linear ɓ (1ʤ4) linkage in the Lac and Cel headgroups confer 

unique structural efficiencies in the molecular assembly process that might be further exploited in 

identifying other glycosylated amphiphiles that behave as low molecular weight hydrogelators. 
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Wang, Y.-C.; Kegel, L. L.; Knoff, D. S.; Deodhar, B. S.; Astashkin, A. V.; Kim, M.; Pemberton, 

J. E. Layered Supramolecular Hydrogels from Thioglycosides. J. Mater. Chem. B 2022, 10 (20), 

3861ï3875. https://doi.org/10.1039/D2TB00037G. 
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CHAPTER 3: ɓGALACTOSIDASE RESPONSIVE 

SUPRAMOLECULAR HYDROGELS AS POTENTILA 

BIOMATERIAL AND DRUG DELIVERY SYSTEM: DRUG 

RELEASE AND DEGREDATION STUDY IN VITRO 

Hydrogels are three-dimensional networks that immobilize relatively large amounts of 

water, and therefore, act macroscopically 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 interactions such as hydrogen 

bonding, van der Waals force, ˊ-ˊ interactions, the hydrophobic effect, etc. Polymeric gels exist 

abundantly in nature; for example, gelatin and collagen have attracted considerable attention for 

use in cosmetic, environmental, biomedical applications, etc.119,167ï169 Low molecular weight 

hydrogels (LMWGs), however, have only attracted interest relatively recently.170 Compared to 

polymeric gels, LMWGs are generally more biocompatible depending on the chemical nature of 

the gelator and the hydrogel fabrication process.170 Moreover, the gelation of LMWGs is usually 

reversible in contrast to the irreversible nature of most polymeric gels, providing additional 

flexibility for real applications.21,45,117,118 Being biocompatible soft materials, LMWGs are potent 

candidates for 3D cell culture,171 controlled drug delivery systems,172 optical device,110 etc.173 

Therefore, much effort has been dedicated to the design and synthesis of LMWGs that are 

environmentally responsive to stimuli such as ultrasound,174 electric and magnetic field,175 

pH,176,177 heat,178 light,179 chemical,180 or enzyme.96,97 Thus, these systems have potential as smart 

materials for a broad range of applications.118,181  
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In chapter 2, we reported a series of hydrogels made from n-alkyl thioglycolipids.182 

These hydrogels are biocompatible, biodegradable, thixotropic, scalable, and possess a unique 

layered structure and unexpectedly strong mechanical properties. The estimated phase diagrams 

of these materials are shown in Figures 2.14 and 2.24. 

Among the thioglycolipids from which we have formed gels, n-decyl-ɓ-1-thio-D-

lactopyranoside (LacSC10) and n-dodecyl-ɓ-1-thio-D-lactopyranoside (LacSC12) exhibit the 

most desirable properties for further application. The chemical structures of LacSC10 and 

LacSC12 are shown in Figure 3.1. These gels are stable to 67 and 78 °C, respectively, and remain 

in the hydrogel state for ²3 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 enzymes for control of cargo release.  

The goals of the work reported here are severalfold. First, we document the stability of 

these gels in pristine aqueous buffer environments at different pH. Additionally, doxorubicin 

(DOX), a common model drug, and 6-carboxyfluorescein (6FAM), a molecule that is known to be 

lipophobic, are incorporated into these gels and used as fluorescent reporters 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 loaded gels compared with the pristine gels. Hydrogel 

microstructure was assessed using scanning electron microscopy (SEM) to assess any significnat 

changes induced by the presence of cargo.  Finally, the triggered release of cargo by the 

glycosidase enzyme ɓ galactosidase was explored as motivated by previous work on aromatic 

lactose-containing hydrogels by Akama that showed that their degradation was responsive to ɓ

galactosidase,96,97 a glycosidase that is detected at relatively high levels in senescent cells.183ï185 
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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 healthy tissue.183,186ï189 

In total, the studies reported here demonstrate that LacSC10 and LacSC12 hydrogels are 

strong candidates for potential use in controlled- or triggered-release biomedical, cosmetic, or 

environmental applications. 

 

Experimental 

Materials. 

Doxorubicin hydrochloride was purchased from TCI America (>95%). 6-Carboxyfluorescein was 

purchased from Thermo Scientific (99%). Sodium chloride (>99%) was purchased from Fisher 

Chemical. Potassium chloride (>99%) was purchased from Fisher Chemical. Disodium phosphate 

(>99%) was purchased from Sigma Aldrich. Monopotassium phosphate (>99%) was purchased 

from Sigma Aldrich. ɓ galactosidase from Kluyveromyces lactis was purchased from Sigma 

Aldrich. Purified H2O (>18 Mɋ resistivity and <8 ppb total organic carbon) was obtained using a 

Waters Milli-Q UV Plus purification system (Millipore Corp). N2 (99.999%) was purchased from 

University of Arizona Cryogenics & Gas Facility. 

Figure 3.1. Chemical structure of a) LacSC12 b) LacSC10 

a 

b 
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Buffers. pH 7.4 buffer was prepared as follows: NaCl (137 mmol, 8 g), KCl (2.7 mmol , 0.2 g), 

Na2HPO4 (10 mmol, 1.42 g), and KH2PO4 (1.8 mmol, 0.24 g) were added to a 1 L beaker with 

around 900 mL of Milli -Q water. The pH of the solution was then adjusted to 7.4, indicated by a 

pH meter, using HCl or NaOH, and this solution is then transferred to a 1 L volumetric flask. 

Lastly, adequate amount of Mil li-Q water was added to the volumetric flask to make the final 

solution 1 L. 

pH 10 buffer was prepared as follows: Glycine (80 mmol, 6.01g) and NaOH (51.25 mmol, 

2.05 g) were added to a 1 L beaker with around 900 mL of Milli -Q water. The pH of the solution 

was then adjusted to 10, indicated by a pH meter, using HCl or NaOH, and this solution is then 

transferred to a 1 L volumetric flask. Lastly, adequate amount of Milli -Q water was added to the 

volumetric flask to make the final solution 1 L. 

pH 2 buffer was prepared as follows: KCl (100 mmol, 7.45 g) and 0.02 mL of 1 M HCl 

(20 mmol) were added to a 1 L beaker with around 900 mL of Milli -Q  water. The pH of the 

solution was then adjusted to 2, indicated by a pH meter, using HCl or NaOH, and this solution is 

then transferred to a 1 L volumetric flask. Lastly, adequate amount of Milli -Q  water was added to 

the volumetric flask to make the final solution 1 L. 

Hydrogels sample preparation. Aqueous solutions of the thioglycolipids were prepared by 

weighing 2-3 mg of LacSC10 or LacSC12 in vials and adding an appropriate volume of water to 

make 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 allowed to cool 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 analysis.  A 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 µL of aqueous LacSC10 (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 the molds by knocking the dish gently; after removing the Teflon 

molds, free-standing cylinders of hydrogels remained in the dish. 20 mL of buffer solution (pH 

2.0, 7.4, or 10.0) was then added to the dish to completely cover the hydrogel disks. The dishes 

were then 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 freshly-prepared solution each week 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 S SEM 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 sample stub. The 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. Samples were 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 (TA Instruments, 

USA) with a sandblasted 20 mm cone-and-plate geometry at a 1° angle and a sandblasted stage. 

Inertia, friction, and rotational mapping calibrations were performed prior to each experiment. A 

Peltier temperature-controlled stage was maintained at 37 °C for 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 quickly (1-3 s) to the testing gap height of 50 µm. Excess 

gel was trimmed from the 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 experimentation. Strain 

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 averaging the data within the linear viscoelastic region of 

the strain sweep. Frequency sweeps were performed from 0.01 to 100 rad/s at a constant 0.01% 

shear strain.  

Cargo Release Studies. 1 mL of DOX-loaded or 6FAM-loaded 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 equilibrated 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, and 1 mL of fresh 

PBS buffer was added back to the vial. Steady-state 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 cell). DOX fluorescence was excited at 486 nm, 

with emission monitored at the ‗max of 590 nm.190  DOX concentration was determined from a 
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calibration curve. 6FAM fluorescence was excited at 494 nm and emission was monitored at the 

‗max of 520 nm.191 6FAM concentration was similarly determined from a calibration curve. Noted 

that a separate calibration line is constructed for each measurement at different time point so that 

errors were minimized. For cargo release studies in the presence of ɓ-galactosidase, a similar 

protocol was used with a ɓ galactosidase-containing PBS buffer solution replacing PBS buffer. 

Results 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 the suitability of a given hydrogel for a given application. Some LMWGs 

are known to be stable only for a short period of time. For example, guanosine-based 

supramolecular hydrogels are known to have poor longevity and the need for excess cations to 

form and stabilize the gels.192 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 preferred for 

applications like drug delivery.193 Here, we examine the stability of cylindrical disks (~11-12 mm 

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

time for up to three weeks.  

Figure 3.2a shows photographs of LacSC10 hydrogels incubated in pH 2.0, 7.4, and 10.0 buffers 

at different time points over the course of 21 days; Figure 3.2b shows the corresponding 

photographs for LacSC12 hydrogels. Despite the known lability of glycosidic linkages in dilute 

acid,194 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 the largely 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 cohesive that the network remains largely intact for at least several weeks. Based 

on these results, we conclude that these hydrogels are generally robust and long-lived, which might 

make them useful in applications that require exposure to environments of relatively extreme pH.  
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Figure 3.2. Stability of pristine a) LacSC10 and b) LacSC12 hydrogel samples in aqueous media of pH 2.0, 7.4, and 10.0 over 21 

days at room temperature. Each demarcation line in the scale bar in the photographs represents 1 mm. 
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Cargo Loading Capacity.  The excellent stability and mechanical strength182 of 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 hydrogels must 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 materials in drug delivery applications. 

Loading methods for incorporation of small molecule drugs for drug delivery systems are 

variable.195  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 environment.196 In contrast, drugs are commonly loaded into polymeric gels by 

immersion of the gel into a drug-containing solution.197ï199 Once the gel swells and takes up as 

much as it can, the excess liquid is removed from the system, leaving the drug-loaded gels. In most 

loading methods, an excess of drug is used to ensure maximal incorporation.  Thus, the 

encapsulation efficiency becomes an 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 used was 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 applications.200ï205 For hydrogels that form in drug-containing aqueous media without 

syneresis, encapsulation efficiency is usually assumed to be 100%. However, an upper boundary 

of drug loading exists as limited by 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 through non-covalent 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 load-release behavior. 

Toward this end, two drug models were identified for study (structures shown in Figure 3.3): a 

well-known anti-cancer drug, doxorubicin (DOX), and a fluorescent dye commonly used in 

biological systems, 6-carboxyfluorescein (6FAM). DOX has been used as a model drug in many 

studies of drug delivery 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 LacSC10 or LacSC12 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 dissolved within their aqueous portions;206 thus, it was 

chosen here 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 their previous use in similar 

studies of potential drug delivery materials. 200ï204  

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 that every 1 mL of 2 wt% LacSC10 hydrogel 

can readily accommodate DOX in the range of 100 mg to 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. Similarly, 1 mL of 1 wt% LacSC12 can also readily accommodate 
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DOX within the range of 100 mg 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 ability to incorporate more DOX, suggesting that a mole ratio between 10-20:1 

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 hydrogel as 

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 limited by 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 disrupt the self-assembly 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 mg/mL200,203ï205,207 or less201,202 

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, docetaxel, doxorubicin, and tamoxifen).203,208 

Thus, the LacSC10 and LacSC12 gels exhibit similar cargo loading capacities to other LMWGs 

reported in the literature. 



126 

 

a b 

Figure 3.3. Chemical structure of a) doxorubicin (DOX) and b) 6-

Carboxyfluorescein (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 differ from the more 

commonly reported structures comprised of aggregated fibers or ribbons.182 However, it is known 

that the microstructure of LMWGs can change as cargo is incorporated, leading to 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 

interactions.205 Thus, it is important to understand the effects of cargo on microstructure as a precis 

to characterizing other properties of cargo-loaded hydrogels.   

Figures 3.4a-c show SEM images at different magnifications of a 1 mg/mL DOX-loaded 2 wt% 

LacSC10 xerogel after flash-freezing and lyophilization. The higher magnification images of 

Figures 3.4b and c clearly show that the microstructure of the DOX-loaded microstructure is 

essentially identical to that of the pristine hydrogels without cargo as reported in our previous 

study.182 These images suggest that the microstructure of the hydrogel network does not change 

significantly with DOX loading, at least on the micron scale. This observation is similar to that of 

Gupta and coworkers who reported SEM images of drug-loaded L-alanine-based small molecule 

hydrogels that did not show significant changes from pristine gels without loaded drug.208 

Anirudhan et al. similarly report minimal changes to the gelatin methacrylate methacrylic acid 

(GMA) hydrogels they studied after introducing the drugs Amp and 2-aminoguanidine; these 

researchers rationalize this behavior by proposing that the drugs are incorporated deep into the 

hydrophobic portion of the hydrogel network.209 

Our previous work revealed that sheet-like structures of the 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 



128 

 

hydrogen bonding between bilayers.182  The lack of apparent change in microstructure of these 

hydrogels upon incorporation of DOX suggests that DOX is largely incorporated into the planar 

hydrophobic regions of the 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 gels (vide infra). Scheme 3.1 shows the formation scheme of these drug-loaded 

hydrogels. 

Mechanical Properties of Cargo-loaded Hydrogels. Viscoelasticity is an important property of 

hydrogels, as different mechanical properties dictate utility in different applications. In our 

previous report describing the properties of pristine LacSC10 and LacSC12 gels, large storage 

moduli (Gᴂ) values were observed, up to ~106 Pa under certain conditions. It is well known that 

drug incorporation into hydrogels can significantly alter their mechanical properties depending on 

where the drug resides within the gel. For example, Bajaj and coworkers reported amino acid-

based hydrogels that incorporate drug cargo molecules, with increases or decreases in their 

mechanical strength depending on the chemical nature of the drug.208 Here, we investigate the 

rheological properties of DOX- and 6FAM-infused 2 wt% LacSC10 and 1 wt% LacSC12 

hydrogels at 37 oC. 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 1000% 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 micrographs at different magnifications of a xerogel of 2 wt% LacSC10 hydrogels DOX-loaded 

at 1 mg/mL after flash-freezing and lyophilization. 

a b c
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Scheme 3.1.  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. Both DOX- and 6FAM-

loaded LacSC10 hydrogels exhibit Gᴂ values of ~104 to 105 Pa, which are similar to the values of 

this gel in the absence of cargo.182 Interestingly, the DOX-loaded LacSC10 gel exhibits a lower Gᴂ 

value (~3 x 104 Pa) than the 6FAM-loaded gel (~2 x 105 Pa) suggesting that the incorporation of 

DOX slightly diminishes the integrity, and hence mechanical strength, of the network. In contrast, 

the Gᴂ values for the DOX- and 6FAM-loaded LacSC12 gels (Figure 3.5c) show no significant 

change relative to the pristine gel without cargo, with both loaded gels exhibiting Gᴂ values of ~2 

x 105 Pa. Figure 3.5b demonstrates the results of amplitude sweep experiments on the LacSC10 

hydrogel. Both DOX-loaded and 6FAM-loaded LacSC10 hydrogels remain stable until the 

deformation reaches 2%, known as the linearity limit, beyond which the gel becomes increasingly 

unstable until the cross-over point is reached signaling the transition to liquid-like behavior when 

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

shown in Figure 3.5d.  

Overall, the Gᴂ values of ~104 - 105 Pa for the DOX- and 6FAM-loaded LacSC10 and LacSC12 

hydrogels determined by amplitude sweep experiments are similar to those determined by 

frequency sweep experiments. The DOX-loaded LacSC10 hydrogels exhibit the smallest Gᴂ values. 

The DOX- and 6FAM-loaded LacSC10 and LacSC12 gels have the same linear range in the 

amplitude sweep experiments up to 2-3% strain, although the LacSC12 gels have a higher 

crossover point of ~20% strain than the LacSC10 gels. In general, the rheological properties of the 

drug-loaded hydrogels 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 significantly alter 

intermolecular interaction behavior of the thioglycoliopids in these gels.  
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Figure 3.5. Rheology results for DOX- and 6FAM-loaded hydrogels: a) frequency 

sweep and b) amplitude sweep results for 2 wt% LacSC10 with DOX (Â = Gᴂ, Ä = 

Gᴂᴂ) and 6FAM (Â = Gᴂ, Ä = Gᴂᴂ);  c) frequency sweep and d) amplitude sweep 

results for 1 wt% LacSC12 with DOX (̧ = Gǋ, º =  Gǋǋ) and and 6FAM (̧  = Gǋ, º 

= Gǋǋ).   
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Hydrogel Cargo Release Characteristics. To 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 prior to in vivo testing and 

for ensuring consistent quality.210 One factor to be considered in choosing a model drug for release 

studies is drug solubility, as release results of hydrophobic drugs may be biased 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 partitioning between the phases.211 In hydrogels formed from systems such as 

LacSC10 and LacSC12 in which the loading site of DOX is the more hydrophobic lipid bilayers, 

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, DOX was chosen as one of the model drugs in this study. 6FAM was chosen as an 

additional model drug, because it is known to have much worse hydrophobic interactions than 

DOX206,212 and so would be expected to reside largely in the aqueous portions of the hydrogels 

from which it should be released more readily than DOX.  In these studies, hydrogels were loaded 

with the model drugs during the process of hydrogelation, 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 

aqueous medium. The aliquots removed were analyzed for the presence of DOX or 6FAM using 

fluorescence spectroscopy. Release profiles for these compounds are shown in Figure 3.6a 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 

released from 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 moderately hydrophobic, 

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 exhibiting slower 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 on alkyl 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 contrast to other sugar-

based hydrogels from which 15-18% of model drugs is released in 24 h.96ï98 

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 considerably 

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 or concentration 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 dissolution 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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Figure 3.6. Release-time profiles for a) DOX  and b) 6FAM from 2 

wt% LacSC10 (Â), 5 wt% LacSC10 ( )̧, 1 wt% LacSC12 (p), and  5 

wt% LacSC12 (q) hydrogels. 
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controlled release applications depending on the cargo and composition  and concentration of the 

hydrogelators.    

Enzyme-triggered Hydrogel Cargo Release.  As 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 release or triggered release drug delivery applications if a trigger mechanism can be 

identified. These types of dissipative supramolecular materials have been widely explored.213 For 

example, van Esch and Eelkema described the first example of chemically-triggered driven 

dissipative disassembly of fiberous hydrogels,214,215 and Ulijn et al. reported dissipative hydrogels 

that can be triggered by enzymes.216,217  

To explore the possibility of triggered release of cargo driven by enzymatic action in these 

LacSC10 and LacSC12 hydrogels, we explored the use of  ɓ galactosidase, a common glycosidase 

enzyme, on DOX-loaded gels.  This choice was motivated by the previous work reported by 

Yamanaka and coworkers on urea-lactose/maltose-based hydrogels whose degradation was shown 

to be successfully induced by  ɓ galactosidase.96ï98 

Figure 3.7 shows the release profiles for DOX-loaded 2 wt% LacSC10 and 1 wt% LacSC12 gels 

in the presence of a small amount of ɓ galactosidase. Although a slight difference in release rate 

is observed between the two LacSCx gels, the more significant observation is the considerably 

faster release of DOX from these gels in the presence of ɓ galactosidase compared with that in the 

absence of the enzyme (Figure 3.6a).  Evidence of this difference can also be observed visually 

as shown by the photographs in Figure 3.8. In the presence of ɓ galactosidase, the hydrogels, 

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 hydrogel network. These findings 
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Figure 3.7. b-Glycosidase-induced release profiles for DOX-loaded 2 wt% LacSC10 (̧ ) and 1 

wt% LacSC12 (Â)  hydrogels.  
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Figure 3.8. Photos that shows the degradation of Dox loaded(1mg/mL) LacSC10 (2%) and that 8hours after 

introducing 30units of ɓ galactosidase. 
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support the potential utility of the LacSC10 and LacSC12 hydrogels as ñsmartò materials that are 

responsive not only to temperature 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, cosmetic industry, food industry, 

sensors, etc. In this study, we have tested and shown more characteristics of previously reported 

hydrogels made of the simple alkyl ɓ-thioglycosides LacSC10 and LacSC12. These materials 

exhibit excellent mechanical properties with Gᴂ up to 106 Pa and good thermal stability up to 67 

°C and 78 °C, respectively. Furthermore, these hydrogels are stable in extreme pH environments 

for at least weeks without significant degradation. The hydrogels can also be loaded with small 

molecules such 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 and out of the aqueous 

portions of the hydrogel relatively easy. Most importantly, both LacSC10 and LacSC12 hydrogels 

have proven to be responsive to ɓ galactosidase. The hydrogels are degraded nonreversibly in an 

hour upon introduction of the enzyme, potentially making it a potent smart material for 

applications requiring these properties.  

This chapter is based on the manuscript submitted to Soft Matter:  

Temperature- and Glycosidase-Responsive Supramolecular n-Alkyl Thioglycolipid Hydrogels as 

Controlled Release Materials  

Yu-Cheng Wang, Bhushan S. Deodhar, and Jeanne E. Pemberton 
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CHAPTER 4: SYNTHESIS AND CHRACTERIZATION OF n-

ALKYL -Ŭ-LACTOSIDES, n-ALKYL -ɓ-LACTOSIDE, n- 

ALKYL -Ŭ-CELLOBIOSIDE, AND n-ALKYL -ɓ- 

CELLOBIOSIDE: EFFECT OF GLYCOSIDIC BOND 

CONFIGURATION AND ATOM TYPE ON 

HYDROGELATION and HYDROGEL PROPERTIES 

In the previous chapters, a series of LMW hydrogels made of thiolactosides (Lac-ɓ-SCx) 

and thiocellobiosides (Cel-ɓ-SCx) were reported. Lac-ɓ-SCx and Cel-ɓ-SCx gel at concentrations 

as low as 0.1 wt.%, with the resulting hydrogels possessing unique layered structures and unusually 

strong mechanical properties. Furthermore, the hydrogels formed by Lac-ɓ-SCx are enzyme 

responsive materials and have shown potential as drug delivery systems. It is important to note 

that the synthetic procedure used to produce these S-linked systems produces exclusively the ɓ-

anomers. In contrast, although this synthetic approach yields pure ɓ-anomers for the 

thioglycolipids, it yields mixtures of Ŭ and ɓ anomers for the corresponding O-linked systems. In 

fact, the O-linked versions of the cellobiosides (CelOCx) were synthesized and characterized in 

previously in this laboratory;218 this work showed that CelOCx mixtures of Ŭ and ɓ anomers do 

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), the configurational difference (pure ɓ versus 
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a mixture of Ŭ and ɓ), or both, although it has been reported that different anomers of carbohydrates 

can exhibit significantly different intermolecular forces.219ï222  

Therefore, this study seeks to further elaborate the cause of the different phase behaviors 

across the following four classes of compounds: Lac-Ŭ-OCx, Lac-ɓ-OCx, Cel-Ŭ-OCx, and Cel-ɓ-

OCx (Figure 4.1) synthesized by the same method (Scheme 4.1) 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 

understand and compare hydrogel microstructure. 

Experimental 

Materials  

Lactose (99%) and cellobiose (99%) were purchased from Carbosynth.  Acetic anhydride was 

purchased from Sigma Aldrich (>99%). Diethyl ether (99%) was purchased from Thermo 

Scientific. Indium bromide (99%) was purchased from Sigma Aldrich. Amberlyst A26 hydroxide 

form resin was purchased from Sigma-Aldrich. 1-Octanol (>99%), 1-decanol (>98%), and 1-

dodecanol (>99%) were purchased from TCI America. Methanol (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 dried by 4A molecular sieves (Sigma Aldrich) prior to use. 

Purified H2O (>18 Mɋ resistivity and <8 ppb total organic carbon) was obtained using a Waters 

Milli -Q UV Plus purification system (Millipore Corp). N2 (99.999%) was purchased from 

University of Arizona Cryogenics & Gas Facility. Chloroform-d (99.8 atomic % D) was purchased 

from Thermo Scientific. Methanol-OD (99.5 atom % D) was purchased from Sigma Aldrich. 

Dimethyl sulfoxide-d6 (99.9 atom % D) was purchased from Sigma Aldrich. 
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Figure 4.1. Chemical structure of n-alkyl-Ŭ-lactosides (Lac-Ŭ-OCx), n-alkyl-ɓ-lactosides 

(Lac-ɓ-OCx), n-alkyl-Ŭ-cellbiosides (Cel-Ŭ-OCx), and n-alkyl-ɓ-cellbiosides (Cel-ɓ-OCx). 
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Scheme 4.1 Synthesis of n-alkyl-Ŭ-lactosides, n-alkyl-ɓ-lactosides, n-alkyl-Ŭ-cellbiosides, n-

alkyl-ɓ-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 Lac-Ŭ-OCx, Lac-ɓ-OCx, Cel-Ŭ-OCx, and Cel-ɓ-OCx. The general synthesis 

procedure is shown in Scheme 4.1. 

Acetylation. To an oven-dried round bottom flask equipped with a stir bar were added sugar (1 eq) 

and sodium acetate (0.37 eq). The round bottom flask was evacuated and refilled with dry N2. 

Anhydrous toluene (20 mL/mmol of sugar) and acetic anhydride (1.7 eq/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 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 of the round 

bottom flask were stirred for 1 h. Then, diethyl ether (30 mL/mmol of sugar) was added to the re-

action. The 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 oven-dried round bottom flask equipped with a stir bar were added sugar 

octaacetate (1eq) and indium bromide (3 wt%). The round bottom flask was evacuated and refilled 

with dry N2. Anhydrous chloroform (5 mL/mmol of sugar octaacetate) and alkyl alcohol (2 eq) 

were then added via syringe. The contents of 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 were washed 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 unreacted starting material. Then at least one more column chromatography is performed to 

separate the anomers before the next step. During column chromatography, ɓ anomers always elute 
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prior to Ŭ anomers. In general, ɓ anomers have Rf values of ~0.54 whereas Ŭ anomers have Rf 

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 anomers, only ~40-200 mg of pure Ŭ or 

ɓ anomers can be purified by two separations by flash chromatography. 

Deacetylation. To an oven-dried round bottom flask were added alkyl-ɓ-peracetyl sugar (1 eq) and 

Amberlyst resin (35 wt% of alkyl-ɓ-thioperacetyl sugar). Methanol was then added to the mixture. 

The contents of the round bottom flask were shaken for 24 h until the reaction was 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 by 1H NMR and 13C NMR. 

Preparation of Hydrogels. The general protocol is the same as reported in chapter 2 except the 

temperature where the glycolipids dissolve is around 45 oC, and the quenching temperature to 

trigger gelation is -4 oC for Lac-ɓ-OC8, Lac-ɓ-OC10, Lac-ɓ-OC12, Cel-ɓ-OC10, and Cel-ɓ-OC12, 

and -10 oC for Lac-Ŭ-OC10 and Cel-Ŭ-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 

amplitude oscillatory shear rheology on a Modular Compact Rheometer Model 302e (Anton Paar, 

USA) equipped with a 10 mm parrel plate sample stage (PP25 parallel-plate). Inertia, friction, and 

rotational mapping calibrations were performed prior to each experiment. A Peltier temperature-

controlled stage maintained at -5, 10, or 25 oC 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, hydrogel/water solutions were heated in a water 
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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 lowered (1ï3 s) 

to the testing gap height 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 temperature for 15 min, then 

cooled for 15 min to either -4 or -10 oC 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 to experimentation. Strain sweeps were performed 

from 0.01 to 1000% shear strain at a constant 10 rad s-1 angular frequency. Gǋ and Gǌ values were 

determined by averaging the data points within the linear viscoelastic region of the strain sweep. 

Frequency sweeps were performed from 0.01 to 100 rad s-1 at 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 imaging was used. 

Xerogel samples of the hydrogels were prepared as follows. Hydrogels were first heated to the sol 

state and then pipetted onto an SEM-compatible sample stub. For Lac-ɓ-OC8, Lac-ɓ-OC10, Lac-

ɓ-OC12, Cel-ɓ-OC10, and Cel-ɓ-OC12 hydrogels samples, sample stubs with the sample were 

cooled to ï4oC in an ice/water bath(without exposing the sample to the ice/water bath) for 15 min 

to form hydrogels. For Lac-Ŭ-OC10 hydrogels, sample stubs containing the viscous liquid were 

quenched at ï10 oC in an ice/water bath for 20 min to form the hydrogels. These hydrogels were 

then flash-frozen by immersion in liquid N2 followed by lyophilization for 24 h in a VirTis Lyo-

Centre 3.5L DBT benchtop lyophilizer. Samples were Au-coated before SEM characterization to 

reduce sample charging.  
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Results and Discussion 

Synthesis. The synthetic scheme is shown in Scheme 4.1. The synthetic method is almost identical 

to Scheme 2.1 except that an extra step of column chromatography is performed after 

glycosylation to ensure pure Ŭ or ɓ peracetylated glycolipids prior to the deprotection step. The 

yields of the protection and deprotection steps are comparable to those of the S-linked glycolipids 

reported in Chapter 2. However, the yields of the glycosylation step are much lower for the O-

linked systems than the S-linked glycolipids due to the inefficient separation of anomers noted 

above. Given the extremely low efficiency of production of pure Ŭ or ɓ anomers, only the most 

essential characterization and chemical analysis tools were undertaken including 1H NMR, 13C 

NMR, gelation testing, rheology and SEM. 

Visual assessment.  Due to the limited quantities of anomerically pure glycolipids available, visual 

assessments of gelation properties were only performed on select concentrations. Given that 

hydrogels formed from Lac-ɓ-SCx and Cel-ɓ-SCx were primarily characterized at concentrations 

of 1 wt%, this was the starting concentration for exploration of the gelation properties of the O-

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

 For visual assessment of possible gelation, ~4-6 mg are weighed in a glass sample vial and 

then water is added to the vial with a pipette to make a 1 wt% mixture. This mixture is then heated 

until a clear solution is obtained suggesting complete solvation of the glycolipid, typically 45 oC 

unless specified otherwise. It is noted that all glycolipid Ŭ anomers completely dissolve in aqueous 

solution (i.e. clear solution) at room temperature without any heat, whereas the ɓ anomers require 

heating to 45 oC to dissolve completely. Once dissolved, the solution is then quenched at a lower 

temperature to facilitate the gelation process. For S-linked glycolipids, any temperature below 20 

°C would trigger gelation. However, for the O-linked analogs, it is observed that gelation occurs 
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only when the temperature is below 0 °C. Specifically, Lac-ɓ-OC8, Lac-ɓ-OC10, Lac-ɓ-OC12, 

Cel-ɓ-SC10, and Cel-ɓ-SC12 can undergo the gelation process at -4 °C, while Lac-Ŭ-OC10 and 

Cel-Ŭ-OC12 can undergo the gelation process at -10 °C. Interestingly, when compared to S-linked 

analogues, O-linked analogues took at least 20 minutes for apparent gel formation to be observed, 

whereas S-linked 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. As a results, all the hydrogels formed 

by ɓ anomers remained the gel properties by visual assessment, but both Lac-Ŭ-OC10 and Cel-Ŭ-

OC12 hydrogels turned back to solutions. Furthermore, it only took less than 20 minutes for Lac-

Ŭ-OC10 hydrogel to turn into solution 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 

quantity of samples as well as matching the concentrations of S-linked analogues reported previous 

in order to compare their physicochemical properties. In general, Lac-ɓ-OCx can form hydrogels 

across a range of concentrations from 1-3 wt%, which is generally consistent with hydrogels 

formed from Lac-ɓ-SCx. This is not surprising given that Lac-ɓ-SC8 and Lac-ɓ-SC12 are known 

to form hydrogels at 1 wt%, although LacSC10 only completely gels at 2 wt% without syneresis. 

However, Lac-ɓ-OC10 and Lac-ɓ-OC12 both completely gel without syneresis at 1 wt%, whereas 

Lac-ɓ-OC8 only gels at 3 wt% without undergoing syneresis. This suggests that Lac-ɓ-OC8 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 to Lac-ɓ-OC8 at first glance. In addition, the Cel-ɓ-OCx 

series also displays behavior similar to the Cel-ɓ-SCx 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 concentration tested. In contrast, however, the Cel-ɓ-OCx materials do not slowly 

crystallize and precipitate out of solution as was observed for the Cel-ɓ-SCx compounds. (i.e. no 

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

Interestingly, within all the Ŭ anomer explored here, only the Cel-Ŭ-OC12 and Lac-Ŭ-OC10 

compounds can form hydrogels across the concentration range studied of 1-3 wt%. This suggests 

that the Ŭ anomer materials aggregate differently than the ɓ anomer compounds. Although this 

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 are ~1-5 wt%, 

with partially gelled samples that undergo syneresis typically observed at significantly lower 

concentrations. These results are summarized in Table 4.1. with corresponding S-linked versions 

(only ɓ glycosylated) reported previously.  

Overall, the nature of the linker atom to the anomeric carbon of the sugar, O versus 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 their ability to form hydrogels
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 -OC8 -SC8 -OC10 -SC10 -OC12 -SC12 

Lac Ŭ Sol N/A Gel at 1 wt% 

when quenched 

< -10°C 

N/A Sol N/A 

ɓ Gel at 3 wt% 

when quenched 

< -4°C 

Gel at 1 wt% 

when quenched 

< 20°C 

Gel at 1 wt% 

when quenched 

< -4°C 

Gel at 2 wt% 

when quenched 

< 20°C 

Gel at 2 wt.% Gel at 1 wt% 

when quenched 

< 20°C 

Cel Ŭ Sol N/A Sol N/A *Gel at 1 wt% 

when quenched 

< -10°C 

N/A 

ɓ Sol Sol Gel at 1 wt% 

when quenched 

< -4°C 

Gel at 1 wt% 

when quenched 

< 20°C 

Gel at 1 wt% 

when quenched 

< -4°C 

Gel at 1 wt% 

when quenched 

< 20°C 

Sol = remains as micellar solution, Gel = hydrogel formed, N/A = no data point available because compound not made in synthetic procedure used. 

*NMR indicates greater contamination by Ŭ anomer than the other O-linked systems.  

 

Table 4.1. Hydrogelation behavior of O- and S-linked alkyl glycolipids.  
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Rheology.  Rheology was performed on hydrogels made from Lac-ɓ-OC8, Lac-ɓ-OC10, Lac-ɓ-

OC12, Lac-Ŭ-OC10, Cel-ɓ-OC10, Cel-ɓ-OC12, and Cel-Ŭ-OC12 to characterize the viscoelastic 

properties of these materials. The results of these studies are shown in Figures 4.2 and 4.3 and 

summarized in Table 4.2. Frequency sweep and strain sweep experiments (Figures 4.2a-b and 

4.3a-b) were conducted. Frequency sweep experiments were performed from 0.1 to 100 rad s-1 at 

a constant 0.01% shear strain, and strain sweep experiments were conducted from 0.1 to 1000% 

shear strain at a constant 10 rad s-1 angular frequency. All samples were at 1 wt% concentration, 

except for Lac-ɓ-OC8, which was studied at 3 wt%, because it required a higher concentration for 

full stable gelation.  

As shown in Figure 4.2a, at 25 oC, dynamic frequency sweeps indicate that the Lac-ɓ-OC8, 

Lac-ɓ-OC10, and Lac-ɓ-OC12 hydrogels exhibit solid-like behavior (i.e. Gǋ > Gǌ) that is invariant 

with frequency over the entire range of frequencies tested. Similar behavior is observed for the 

Cel-ɓ-OC10 and Cel-ɓ-OC12 hydrogels, the results for which are shown in Figure 4.3a. 

Considering the data for the Lac- ɓ-OCx series in Figure 4.2a, one can see that the magnitude of 

Gǋ is chain length dependent with Gǋ decreasing in the order Lac-ɓ-OC12 > Lac-ɓ-OC10 > Lac-ɓ-

OC8,  despite the fact that the Lac-ɓ-OC8 gel has the higher concentration of 3 wt%. This trend is 

due to increased inter-chain van der Waals interactions with increasing chain length and is similar 

to that observed for the S-linked systems as described in Chapter 3.  

Figure 4.2b shows the frequency sweep results for gels from Lac-Ŭ-OC10 at -5 °C, the 

only Ŭ anomer of the lactoside gels. Despite the lower temperature for the Lac-Ŭ-OC10 gel, the Gǋ 

value for the Lac-ɓ-OC10 gel (Figure 4.2a) is still approximately an order of magnitude larger 

than that for the Lac-Ŭ-OC10 gel (Figure 4.2b), indicating the considerably greater stability of the 

gel from the ɓ material. 
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Figure 4.2 Frequency sweep experiments on a) Lac-ɓ-OCx (x = 8, 10, 12) hydrogels at 25 °C, 

and b) Lac-Ŭ-OC10 hydrogels at -5 °C. Amplitude sweep (or strain sweep) experiments on c) 

Lac-ɓ-OCx (x = 8, 10, 12) hydrogels at 25 °C, and d) Lac-Ŭ-OC10 hydrogels at -5 °C. Symbols 

indicate Gǋ (ƴ) and Gǌ (Ǐ) for Lac-ɓ-OC8, Gǋ (ƴ) and Gǌ (Ǐ) for Lac-ɓ-OC10, Gǋ (ƴ) and Gǌ (Ǐ) 

for Lac-ɓ-OC12, and Gǋ (ƴ) and Gǌ (Ǐ) for  Lac-Ŭ-OC10.  
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Table 4.2 Summary of key rheological results. 

Hydrogel System Temperature (oC) Gǋ (Pa) Gǌ (Pa) Crossover point (% strain) 

3 wt% Lac-ɓ-OC8 25 3×103 7×102 1% 

1 wt% Lac-ɓ-OC10 25 7×104 1×103 3% 

1 wt% Lac-Ŭ-OC10 -5 3×103 2×102 30% 

1 wt% Lac-ɓ-OC12 25 7×104 1×103 1% 

1wt % Cel-ɓ-OC10 25 2×104 1×103 1% 

1 wt% Cel-ɓ-OC12 25 2×103 4×102 2% 

1 wt% Cel-Ŭ-OC12 10 5×103 1×103 10% 
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Figures 4.2c and d show the results of strain sweep experiments on gels from the Lac-ɓ-OCx 

series at 25 oC and the gel from Lac-Ŭ-OC10 at -5 oC. As expected, the magnitude of Gǋ is about 

the same as in the frequency sweep experiments. The crossover points of the shear-induced 

transition from more solid-like gels (Gǋ > Gǌ) to more liquid-like gels (Gǌ > Gǋ) for the Lac-ɓ-OCx 

series are all at a strain of ~1-2%, with no clear trend observed in lipid tail length. However, when 

compared to the Lac-ɓ-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 matrix compared to O-linker, likely due at least in part 

to the lower solubility of the S-linked glycolipids in aqueous solution. Lower solubility infers that 

in aqueous media, the thioglycolipid molecules favor themselves over water molecules, which is 

beneficial for aggregation and hydrogel network formation, leading to stronger hydrogel matrices 

with higher Gǋ and crossover points in strain. That noted, it is interesting that the crossover point 

for the Lac-Ŭ-OC10 hydrogel at -5 oC is ~30% strain, considerably larger than that for all Lac-ɓ-

OCx hydrogels despite its lower Gǋ value, higher solubility in aqueous media and overall less stable 

hydrogel matrix. This observation indicates that gel temperature has a larger effect on the crossover 

point than other variables between the systems studied here. 

As shown in Figure 4.3a, the rheology behavior of gels from Cel-ɓ-OC10, Cel-ɓ-OC12, 

and Cel-Ŭ-OC12 is similar to that observed for gels from the Lac-ɓ-OCx series. In the frequency 

sweep experiments, both Cel-ɓ-OC10 and Cel-ɓ-OC12 hydrogels exhibit solid-like behavior (i.e. 

Gǋ > Gǌ) independent of frequency with Cel-ɓ-OC10 possessing a higher Gǋ than Cel-ɓ-OC12.  

This behavior is consistent with that observed for the S-linked systems in Chapter 2. For gels from 
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Figure 4.3. Frequency sweep experiments on a) Cel-ɓ-OCx (x = 10, 12) hydrogels at 25 °C, and 

b) Cel-Ŭ-OC12 hydrogels at 10 °C. Amplitude sweep (or strain sweep) experiments on c) Cel-ɓ-

OCx (x = 10, 12) hydrogels at 25°C, and d) Cel-Ŭ-OC12 hydrogels at 10 °C. Symbols indicate 

Gǋ (ǒ) and Gǌ (ƺ) for Cel-ɓ-OC10, Gǋ (ǒ) and Gǌ (ƺ) for Cel-ɓ-OC12, and Gǋ (ǒ) and Gǌ (ƺ) for 

Cel-Ŭ-OC12.  
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Cel-Ŭ-OC12 (Figure 4.3b), the Gǋ and Gǌ values decrease slightly for frequencies between 

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

A comparison of the rheological behavior of gels from the Lac-ɓ-OCx series with those 

from the Cel-ɓ-OCx materials reveals that gels from the Lac-ɓ-OCx compounds are, in general, 

stronger (i.e. higher Gǋ) than the Cel-ɓ-OCx hydrogels. This same trend was noted in Chapter 2 

for the corresponding S-linked glycolipids. As the only Ŭ anomer that forms hydrogels in the 

family of the CelOCx series, the Cel-Ŭ-OC12 hydrogel at 10 oC (Figure 4.3b) exhibits similar 

mechanical properties (i.e. similar Gǋ and Gǌ values) to gels formed from the Cel-ɓ-OCx materials.  

Figures 4.3c and d show results of strain sweep experiments on Cel-ɓ-OC10, Cel-ɓ-OC12, 

and Cel-Ŭ-OC12 gels. As expected, gels from Cel-ɓ-OC10 and Cel-ɓ-OC12 exhibit similar strain 

crossover points to those observed for the Cel-ɓ-SCx gels whereas the Cel-Ŭ-OC12 gel exhibits a 

higher strain crossover point (10% strain) than gels from Cel-ɓ-OC10 or Cel-ɓ-OC12 (1-2% strain). 

This behavior is identical to that observed for gels from the Lac-ɓ-OCx series for which the impact 

of temperature overshadows the impact of other variables.  

In comparing the mechanical properties of gels from Cel-ɓ-OC10 and Cel-ɓ-OC12 to the 

Cel-ɓ-SCx gels, the O-linked systems exhibit lower Gǋ values and lower strain crossover points, 

similar to what was observed for the lactoside gels. Thus, a consistent trend emerges that the S-

linkage confers lower solubility in aqueous solution compared with the O-linkage, 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 

regardless of linkage.  
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Although only one Ŭ anomer of each O-linked cellobioside or lactoside synthesized here is 

capable of forming hydrogels, it provides important information regarding anomeric effects on 

aggregation and hydrogelation. In general, Ŭ anomers tend to be more soluble in aqueous media. 

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 Ŭ anomer are only stable at 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 

freeze-fracture SEM and TEM are the most commonly used approaches for investigation of 

hydrogel microstructure. 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 CelOCx materials by flash 

freezing the gel in liquid N2 followed 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 freezing-lyophilization 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 100ôs of nm to mm. Hydrogel samples from Lac-ɓ-OC8, Lac-ɓ-OC10, 

Lac-ɓ-OC12, Lac-Ŭ-OC10, Cel-ɓ-OC10, Cel-ɓ-OC12, and Cel-Ŭ-OC12 were thus investigated. 

Figures 4.4 and 4.5 show representative SEM images of xerogels at different magnifications from 

the LacOCx and CelOCx systems at the wt% indicated. Structurally, the hydrogels formed from 

the O-linked systems are similar to those of their S-linked analogues in that they consist of layered 
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Figure 4.4. Scanning electron micrographs of xerogels at different magnifications from flash 

freezing and lyophilizing hydrogels of a) ï d) 3 wt% Lac-ɓ-OC8, e) ï g) 1 wt% Lac-ɓ-OC10, h) 

ï k) 1 wt% Lac-Ŭ-OC10, l) ï o) 1 wt% Lac-ɓ-OC12.  
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Figure 4.5. Scanning electron micrographs of xerogels at different magnifications from flash freezing and lyophilizing 

hydrogels of a) ï d) 1 wt% Cel-ɓ-OC8 and e) ï h) 1 wt% Cel-ɓ-OC12 
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rumpled sheets of glycolipid. We hypothesize that these layered structures found in the gels from 

the Lac-ɓ-SCx, Cel-ɓ-SCx, Lac-ɓ-OCx, and Cel-Ŭ/ɓ-OCx materials represent stacked sheets made 

of glycolipid bilayers. Figure 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 smectic Ad phase. Figures 4.4j and k further 

substantiate this picture. In general, minimal differences are observed between the gels from the 

O-linked and S-linked materials. This implies that the packing pattern of the O-linked glycolipids 

is strongly similar to that of the S-linked materials. Apparently, the linker atom type, O or S, mainly 

affects the affinity of the molecules toward the aqueous medium with the O-linked glycolipids 

more soluble in water than the S-linked materials. This effect results in hydrogels from the O-

linked systems being less stable. Additionally, for all the O-linked hydrogels, there are no 

circumstances where fibrous aggregation overshadows the smectic Ad phase observed in the 

CelSC10 and CelSC12 samples described in chapter 2. However, some amorphous aggregation 

was seen in the SEM images of O-linked hydrogels, suggesting the existence of another type of 

aggregation that competes with the smectic Ad phase during the self-assembly of the hydrogel 

network (Figure 4.4k and 4.5h). Lac-Ŭ-OC10 is the only Ŭ anomer of the LacOCx series that 

forms a hydrogel; thus, its SEM images provides important information about the impact of 

anomeric configuration on gel microstrcuture. Despite the fact that the Lac-Ŭ-OC10 gel is 

considerably less stable than the gels from all the ɓ anomers, it exhibits almost identical 

microstructure as shown in Figures 4.4h-k. This suggests that the Lac-Ŭ-OC10 molecules 

aggregate and gel in a fashion similar to the ɓ anomers. Although the Lac-Ŭ-OC10 xerogel exhibits 

similar microstructure to the ɓ anomer gels,Lac-Ŭ-OC8 and Lac-Ŭ-OC12 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 for the O-linked lactose system.  

Nonetheless, one key observation from this work is that for all O-linked glycolipids that 

form hydrogels, regardless of the sugar head group, anomeric conformation, or lipid tail length, all 

aggregate into lamellar structures. Compared with other glycoamphiphilic 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. Sugar head 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 here to the corresponding S-linked analogues reported 

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

properties. 

 In general, when comparing O-linked hydrogels to S-linked hydrogels, the gelation 

concentration of O-linked glycolipids does not show much difference from that of S-linked 

analogues. Additionally, the SEM images demonstrate minimal differences between the O-linked 

gels and the S-linked gels, suggesting that the molecular aggregation may be very similar to that 

of the S-linked version, which is the smectic Ad phase. In fact, when comparing the O-linked 
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hydrogels and their S-linked analogues, the major differences between them are that S-linked 

hydrogels possess higher mechanical properties, and the quenching temperature of O-linked  

glycolipids to trigger the hydrogelation process is lower than that of S-linked analogues. This 

observation aligns with the fact that S-linked analogues have lower solubility, as observed visually. 

More precisely, S-linked glycolipids do not dissolve in water unless heated to 75 °C or higher, 

whereas O-linked analogues can dissolve 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. Having to quench O-linked analogues at a lower temperature (-4 °C or even lower) in 

order to gel suggests a higher solubility of O-linked analogues in water than that of S-linked 

analogues. Additionally, this indicates that at the same temperature and concentration, the hydrogel 

network of S-linked analogues could possess more solid, and therefore demonstrate stronger 

mechanical properties. Considering all of these observations, it can be understood that O-linked 

analogues may possess a similar phase diagram as the thioglycolipids depicted in Chapter 2, but 

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

the same properties as S-linked). 

 Interestingly, a similar observation is made when comparing Ŭ and ɓ glycolipids. Among 

all the glycolipids tested here, Ŭ anomers demonstrate much higher solubility than ɓ anomers. 

Therefore, as one would predict, only 2 out of the 6 Ŭ anomers tested here could form hydrogels, 

whereas 5 out of the 6 ɓ anomers form hydrogels. Moreover, the hydrogels from Ŭ anomers are 

not stable at room temperature and slowly ñmeltò if left at room temperature for longer than a few 

hours. However, surprisingly, SEM images of Ŭ anomers do not show significant differences 

compared to ɓ anomers. Specifically, the xerogels from Ŭ anomers also display a layered structure, 
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suggesting that the bulk hydrogel network of Ŭ anomers is likely still very similar to that of ɓ 

anomers. In fact, it is known that Ŭ and ɓ glycolipids usually possess different phase behaviors. 

Nilsson et al. reported phase behaviors of n-alkyl-ɓ-Glucoside (octyl, nonyl, decyl) as well as four 

different C8G1 Alkylglucosides with different alkyl chain (branched and linear) and anomers. 

They concluded that Ŭ-surfactants have higher Krafft boundaries than the ɓ-surfactants, and Ŭ-

surfactants form more stable crystal lattices, than do the ɓ-surfactants. Furthermore, the pure Ŭ-

surfactant forms crystals, while the ɓ-surfactants form amorphous structures in the pure state.220ï

222  However, the observation here disagrees with the conclusion of their studies. The Ŭ-glycolipids 

studied here exhibit higher solubility than the ɓ form, which indicates that the Ŭ anomers have 

lower Krafft boundaries than the ɓ anomers (n-alkyl-Lac or Cel). Nonetheless, a key difference 

between this study and the work done by Nilsson et al. is that the glycolipids 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 are observed.  

 

Conclusions 

In summary, we have synthesized and purified pairs of glycolipid anomers including Lac-

Ŭ-OC8, Lac-ɓ-OC8, Lac-Ŭ-OC10, Lac-ɓ-OC10, Lac-Ŭ-OC12, Lac-ɓ-OC12, Cel-Ŭ-OC8, Cel-ɓ-

OC8, Cel-Ŭ-OC10, Cel-ɓ-OC10, Cel-Ŭ-OC12, and Cel-ɓ-OC12, with their structures confirmed 

by 1H and 13C NMR spectoscopy. Among these materials, Lac-ɓ-OC8, Lac-ɓ-OC10, Lac-ɓ-OC12, 

Lac-Ŭ-OC10, Cel-ɓ-OC10, Cel-ɓ-OC12, and Cel-Ŭ-OC12 demonstrate the ability to form 

hydrogels. Hydrogels from the Ŭ anomers are only stable at temperatures below ~0 oC whereas 

gels from the ɓ anomers are more thermally stable and remain gels, albeit mechanically weak, at 
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25 oC.  Rheology confirmed that the materials so formed are hydrogels with storage moduli (Gǋ) 

values ranging from 2×103 to 7×104 Pa. In general, these hydrogels are weaker (smaller Gǋ values 

and crossover point) than their corresponding S-linked counterparts described in chapter 3. 

Scanning electron microscopy of the gels from the O-linked materials revealed microstructures 

consisting of layered sheet structures similar to those of the S-linked materials.  

In comparing the hydrogelation behavior between the Ŭ and ɓ anomers of these glycosides, 

hydrogels can be readily formed from most ɓ anomers of the O-linked lactose and cellobiose 

systems, but the only Ŭ anomers that exhibit any tendency toward gel formation are Lac-Ŭ-OC10 

and Cel-Ŭ-OC12. This implies lower stability of aggregates of the Ŭ anomers and is consistent with 

the greater solubility of the Ŭ anomers in aqueous solution. As was seen in the studies of hydrogels 

from the corresponding S-linked materials, this work showed that, although there is some effect of 

alkyl chain length on molecular aggregation and gelation of the O-linked systems, with a 

corresponding impact on the resulting mechanical properties of 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, provides valuable insight 

into the hydrogelation behavior of simple n-alkyl 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 of its glycosidic linkage (S- versus O-linked), its anomeric 

configuration, and the n-alkyl chain length used.    
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CHAPTER 5: INITIAL ATTEMPTS TO FABRICATE 

MICROGEL PARTICLES FROM THIOGLYCOLIPIDS 

USING DROPLET MICROFLUIDIC DEVICES 

 

 Hydrogels are materials with desirable properties such as being readily biocompatible and 

biodegradable, and they are used for many applications as discussed above in Chapter 1. 

Furthermore, it is shown that with proper design and engineering, they can even be made into 

smart materials where the properties can be fine-tuned 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 needed. As shown in Figure 5.1, microgels are 

essentially small, spherical particles made of the same hydrogel network as the bulk 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 than bulk hydrogels. For 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 

molecules into the hydrogels such as water purification and spilled oil recovery.223  

 To fabricate microgels, many different methods have been reported including molecular 

association,224,225 extrusion methods,226,227 atomization methods,228,229 shearing methods,229,230 

emulsion-based methods,231,232 etc.233 Among the techniques/methods used to fabricate 

microgels/nanogels, the emulsion-based method using droplet microfluidic devices234,235 provides 

excellent control over particle dimensions with polydispersity ¢ 2%. The consistency of the quality 
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of microgel particles formed as well as the easy formation process make this method extra 

appealing. 

 In this work, initial attempts to use the emulsion-based method using droplet microfluidic 

devices to make microgels from LacSC8 and LacSC10 were explored. Preliminary data 

demonstrates the success of microgel fabrication with monodisperse particle size from 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 and data are described and discussed below. 

 

Figure 5.1 Left: schematic of a bulk hydrogel;  Right: schematic of hydrogel microparticles, or 

microgel particles. The 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% 

aqueous thioglycolipid solution is mounted on a syringe pump (NEW ERA, NE-1000), and another 

syringe filled with Fluoridrop 7500 (Fluodrop) is mounted on a second syringe pump (NEW ERA, 

NE-1000). The syringes pump the fluids through PTFE tubing (1/16ǌ OD; BL-XM050-031419 

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 system (outlet) to maintain the temperature at 15 

oC or below, and the other half of the chip (inlet) is heated by a heating rod element with a thermal 

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

and characterization. 

Stability of Emulsion from LacSC8, LacSC10, and CelSC10.  A 5% w/w aqueous solution was 

prepared by first weighing out ~20 mg of thioglycolipid and adding Milli -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 mixture of toluene and heptane was added. The solution was then 

vortexed for a 5 to 10 seconds and 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 

emulsion was checked again. 

Fabrication of Microgel via Microfluidic Device: Method 2.  This work is done in the laboratory 

of Professor Suchol Savagatrup in the Department of Chemical and Environmental Engineering at 

the University of Arizona with the assistance of Dr. Savagatrup and his doctoral student Baishali 

Barua. 
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A Dolomite microfluidic setup with a Telos 2 Reagent Chip (50 ɛm channels) was used to fabricate 

a LacSC8-toluene emulsion. The microfluidic chip was kept inside a heated incubator (Quincy 

Lab) where the temperature was set above the critical temperature for hydrogelation (45 oC) to 

prevent hydrogel formation during emulsification. Two Mitos P pressure pumps (also kept in the 

incubator) were used to control the flow rates of the toluene (continuous phase) and the LacSC8 

(dispersed phase). The fluid emerging from the microfluidic chip is collected in an ice-cooled 

beaker of toluene. This mixture is kept in the ice bath for at least 10 min. To the sample vial, 1 mL 

of Mil li-Q water (room temperature) is added. After this, 2 layers can be observed in the vial. The 

top layer (toluene) was then carefully removed by pipette, leaving the microgel particles in the 

aqueous phase. Optical micrographs and fluorescence microscopy were used to confirm the 

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

AFM Nanoindentation Studies.  Around 200 ɛL of an aqueous solution containing LacSC8, 

made using Method 2, is pipetted onto an 11 × 11 mm gold-coated 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 

remain as intact as possible. The experiments were conducted using an Asylum Cypher ES 

scanning probe microscope (Oxford Instruments) with a silicon cantilever (f:200-400 kHz, k: 20-

75 N/m, HQ-300-Au, Oxford Instruments). The ES scanner was equipped with a liquid perfusion 

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 devices, the 

description of this project is divided into several phases: 

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

oil as the continuous phase and water as the dispersed phase. 

Phase 2: Optimize the microfluidic device and method to generate microdroplets from 

thioglycolipid aqueous solution. 

Phase 3: Use the microfluidic device and method to generate microdroplets from 

thioglycolipid aqueous solution that can undergo a gelation process to yield microgel 

particles. 

Phase 4: Tune 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 shown in Figure 5.2; a 

photograph of the overall setup is shown in Figure 5.3a. A fluorocarbon-based oil, Fluoridrop, 

was used as the continuous phase in the microfluidic chip and LacSCx aqueous solution was used 

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

were kept at 75 oC (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 to be lower using a circulating water chiller at -4 

or 25 oC to facilitate microgel particle formation of the dispersed thioglycolipid droplets.
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Figure 5.2.  Design of the Darwin Microfluidic Droplet Generator. A is the inlet for 

continuous phase (fluorocarbon oil, painted in blue), and B is the inlet for dispersed phase 

(thioglycolipid aqueous solution, painted in yellow). The droplets with solution (painted 

in green) would be collected from the outlet C. Both blue and yellow part are 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 temperature of the 

solution and prevent it from solidifying. The microfluidic chip was placed on a temperature 

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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