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Résumé 
 

Les hydrogels moléculaires avec un réseau de fibres auto-assembles sont utilisés dans 

différents domaines dont le relargage de médicaments, les senseurs, l’ingénierie tissulaire 

et la nano-modélisation. Les hydrogels moléculaires à base d’acides biliaires, qui sont une 

classe de biocomposés d’origine naturelle, montrent une biocompatibilité améliorée et 

sont de bons candidats pour des applications dans le domaine biomédical. Ces hydrogels 

présentent une bonne bio-dégradabilité et une diversité fonctionnelle grâce aux faibles 

interactions supramoléculaires et aux structures chimiques précisément contrôlées. Dans 

cette thèse, des nouveaux hydrogels moléculaires à base des acides biliaires et leurs 

dérivés ont été étudiés pour mieux comprendre la relation entre la structure chimique du 

gélifiant et la formation de gels moléculaires. 

Un dimère de l'acide cholique avec un groupe diéthylènetriamine est insoluble dans l'eau. 

Par contre, il peut former des hydrogels grâce à un réseau tri-dimensionnel de fibres en 

présence de certains acides carboxyliques. L'addition d'acide carboxylique peut protoner 

le groupe amine secondaire et défaire les interactions intermoléculaires entre les dimères 

et favoriser la formation des liaisons hydrogènes acide-dimère. Seuls les acides 

carboxyliques faibles et hydrophiles causent la gélation des dimères. La résistance 

mécanique des hydrogels formés peut être modifiée par un choix judicieux d'acides. Les 

interactions hydrophobes et les liaisons hydrogènes entre les chaînes latérales d'acides 

carboxyliques peuvent améliorer les propriétés mécaniques des hydrogels. La solubilité 

marginale du complexe acide-dimère a été considérée comme un facteur critique pour la 

formation d'hydrogels. 

Un autre système d’hydrogélation à base d’acides biliaires a été développé par 

l’introduction de dioxyde de carbone (CO2) dans des solutions aqueuses de certains sels 

d’acides biliaires, qui donne un hydrogel composé de molécules biologiques entièrement 

naturelles et fournit un réservoir commode du CO2 dans l’eau. Le groupement carboxylate 

des sels d’acides biliaires peut être partiellement protoné dans les solutions aqueuses, ce 
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qui amène la dissolution marginale dans l’eau et la formation d’hydrogels avec une 

structure fibreuse. L’aspect et les propriétés mécaniques des hydrogels dépendent de la 

concentration de CO2. Le bullage avec CO2 pendant une ou deux secondes génère un 

hydrogel transparent avec des nanofibres. Le bullage supplémentaire forme des hydrogels 

plus forts. Mais réduit la transparence et la force mécanique des hydrogels. D’ailleurs, les 

hydrogels transparents ou opaques redeviennent des solutions transparentes quand ils sont 

chauffés avec bullage de N2. La transition sol-gel est réversible et reproductible. La force 

mécanique et la transparence des hydrogels peuvent être améliorées par l’addition de sels 

inorganiques comme NaCl par l’effet de relargage. Toutes les composantes de ces 

hydrogels sont naturelles, donnant des hydrogels biocompatibles et potentiellement utiles 

pour des applications dans le domaine biomédical. 

Le dimère mentionné ci-dessus possède des propriétés d’auto-assemblage dépendamment 

de sa concentration. Ceci a été étudié en utilisant un sel organique de dimère/acide 

formique avec un rapport molaire 1/1. Le sel du dimère s’auto-assemble dans l’eau et ainsi 

forme des nanofibres isolées et mono-dispersées à des concentrations faibles. Les fibres 

enchevêtrées donnent des réseaux fibreux 3D bien dispersés de façon aléatoire à des 

concentrations plus élevées. Quand la concentration du sel du dimère est supérieure à la 

concentration critique de gélation, le réseau fibreux est assez fort pour immobiliser la 

solution, qui provoque la formation d’un hydrogel isotrope. L’augmentation 

supplémentaire de la concentration du sel du dimère peut augmenter l’anisotropie de 

l’hydrogel et former ainsi un hydrogel nématique. La formation de domaines ordonnés 

des nanofibres alignées donne ces propriétés optiques à l’hydrogel. L’agitation de 

systèmes aqueux du sel de dimère favorise aussi la formation de nanofibres alignées. 

Mots clés: Hydrogels moléculaires, acides biliaires, interactions supramoléculaires, 

réseau fibreux auto-assemblé, biocompatible, hydrogels introduit par CO2, hydrogel 

nématique. 
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Abstract 
 

Molecular hydrogels are soft materials formed by the self-assembly of small molecules 

in aqueous solutions via supramolecular interactions. Although much effort has been 

made in the past several decades in the study of these hydrogels, the mechanism of their 

formation remains to be understood and the prediction of their formation is a challenge. 

The main purpose of this thesis is to develop novel molecular hydrogels derived from bile 

acids, which are naturally occurring biocompounds, and to find the relationship between 

the gelator structure and the gelation ability. Two new molecular gelation systems based 

on bile acids and their derivatives have been developed, which may be useful in 

biomedical applications. The marginal solubility of the solute in water has been found to 

be a prerequisite for the formation of such molecular hydrogels. The alignment of the 

nanofibers in the gels leads to the formation of nematic hydrogels. 

The first gelation system is based on a cholic acid dimer as a gelator, which has two 

cholic acid molecules covalently linked by a diethylenetriamine spacer. This dimer is 

insoluble in water, but it forms hydrogels with 3-D fibrous networks in the presence of 

selected carboxylic acids. The carboxylic acids protonate the dimer, making it marginally 

soluble in water to yield hydrogels. Only weak and hydrophilic carboxylic acids were 

capable of inducing the gelation of the dimer and the mechanical strength of the hydrogels 

could be varied by judicious choice of the acids. Hydrophobic interactions and hydrogen 

bonding between the side chains of carboxylic acids improve the mechanical properties 

of hydrogels. The marginal solubility of the acid-dimer complex is regarded to be the 

critical factor for the formation of hydrogels. 

Another hydrogelation system was developed by purging to the aqueous solutions of a 

series of bile salts with carbon dioxide (CO2), yielding hydrogels made of entire natural 

biological molecules and providing a convenient storage reservoir of CO2 in water. Bile 

salts are well dissolved in water, while the solubility of bile acids is limited. The 

carboxylate group of bile salts may be partially protonated in aqueous solutions by 

bubbling CO2, making them only marginally soluble in water. This forms fibrous 
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structures. Both the appearance and mechanical properties of the hydrogels depend on the 

amount of CO2 purged. Bubbling CO2 initially induced the formation of transparent 

hydrogels with nanofibers. Continued purging with CO2 strengthened the hydrogel 

mechanically, while further addition of CO2 reduced the transparency and mechanical 

strength of the hydrogel. Both the transparent and opaque hydrogels reverted to 

transparent solutions when heated and bubbling N2. The sol-gel transition process was 

reversible and repeatable. The mechanical strength and transparency of the hydrogels 

could be improved by adding inorganic salts such as NaCl via a salting-out effect. All the 

hydrogel components are naturally biological compounds, making such hydrogels 

biocompatible and potentially useful in biomedical applications. 

The cholic acid dimer linked with a diethylenetriamine spacer was able to assemble in 

water and form isolated nanofibers in the presence of certain carboxylic acids at a much 

lower concentration than the CMC of sodium cholate. These nanofibers entangle with 

each other to yield well-dispersed and randomly-directed 3-D fibrous networks at higher 

concentrations. When the concentration of dimer salt is above the minimum gelation 

concentration, the fibrous network is strong enough to immobilize the solution, leading to 

the formation of an isotropic hydrogel. Further increase of the dimer salt concentration 

may transit the hydrogels to be anisotropic, thus the formation of nematic hydrogels. The 

formation of ordered domains of the aligned nanofibers led to anisotropic optical 

properties of the hydrogels. Stirring the aqueous systems of dimer salt also promoted the 

alignment of the nanofibers. These molecular hydrogels with ordered aggregates may be 

useful in applications such as cell culture and mechano-optical sensing.  

 

Keywords: Molecular hydrogels, bile acids, supramolecular interactions, self-assembled 

fibrous network, biocompatible, CO2-induced hydrogel, nematic hydrogel. 
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Chapter 1  

Introduction 

1.1 Definition and characteristics of gels 

Gels are soft materials that behave as solids despite being mostly composed of liquid. 

They have been known for centuries and are abundant and now widely used in fields such 

as food ingredients, contact lenses and cosmetic products.1 The jelly-like look and feel of 

these materials make them easy to recognize by a simple “inversion” test: turning a pot of 

gel upside down, they can support their own weight without falling.2 A gel is a solid-like 

material which can be easily deformed under stress, with temperature change or with time. 

The definition of gel remains a subject of debate, since gels may not remain physically 

stable. 

In 1926, Dr. Dorothy Jordan Lloyd3 noted that “…the colloidal condition, the gel, is 

one which is easier to recognize than to define”, and made the following statement, “Only 

one rule seems to hold for all gels, and that is that they must be built up from two 

components, one of which is a liquid at the temperature under consideration, and the 

other of which, the gelling substance proper, often spoken of as the gelator, is a solid. The 

gel itself has the mechanical properties of a solid, i.e., it can maintain its form under the 

stress of its own weight, and under any mechanical stress, it shows the phenomenon of 

strain.” This definition addressed the structural aspect of gels and described their 

viscoelastic properties, but mostly relied on the qualitative macroscopic observations. 

About 20 years later, Hermans4 claimed that gels could be characterized by the following 

three points: “(1) they are coherent colloid disperse system of at least two components; 

(2) they exhibit mechanical properties characteristic of the solid state; and (3) both the 

dispersed component and the dispersion medium extend themselves continuously 

throughout the whole system.” This definition attempted to describe the gel by linking the 

microscopic and macroscopic properties but is still not accurate enough since not all gels 

are colloids and not all colloids are gels.5 More recently, Terech and Weiss6 defined gel 
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as a substance that: “(1) has a continuous structure with macroscopic dimensions that is 

permanent on the time scale of an analytical experiment and (2) is solid-like in its 

rheological behavior.” This may be the most comprehensive definition of gels while it is 

still cumbersome to apply.6 Nevertheless, a simple method to distinguish a gel follows the 

definition proposed by Dr. Dorothy Jordan Lloyd: “…if it looks like ‘Jell-O’, it must be a 

gel!”5-6 

Due to the structural and functional diversity of gels, there is a wide variety of 

experimental techniques to study them. A general and efficient methodology for the 

characterization of all kinds of gels is to begin with their rheological properties.6 Rheology 

offers a convenient method to measure the viscoelastic properties of gel-like materials 

and quantify their mechanical strength.2, 6 It studies the deformation and flow of matters 

under the influence of an applied stress.7 Rheometers generally measure two quantities: 

stress, the amount of force per unit area applied to the sample, and strain, the 

dimensionless degree to which the sample deforms.8 When a gel sample is placed between 

two plates of a rheometer, applying a weak stress (or strain) to one of the plates in an 

oscillating fashion induces a subsequent oscillatory strain (or stress) in the sample with a 

phase difference. The values of storage and loss moduli (G' and G'', the contributions of 

elastic and viscous behavior to complex dynamic modulus, respectively) can be calculated 

from the values of stress (δ0) and strain (ε0), and their oscillatory phase difference (θ) 

from the following expressions:2 

G" =
δ%
ε%
𝑐𝑜𝑠θ 

G"" =
δ%
ε%
𝑠𝑖𝑛θ 

Both G' and G'' of a gel sample may increase with time through the sol-gel transition 

process via cross-linking or self-assembling behaviors and reach a plateau when the 

gelation process is completed. The viscous properties are dominant in its solution state 

and more energy is dissipated than stored (G'' > G'), whereas the elastic properties 

dominant in its gel state and more energy is stored than dissipated (G' > G''). 

Consequently, the point at which G' = G'' may be defined as the gel point.9 Certain gels 
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may be thermoresponsive and have the values of G' and G'' crossed at a critical 

temperature (Fig. 1.1A),10 which is the gel-sol phase transition temperature (Tgel-sol) and 

indicates their thermo-stability. 

A typical rheological experiment for gels is monitoring the moduli at a fixed frequency 

and temperature by varying the amplitude of oscillatory stress (Fig. 1.1B).2, 8, 11 Both G' 

and G'' remain constant when the applied stress is lower than a critical value, yield stress 

(δ*).12 Above the yield stress, G' decreases rapidly, indicating that the network in the gel 

is disrupted. The δ* is defined as the point where the G' decreases by 5-10%.12 The storage 

modulus and yield stress reflect well the stiffness and toughness of a gel, respectively.13 

Gels with high values of G' and δ* may be regarded as strong gels since they could keep 

their initial shape under more strenuous conditions. A gel with good mechanical properties 

may be potentially used in many areas such as flexible optical devices.14-15 

 

Figure 1.1 Schematic representation of two rheological tests of a gel. (A) The variation 

of G' and G'' as a function of temperature, with the gel-sol phase transition temperature 

indicated by the dash line, and (B) the oscillatory stress sweep experiment result with the 

yield stress indicated by the dash line. 

 

1.2 Classification of gels and molecular gels 

Gels can be classified in different ways according to the medium for gelation, the 

gelator source and structure, and the driving forces that create the 3-D networks.16 For 

examples gels may be classified as hydrogels, organogels and liquid crystalline gels where 

Yield	stress 
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the medium for gelator is water, an organic solvent or a thermotropic liquid crystal, 

respectively.16-17 If the liquid were replaced by a gas (typically air), the gels are called 

aerogels or xerogels.18 Flory also suggested to classify gels into four different types on the 

basis of their microscopic structure:5, 19 

1. Gels with well-ordered lamellar structures. Some of these are lyotropic liquid 

crystals. 

2. Gels with chemically cross-linked polymeric networks swollen with solvent. In 

these phases, the polymer chains are disordered. 

3. Gels with polymeric networks in which the chain-chain interactions are physical 

instead of covalent bonding. The chains may be predominantly disordered, but 

regions of local order (especially where inter-chain interactions occur) may also 

exist. 

4. Gels with particular disordered structures, including gels in which the networks are 

comprised of self-assembled fibrils from compounds with low molecular weights, 

i.e., molecular gels.  

Molecular gels (or supramolecular gels) are soft materials that are derived from 

compounds with low molecular weights (usually < 2000 g/mol) in solvents.5-6 These 

compounds are generally soluble marginally in certain solvents, and they can be dissolved 

to form homogeneous solutions under heating or sonication, and yield gels during the 

aging process at ambient conditions. Such a gelation process may be regarded as an 

intermediate transient state for a hot solution to form either crystals when the aggregates 

of solute molecules are highly ordered, or precipitates when the aggregates of solute 

molecules are amorphous,20 as illustrated in Fig. 1.2. 
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Figure 1.2 Schematic illustration for the formation of crystals, precipitates and molecular 

gels from compounds with low molecular weight. (Adapted with permission from ref. 20. 

Copyright (2015) Royal Society of Chemistry.) 

 

Most molecular gels formed by gelators with precisely controlled chemical structure 

are thermo-reversible and show better degradability and functional diversity than 

polymeric gels. Such materials may potentially be used in biomedical areas such as drug 

delivery and tissue engineering.21-22 Some of them with good mechanical and optical 

properties may also be used in soft optical devices.14-15 Supramolecular interactions, such 

as hydrogen bonding, hydrophobic interactions, electrostatic attraction, and metal 

coordination,11 facilitate the self-assembly of solute molecules to form nanofibers and 3-

D networks. These can immobilize the solution via surface tension to yield gels.23 

Molecular gels have attracted increasing attention over the past two decades. Fig. 1.3 

shows the annual numbers of publications and citations to molecular gels in the Web of 

Science database from 1990 to 2016. The exponential growth of the publications and 

citations illustrate both the significant efforts to understand molecular gels and the 

increasing interest in this field. 
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Figure 1.3 Publications (left) and citations (right) per year on molecular gels based on a 

literature search on the Web of Science by using keywords “molecular gel”, “low-

molecular-weight gel” and “supramolecular gel (excluding polymer gel)” (Jan. 2017). 

 

1.3 Structure and gelation 

The properties of molecular gels strongly depend on the chemical structure of gelators, 

and a slight variation on the molecular structure may result in totally different gelation 

behaviors. Terech and Weiss24 summarized the properties of a series of low molecular 

weight organogelators in 1997 and they concluded the “serendipity” nature of the 

investigation of new gelators. To date, the relationship between the chemical structure of 

a given compound and its gelation behavior has remained unclear and most of the 

molecular gels reported have been found by trial-and-error.24-25 A recent perspective 

published by Weiss in 2014 reaffirmed the serendipitous strategies of molecular gels, 

despite the decades of progress in this area and various applications.26 

Efforts have been made to study a general relationship between the chemical structure 

of the gelators and the formation of molecular gels. The hydrophilic-lipophilic balance 

(HLB) was regarded to be important for the formation of molecular hydrogels.23, 27-28 

However, it is hard to obtain precise HLB values or establish an effective HLB scale for 

the formation of gels. The formation of hydrogels from compounds having long alkyl 

chains and a hydrophilic head group could be predicted by the packing parameter (p), with 

the expression of p=v/(a0lc), where v is the hydrophobic volume of the amphiphile, a0 is 

the interfacial area, and lc is the maximum effective length that the hydrophobic chains 
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can assume.29-31 However, it is not applicable for compounds with more complicated 

structures. For example, the packing parameter of bile salts calculated by this method did 

not fit the self-assembling behavior in aqueous solutions.32 Formation of molecular 

organogels is a more complicated process than hydrogelation due to the structure diversity 

of organic solvents and their interactions with gelators. A review published by Lan et al.33 

reported that certain solvent parameters, such as dipole moment, dielectric constant and 

refractive index, may mediate the self-assembly of compounds in organic solvents into 

fibrous networks. Such research may be helpful for understanding the mechanism of 

assembly, but it still needs optimizing its general use. We studied the relationship between 

the gelator structure and gelation ability of a series of molecular hydrogels derived from 

bile acids to conclude that the marginal solubility of gelators of the species is a 

prerequisite for the formation of molecular hydrogels. Such a rule may also be applicable 

in the formation of molecular organogels. We will discuss the study in more details in 

Chapter 2. 

 

1.4 Structure of molecular gelators 

Despite the fact that most of molecular gels were found by trial-and-error, a vast 

amount of molecular gels, including hydrogels and organogels, has been reported to 

date.25, 34 Their properties vary according to the structure of gelators. 

1.4.1 Alkanes and fatty acids 

Petroleum waxes with long-chain n-alkanes were found to form organogels in a series 

of organic solvents, such as short-chain n-alkanes.35 They could be regarded as the 

organogelators with the simplest chemical structure.36 Weiss and co-workers36-38 

conducted tests on the gelation behavior of long-chain n-alkanes in various organic 

solvents, including heptane, toluene, ethyl acetate, ethanol and silicon oil. The results 

indicated that long-chain n-alkanes (for example, C24H50, C28H58, C36H74) are effective 

gelators in these organic solvents and longer n-alkanes could show better gelation ability 

to yield stronger and more stable organogels. C36H74 was the longest n-alkane examined 
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for gelation and it could gelate silicon oil to yield a gel which was stable for at least one 

week at a concentration of 0.19 wt%.36 Some long-chain n-alkanes bearing one heteroatom 

(S and N), or fluorinated n-alkanes were also reported to form organogels in certain 

organic solvents.37, 39 

Fatty acids are compounds consisting of aliphatic chains with a terminal carboxylic 

acid group. Tachibana et al.40-41 found that 12-hydroxystearic acid (12-HAS, Fig. 1.4) 

could be dissolved in CCl4 and some aromatic solvents to form thermoreversible “jellies”, 

which behave as lyotropic liquid crystals. X-ray diffraction measurements revealed that 

such materials were composed of a number of small, ordered domains with a lamellar 

structure similar to crystals,40 which were proven later to be the thin ribbons or 

microfibrils.41 The carboxylic acid groups of fatty acids could be deprotonated in aqueous 

solutions at high pH. The deprotonated fatty acids may be regarded as amphiphiles which 

self-assemble in aqueous solutions to various structures. Stearic acid and eicosanoic acid 

(C17H35COOH and C19H39COOH, respectively. Fig. 1.4) formed opaque or translucent 

hydrogels in water in the presence of a series of amino compounds.42 Acids that have 

shorter aliphatic chain than stearic acid or polar groups (such as 12-HSA) were not able 

to form hydrogels, which suggests that suitable hydrophilic-lipophilic balance is 

important for the formation of molecular hydrogels. 

 

Figure 1.4 Chemical structures of 12-hydroxystearic acid, stearic acid and eicosanoic 

acid. 

 

1.4.2 Aromatic derivatives 

Aromatic compounds such as benzene, pyrene, perylene and porphyrin derivatives can 

interact with each other by π-π stacking, which is a typical driving force for the formation 

O
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of molecular gels. The simplest aromatic molecular gelators are the di-alkoxy-benzene 

derivatives (Fig. 1.5A) synthesized by Clavier et al. in 1999.43 Organogels could be 

obtained from such compounds in various organic solvents, such as acetonitrile, 

propylene carbonate and DMF. Maitra et al.44 also developed a series of organogelators 

from pyrene bearing a long alkyl chain, which were covalently linked via urethane, urea 

and amide groups (Fig. 1.5B and C). All these gelators self-assembled to form fibrous 

structures with hydrogen bonding and π-π stacking interaction as the main driving forces, 

whereas the chiral gelator (Fig. 1.5C) was found to form chiral aggregates. These findings 

are helpful for the design of molecular gels with helical structures. 

Certain aromatic derivatives with hydrophilic moieties can self-assemble in aqueous 

solutions to from molecular hydrogels. Stupp and co-workers45 developed a molecular 

hydrogel based on amphiphilic perylene monoimide chromophore by covalently 

functionalizing perylene monoanhydride with a five-carbon linker to a carboxylate group 

(Fig. 1.5D). Such a compound could form several microns long nanoribbons with a high 

aspect ratio. Due to the visible-light absorbing properties of perylene monoimide units, 

these hydrogels afforded the capture of photons. Such a hydrogel could incorporate a 

electrocatalyst to make soft materials for the light-driven production of H2, which may be 

useful in the production of solar fuels. A porphyrin derivative with sugar species (Fig. 

1.5E) was also reported to form nanoribbons in water.46 

 

Figure 1.5 Chemical structures of certain aromatic molecular organogelators (A, B and 

C) and hydrogelators (D, E). 
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1.4.3 Steroidal derivatives 

Steroids are naturally occurring organic compounds with a tetracyclic ring skeleton, to 

which functional groups are attached. Cholesterol is an example of steroidal compounds 

and it is a constituent of the cell membranes to maintain the membrane fluidity, 

microdomain structure and permeability.47 The hydroxyl group on its steroid unit can be 

easily derivatized. The first molecular gel based on cholesterol was an organogel 

developed by Weiss and co-workers in 1987.48 They proposed that a compound comprised 

of an aromatic moiety bound to a steroidal unit via a functionalized linker may be used as 

a molecular organogelator.6 Such a model works in a predictable way in many cases and 

has been widely used to design novel molecular organogels based on steroidal 

derivatives.47, 49 

Geiger et al.50 synthesized a series of biphenyl-cholesterol compounds (Fig. 1.6A) that 

form organogels in n-octanol. The absorption and emission spectra of the compounds in 

organogels were similar to those in dilute solutions, indicating that the π-π stacking 

interaction between biphenyl moieties was very weak and the steroidal part may be mostly 

responsible for the self-assembling behavior. Fang and co-workers51-52 also developed a 

series of organogelators based on cholesterol derivatives (Fig. 1.6 B and C) which showed 

different properties and could have potential applications as sensors. Terthiophene-

cholesterol derivatives (Fig. 1.6B) could form gels in several organic solvents upon 

intermolecular hydrogen bonding and van der Waals’ interactions. One of such 

organogels could be dip-coated on a glass plate surface to make a fluorescent film that 

showed photobleaching under UV light in air. The UV-treated film was tested for use as 

turn-on fluorescent sensor for a series of volatile organic compounds such as acetic acid.51 

A nitrobenzoxadiazole-cholesterol compound (Fig. 1.6C) also formed organogels with 

highly ordered fibrous array structures, which showed remarkable thixotropic properties. 

The gel networks were disintegrated under a large shear stress but recovered immediately 

after removing the stress. Such organogels showed reversible fluorescence quenching 

behavior by the addition and evaporation of ammonia gas, and as a result, they could be 

used as a monitoring device for “ammonia leaking”. 
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Certain amphiphilic compounds based on cholesterol self-assemble to form hydrogels 

in water. Dutta et al.28 synthesized a series of cholesterol derivatives with amino acids as 

linkers and a quaternary ammonium group as a hydrophilic domain (Fig. 1.6D) to form 

hydrogels. Such gelators showed good gelation efficiencies and could form stable gels at 

concentrations lower than 1 wt%. Moreover, the biocompatibility tests of all these 

cholesterol-based hydrogels showed higher cell viability than the alkyl-chain-based 

molecular hydrogels. Liu et al.53 also reported that a cholesterol derivative with a 

carboxylic acid group (Fig. 1.6E) forms hydrogels in aqueous ammonia solutions. Earlier 

studies on molecular gels based on cholesterol have been reviewed by the Fages49 and 

Sievänen47 groups, respectively. 

 

Figure 1.6 The chemical structures of certain molecular organogelators (A, B and C) and 

hydrogelators (D and E) derived from cholesterol. 

 

1.5 Molecular gels derived from bile acids 

Molecular gels derived from biocompounds show improved biocompatibility and may 

avoid potential toxicity from the degradation products when used for biomedical 

applications. Bile acids, which are synthesized from cholesterol in the body of humans 

and most animals (Fig. 1.7) and facilitate the digestion and absorption of fats and fat-

soluble nutrients,54-55 have been widely studied for the gelation of both water and organic 

solvents.16 Such gels may be potentially useful in areas such as drug delivery, 56-58 

nanotemplating, 59-62 optical devices,33 and dye adsorption.63 
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Figure 1.7 The chemical structure (left) and 3-D model (right) of a primary bile acid, 

cholic acid. The different colors in the model (right) represent H (white), C (grey), and O 

(red). H atoms bound to C atoms were hidden to show a less-crowded image. 

 

1.6 Scope and the structure of the present work 

The main objective of this work was to develop novel molecular hydrogelation systems 

based on bile acids and their derivatives and to establish a generally gelation rule. To this 

end, we developed two different molecular hydrogel systems based on bile acids and 

studied their gelation behavior and properties under various conditions. The first gelation 

system is based on a cholic acid dimer with diethylenetriamine as a spacer. It is insoluble 

in water, but may interact with certain carboxylic acids to yield hydrogels. The properties 

of the hydrogels made from the dimer depend on the chemical structure of the carboxylic 

acids as well as the acid/dimer molar ratio. The other system is a molecular hydrogel 

prepared from a series of bile salts where the gelation is induced by carbon dioxide (CO2). 

Bile acid sodium salts are soluble in water and form a transparent and homogeneous 

aqueous solution. The carboxylate groups on a bile salt could be partially protonated in 

the presence of CO2, leading to the formation of a bile acid that is insoluble in water. The 

system may be marginally soluble by the cooperation of a soluble bile salt and an insoluble 

bile acid, leading to the formation of hydrogels. Given the natural origin of bile acids and 

related compounds, the components in this gelation system are biocompatible so that the 

hydrogels may be potentially useful in biomedical applications. 
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This thesis consists of six chapters, including this introduction and a conclusion. All 

the work presented has been performed by the author of this thesis with the supervision 

of his supervisor, Prof. Julian Zhu, and the help of co-supervisor, Prof. Karen Waldron.  

Chapter 2 reviews the progress of molecular hydrogels based on bile acids and their 

derivatives. We summarize the literature work to elucidate the structure and property 

requirements of the molecular hydrogelators based on bile acids, their gelation capability 

and the properties of the resulting hydrogels and propose the idea of marginal solubility 

as a general prerequisite for the formation of molecular gels. This chapter has been 

published as a review. (M. Zhang, S. Strandman, K.C. Waldron, X.X. Zhu, 

Supramolecular hydrogelation with bile acid derivatives: Structures, properties and 

applications. J. Mater. Chem. B, 2016, 4, 7506-7520.) 

Chapter 3 shows the formation of hydrogels from a cholic acid dimer in the presence 

of various carboxylic acids. Gelation tests showed that only hydrophilic and weak 

carboxylic acids were capable of inducing the formation of hydrogels from the dimer. 

Supramolecular interactions such as protonation and hydrogen bonding with the acids 

made the dimer marginally soluble in water, leading to the formation of hydrogels. This 

chapter has been published as a communication. (M. Zhang, K.C. Waldron, X.X. Zhu, 

Formation of molecular hydrogels from a bile acid derivative and selected carboxylic 

acids. RSC Adv. 2016, 6, 35436-35440) 

Chapter 4 shows the continuous study of the gelation of the dimer with a carboxylic 

acid to better understand the gelation system. An organic salt of the dimer with formic 

acid in a ratio of 1:1 was capable of forming monodispersed nanofibers in aqueous 

solutions. It yielded hydrogels when the organic salt concentration was higher than the 

critical gelation concentration. Further increase of the dimer salt concentration made the 

hydrogels behave as lyotropic liquid crystals (nematic hydrogels). Ordered aggregates 

with parallel arrangement of nanofibers were found in these nematic hydrogels and they 

may be responsible for the anisotropic optical properties. This paper has been published 

as an article (M. Zhang, C. Fives, K.C. Waldron, X.X. Zhu, Self-assembly of an organic 
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salt based on a cholic acid dimer and formic acid in aqueous solutions: From nanofibers 

to nematic hydrogels. Langmuir, 2017, 10.1021/acs.langmuir.6b04033) 

Chapter 5 presents the hydrogels from a series of bile salts induced by CO2. Bubbling 

CO2 into the aqueous solutions of bile salts induced the formation of hydrogels, which 

reverted to solution upon heating with bubbling of N2. Bile salts self-assemble in water to 

form micelles, with hydroxyl and carboxylate groups on the surface. Bubbling CO2 into a 

bile salt solution could reduce the pH and protonate the carboxylate groups. The micelles 

may be linked through hydrogen bonding between the protonated carboxylate groups, 

yielding either transparent hydrogels with nanofibers or opaque hydrogels with thicker 

nanoshreds. Mechanical strength may be improved by a salting-out effect upon the 

addition of inorganic salt such as NaCl. This paper has been submitted for publication. 

(M. Zhang and X.X. Zhu, Formation of supramolecular hydrogels of CO2 and bile salts in 

water. Submitted to Angew. Chem. Int. Ed.) 

Chapter 6 is an overall summary of the previous chapters and includes suggestions for 

future work.  
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Chapter 2  

Supramolecular hydrogelation with bile acid derivatives: 

Structures, properties and applications* 

 

Abstract 

Hydrogelation of small molecules in aqueous solutions results from a balance between 

solubilization and precipitation (or crystallization). The hydrophobic moieties of 

amphiphiles tend to aggregate and the hydrophilic units may stabilize the aggregates in 

aqueous solutions. Morphologies vary according to the chemical structure of the 

amphiphiles. The formation of nanofibers or worm-like micelles is a prerequisite for 

hydrogels. Molecular hydrogels often show better degradability and functional diversity 

than polymeric hydrogels and may be useful in biomedical applications. Bile acids have 

attracted increasing attention for designing various biomaterials, including molecular 

hydrogels. They are naturally occurring amphiphilic compounds that exist in our body 

and help with the dissolution and digestion of fat by the formation of micelles. This review 

highlights the recent progress in the field of molecular hydrogelators based on bile acids, 

including bile salts, anionic, cationic and neutral bile acid derivatives, two-component 

hydrogelation systems, and polymeric supramolecular hydrogels, along with their 

potential applications. 

 

*Published as a review: M. Zhang, S. Strandman, K.C. Waldron, X.X. Zhu, J. Mater. Chem. B, 2016, 

4, 7506-7520. 
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2.1. Introduction 

Molecular gels are a class of soft materials with self-assembled fibrous networks 

(SAFINs) in solvents. They are derived from compounds of low molecular weight (< 2000 

gmol-1) and formed by supramolecular interactions, such as hydrophobic interactions, 

hydrogen bonding, metal coordination, and electrostatic interactions.1-3 Generally, the 

gelator molecules are marginally soluble in certain solvents but can be dissolved to form 

a homogeneous solution under heating. The supersaturated system upon subsequent 

cooling forms stable 3-D fibrous networks by self-assembly of the gelator molecules. 

Solvent molecules can be immobilized by the networks and the system appears solid-like. 

Compared with polymeric gels, most molecular gels are thermoreversible, formed by 

gelators of precisely controllable chemical structures, and show better biodegradability 

and functional diversity. They may be potentially useful in areas such as drug delivery,4-5 

tissue engineering,6-8 sensors,9-10 water decontamination,11 and templating.12 The 

application aspects of molecular gels were discussed in a review by Sangeetha and Maitra 

in 2005.13 

Both organogels and hydrogels may be formed depending on the solvent used for 

gelation. Structures, properties and applications of organogelators and hydrogelators have 

been reviewed by Abdallah and Weiss14 and Du et al.15 The gelation ability of the 

molecular gelators is strongly dependent on their chemical structures but not in a 

predictable way. A review published by Terech and Weiss in 1997 summarized a series 

of molecular organogelators and their gelation ability in various organic solvents, and 

concluded the “serendipity” nature of molecular gelation.16 More recently, a feature article 

by Weiss presented the current understanding of molecular gels and their future 

prospects.17  

Molecular gelators based on biocompounds have drawn much attention because of 

their biological origin. These include nucleobases,18 amino acids,19 sugars,20 and 

cholesterol,21 and related reviews have been published on the structures and interactions 

of gelators, the properties of yielded organogels or hydrogels, and the potential 

applications. Among the biocompounds, bile acids are especially well suited for the 
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formation of both organo- and hydrogels, and most of the molecular gels based on bile 

acids could be obtained at a low gelator concentration.22 Bile acids are a class of steroidal 

natural compounds found in humans and most animals and help in the adsorption and 

digestion of fats.23 Materials based on bile acids often show improved biocompatibility 

and may be used for biomedical applications.24 Bile acids are steroidal compounds with 

hydroxyl groups and a carboxylic acid group on the concave hydrophilic face and three 

methyl groups on the convex hydrophobic face (Scheme 2.1).25 Taking advantage of their 

facial amphiphilicity in solutions, molecular umbrellas or pockets may be constructed 

with star-shaped oligomers of bile acids.26-27 Linear oligomers of bile acids can fold into 

helical structures with nanometer-sized internal cavities in solvents.28-29 Bile acid 

derivatives bearing multiple methacrylate groups are cross-linkable monomers and may 

be used for novel dental resins with good mechanical strength, low polymerization 

shrinkage and low cytotoxicity.30-31 Bile salts are known to self-assemble in aqueous 

solutions to form micelles or nanofibers, making these compounds potential molecular 

gelators. Bile acids may also be modified to form molecular gelators.32 

Review papers on the molecular gels based on bile acids have been published in the 

literature.22, 32-33 These reviews focused on the properties and applications of bile acid 

molecular gels and paid more attention to organogels. It would be desirable to establish a 

general rule of the relationship between the molecular structure and the gelation ability of 

the gelator. New progress has been made since the last comprehensive review of 

molecular gels based on bile acids by Svobodová et al.32 The current review attempts to 

establish a general understanding of the relationship between the structure of gelators and 

the properties of the yielded molecular gels. Molecular hydrogels are more biocompatible 

and less toxic than organogels due to the absence of organic solvents, and their porous 

nature from the 3-D fibrous networks can be used for the encapsulation and delivery of 

therapeutics including drug molecules, proteins and cells.34-35 Certain molecular hydrogels 

exhibit viscous flow under shear stress (shear-thinning) and fast recovery when the 

applied stress is relaxed (self-healing), so they can be used as injectable hydrogels,36 

which are of practical interest since the loading of therapeutics is easy and a surgical 

procedure is not required for the insertion of such gels into tissue.37  In this work we 
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attempt to systematically summarize the work on the structure and property requirements 

of the molecular hydrogelators based on bile acids, their gelation ability and the properties 

of the resulting hydrogels in order to find a general predictive rule for molecular gel 

formation. The progress in molecular hydrogels based on bile salts, including metallogels, 

is discussed first, and then we focus on anionic, cationic, and neutral bile acid derivatives 

and two-component hydrogels with highlights of their applications. We intend to 

emphasize on the factors that are reported to affect the hydrogelation ability of bile acids 

and their derivatives. 

 

Scheme 2.1 Chemical structure of bile acids and certain bile acid conjugates. 
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2.2. Self-assemblies of bile salts and theories for molecular hydrogelation 

All bile acids in the acidic form show limited solubility in water,38 whereas 

deprotonation of the carboxylic acid group improves the solubility in aqueous solution 

and promotes the formation of various micelles and aggregates.39 The critical micellar 
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concentrations (CMC) depend on their chemical structures and the presence of 

additives.40-48 Primary micelles of bile salts are formed when the concentrations are close 

to the CMC, with hydrodynamic radii of 1-2 nm and aggregation numbers of 2-10 (Fig. 

2.1A).23, 47 Increasing the concentration of bile salts facilitates the interaction of the 

hydroxyl groups of bile salts in the primary micelles through hydrogen bonding, leading 

to the formation of secondary micelles with hydrodynamic radii of about 10 nm and 

aggregation numbers of 10-100 (Fig. 2.1B).23, 47 A further increase of the concentration of 

certain bile salts to around 40 wt%, such as sodium deoxycholate (NaDC), sodium 

taurocholate, and sodium glycodeoxycholate, induces the formation of hexagonal 

lyotropic liquid crystals.23, 39, 49-50 The most hydrophobic bile acid, LCA, was reported to 

interact with ethylenediamine to form lyotropic liquid crystals at very low concentrations 

(1-4 wt%).51 

 

Figure 2.1 Schematic representation of various configurations of bile salt micelles with 

the hydroxyl groups shown as blue dots and carboxylate groups as red dots: (A) Primary 

micelles. (B) Secondary micelles. 

 

The gelation process is similar to that of crystallization or precipitation, where the 

molecules tend to aggregate into ordered or amorphous structures. Efforts have been made 

to illustrate a general rule for the formation of molecular hydrogels. Fan et al.52 used the 

Flory-Huggins interaction parameter (χ) between a complex of melamine and di(2-

ethylhexyl) phosphoric acid and a co-solvent of water with certain organic solvents to 

illustrate the relationship between the solubility and gelation capability. Stable opaque 
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hydrogels were obtained with intermediate values of χ yielded, indicating that marginal 

solubility is important for the formation of molecular gels. The hydrophilic-lipophilic 

balance (HLB) of a molecule was reported to be crucial for the formation of molecular 

hydrogels.53-55 Methods to evaluate the HLB of a compound with a specific structure have 

been proposed by Griffin56-57 and Davies,58 but it is difficult to obtain precise HLB values, 

or to establish an effective HLB scale for the formation of fibrils via self-assembly.53  

The morphology of the self-assemblies of amphiphiles in aqueous solutions is related 

to the molecular packing parameter (p) according to Israelachvili et al.:59-60 

𝑝 =
𝑣
𝑎%𝑙1

 

where v is the hydrophobic volume of the amphiphile, a0 is the interfacial area or the 

hydrophilic head group area on the amphiphile, and lc is the critical chain length, which 

is the maximum effective length that the hydrophobic chains can assume. It was reported 

that the packing parameter p is effective to predict the morphologies of the self-assembly 

of amphiphiles in aqueous solution (Fig. 2.2).61-64 Amphiphiles with a value of p between 

1/3 and 1/2 may indicate the formation of worm-like cylindrical micelles (nanofibers or 

nanotubes),63 which is essential for formation of molecular hydrogels. Other factors 

besides the structure, such as concentration and temperature, may also affect the 

morphology of amphiphile self-assemblies in aqueous solutions.65-66 Unfortunately, 

calculation of the packing parameter of amphiphiles with steroid moieties may not be 

accurate,43 making the prediction of the morphology difficult. Therefore, a general rule 

for the hydrogelation of bile acids cannot be extrapolated from the p value. While HLB 

values might be a better predictor, they are not readily available for most bile acids. 
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Figure 2.2 Relationship between the value of packing parameter, p, and the morphologies 

of self-assemblies of amphiphiles in aqueous solutions. (Adapted with permission from 

ref. 63. Copyright (2013) Royal Society of Chemistry.) 

 

 

2.3. Molecular hydrogels based on bile acids 

2.3.1 Fibrillar aggregates from bile salts 

A fibrous structure with nano-scale diameter is essential for the formation of 3-D 

networks in molecular gels, and isolated nanofibers may be observed from diluted 

molecular gelation systems. LCA can form tubular aggregates in aqueous solutions at 

room temperature. Terech et al.67-71 reported the formation of long stiff tubules by LCA 

(0.1 wt%) in basic aqueous solutions with mean outer and inner diameters of 52 and 49 

nm, respectively (Fig. 2.3A). The structures were confirmed by small-angle X ray 

scattering (SAXS) technique.71 The kinetic process for the formation of such nanotubes 

was studied.69 Structures such as fibrils, tapes, helical ribbons, and single- and multiple-

walled nanotubes, can form immediately after the dissolution of LCA, while only 

monodisperse single-walled nanotubes were obtained as the final morphology. Such 

nanotubes may interact weakly to form entropic 3-D networks that behave as hydrogels.68 
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Fang and co-workers 72-76 reported the formation of microtubes with outer diameters in the 

range of 0.7 to 1.5 μm from basic aqueous solutions after vortexing and equilibration for 

one week (Fig. 2.3B). The dissolution of LCA in basic aqueous solutions led to the 

formation of vesicles with outer diameter of about 1.5 μm, which further aggregated into 

hollow cylindrical tubes with time. Such microtubes kept growing until all the vesicles 

were consumed and the elongated tubes coiled into 3-D spirals. It was also reported that 

NaDC or the sodium salt of other conjugated bile acids can self-assemble in aqueous 

solutions to form nanotubes or helical nanoribbons.77-79 

 

Figure 2.3 Morphologies of self-assemblies from LCA at aqueous solutions (pH ~12.0). 

(A) Nanotubes with 0.1 wt% LCA. (B) Microtubes with 0.1 wt% LCA after vortexing and 

equilibration for a week. (Adapted with permission from ref. 70. Copyright (2002) 

American Chemical Society and from ref. 73. Copyright (2011) Royal Society of 

Chemistry.) 

 

2.3.2 Metallogels 

The first research reporting molecular hydrogels based on bile acids was an irreversible 

“clot (gel)” from sodium cholate (NaC) solution in the presence of various calcium salts 

(CaCl2, Ca(NO3)2, Ca(OAc)2, etc.) upon heating to 50 oC.80-82 In fact, NaC could interact 

with a series of metal cations (Cu2+, Ag+, Hg2+, Zn2+ etc.) to form hydrogels as shown in 
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Fig. 2.4.83-84 Hydrogels may be obtained by the interaction between metal cations and other 

bile salts, such as NaDC, sodium chenodeoxycholate (NaCDC), sodium lithocholate 

(NaLC), and sodium glycocholate.85 

 

Figure 2.4 Hydrogels from interaction between sodium cholate and different metal 

cations. (Adapted with permission from ref. 83. Copyright (2012) Royal Society of 

Chemistry.) 

 

Trivalent lanthanides were reported to be able to interact with bile salts to induce the 

formation of hydrogels, which is driven by the combination of multiple supramolecular 

interactions, such as metal coordination, hydrogen bonding, hydrophobic interaction, and 

van der Waals’ forces.72, 86-88 La3+ shows excellent gelation ability for the aqueous solution 

of NaC and the molar ratio between NaC and water can be 1: 92 000 in a stable hydrogel.72 

Banerjee et al.86 conducted a systematic study on the hydrogelation of NaC with a series 

of trivalent lanthanides and showed that the size of the trivalent lanthanide affected the 

mechanical properties of the resulting hydrogels.86 Aqueous solutions with 15 mM NaC 

and 5 mM lanthanide cations yielded hydrogels with storage moduli (G') of the hydrogels 

ranging from 38.6 kPa for Nd3+ (the largest cation) to 8.4 kPa for Yb3+ (the smallest). The 

hydrogels or xerogels from NaC with Eu3+ or Tb3+ showed enhanced luminescence 

properties in the presence of the probes, pyrene or 2,3-dihydroxynaphathalene (DHN), 

and the color of the emitted light from hydrogels under UV irradiation may be varied at 

different Eu3+/ Tb3+ ratios.86-87 Similar luminescent hydrogels were also obtained by the 

interaction between Eu3+ and NaDC.88 Laishram et al.89 found a series of luminescent 
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hydrogels emitting red, blue, and green light, respectively, and mixed them at carefully 

controlled ratios to yield white light emitting luminescent hydrogels under irradiation of 

a long wavelength UV lamp. 

An LCA derivative bearing a pyridine unit (1, Fig. 2.5) was reported to interact with 

Cu2+ to yield supramolecular hydrogels in water containing 30-50% organic solvent like 

methanol, acetonitrile, or acetone.90 The metallic hydrogels were responsive to certain 

stimuli: the gelation process was favored by sonication or shaking, and the gel-to-sol 

phase transition may be triggered by addition of compounds such as pyridine and 

ammonium hydroxide. A CA amide derivative bearing a phenanthroline unit (2, Fig. 2.5) 

showed limited solubility in pure water, but formed a translucent hydrogel in a mixture of 

methanol and water (1:1 v/v). SEM images of the hydrogels showed fibers with diameters 

about 0.5 μm.91 The phenanthroline units interacted with Zn2+ at a ratio of 2:1 to form a 

dimeric complex (3, Fig. 2.5), which showed different gelation behaviors. The dimeric 

complex formed translucent hydrogels within several minutes after being dissolved, but 

was unstable and transformed into transparent liquids when left at room temperature. In 

the hydrogel initially formed, the dimeric complex self-assembled to form globules with 

diameters of 0.5-3.0 μm, and no morphology variation was observed from the spontaneous 

gel-to-sol phase transition. The sterically demanding interactions between phenanthroline 

and metal ions changed the molecular arrangement of the CA derivative and did not favor 

the formation of fibrous structure. 

Metallogels based on bile acids can be used as a template to induce the formation of 

nanostructures. For example, nanoparticles or nanoclusters of metals (Au, Ag, Pd) or 

metal sulfides (CdS, ZnS) were synthesized in a Ca2+-cholate hydrogel, yielding hybrid 

soft materials.83, 92 The hybrid Ca2+-cholate xerogel with Pd nanoparticles was reported to 

be an effective catalyst for the Suzuki reaction, and the catalytic activity may be retained 

for several months.92 The addition of Na2S to the supramolecular Zn2+-cholate hydrogel 

induced the formation of ZnS helical nanotubes, with potential use as semi-conductor 

materials.84 Tetraethylorthosilicate (TEOS) was hydrolyzed and assembled on the surface 

of the nanohelices, yielding SiO2 helices by further polymerization and mineralization.84 

The cations in metallogels based on bile acids could also be reduced to yield metal 
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nanoparticles.85, 93 Shen et al.85 developed a series of metallogels by mixing metal cations 

of Ag and Au with various bile salts, and obtained Ag and Au nanoparticles/nanoclusters 

by natural light irradiation of the hydrogels. The hydrogels remained in the gel state after 

the irradiation and showed higher mechanical strength in the presence of nanoaggregates. 

The same strategy was used to form Cu nanoparticles in the metallogels of bile salts, 

where cysteine was used as a chemical reducing agent.94 Such hydrogels with 

encapsulated red emissive Cu nanoclusters demonstrated good catalytic performance in a 

methylene blue-hydrazine reduction system, and may be potentially used as an alternative 

for treating organic pollutants in water. 

 

Figure 2.5 The chemical structures of metallic hydrogelators based on bile acids. 

 

2.3.3 Anionic hydrogelators 

2.3.3.1 Bile acid sodium salts 

Bile salts have been shown to be effective anionic hydrogelators. NaDC is the most 

studied bile salt hydrogelator, which is sensitive to pH and yields hydrogels at about 

neutral pH.95 The mechanical properties depend on the pH of solution, such as in the case 

of NaDC (115.8 mM) in a phosphate buffer solution (PBS).96 The value of G' increased 

from 12 to 61 Pa when the pH changed from 7.3 to 6.8, but then decreased (54 Pa) at an 

even lower pH (6.7). The gelation process of NaDC at neutral pH studied by fluorescence 

spectroscopy with pyrene as a probe showed that clusters (primary or secondary micelles, 

as shown in Fig. 2.1) in the solution interact with each other to form larger aggregates 

(nanofibers or worm-like micelles) that induce the gelation process.97 Research by Blow 
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and Rich98 indicated that increasing the ionic strength in aqueous solutions by adding 

sodium salts (NaCl or Na2SO4) favored the gelation of NaDC due to the salting-out effect, 

and sufficiently high ionic strength could induce the gelation of NaDC without the 

addition of acidic compound. Jover et al.96 reported that the G' of the hydrogel from NaDC 

(173.7 mM) in PBS increased from 50 Pa to 1000 Pa when the concentration of NaCl 

increased from 0 to 0.64 M. Decreasing pH or increasing ionic strength of the aqueous 

solutions of NaDC leads to the protonation of the carboxylate group, and intermolecular 

hydrogen bonds between carboxylic acid groups may result in gelation.96 The pH-

dependent gelation behavior was also found with NaLC, whereas no gelation was 

observed for NaC, nor for the sodium salts of conjugated bile acids.95  

Additives such as amino acids have been shown to affect the mechanical properties of 

hydrogels based on NaDC. For example, Rich and Blow99 reported that NaDC was able 

to interact with glycine to form a “gel with considerable rigidity”. Xin and co-workers100-

102 also reported that L-lysine and L-arginine destroyed the fibrillar networks of NaDC 

hydrogel formed in the presence of sodium halide. The authors claimed that the addition 

of both amino acids broke the hydrogen bonds in the hydrogels.101 It is possible that the 

basic nature of lysine and arginine may raise the pH of mixture and increase the NaDC 

deprotonation degree and solubility, leading to disruption of the hydrogels. The organic 

buffer compound tris(hydroxymethyl)aminomethane (TRIS) also induced the gelation of 

NaDC in aqueous solutions of basic pH.103-104  

Hydrogels based on NaDC may be potentially used as drug delivery agents. Valenta et 

al.105 developed a drug carrier system by using thixotropic hydrogels of NaDC in PBS and 

mannitol as an additive. The model drug rutin was accommodated in such hydrogels and 

released through either an artificial membrane (dialysis tubing) or excised rat skin to 

aqueous solution via the dialysis process. The release rate of the drug from the NaDC 

hydrogel was about three times as high as that from certain polymer hydrogels, whereas 

their microbial stability was similar. Advantages of the NaDC hydrogels such as enhanced 

penetration and thixotropy make them a promising, alternative drug carrier system for 

topical pharmaceuticals as well as for cosmetic applications. A hydrogel made of NaDC 

in a Tris buffer solution was able to load a fluorescein probe and released it into aqueous 
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solutions, where the release rate was varied by shearing the hydrogel.103 Fang and co-

workers106 reported that a NaDC hydrogel swelled in aqueous solutions to load probes 

such as doxorubicin hydrochloride (DOX) and then released them to water at different 

rates according to the pH of the surrounding environment, where higher pH values caused 

a higher release rate. 

 

2.3.3.2 Bile acid derivatives 

Modified bile acids in their anionic form may also form hydrogels under suitable 

conditions. Galantini and co-workers107-108 reported a CA derivative (4, Fig. 2.6) as an 

effective molecular hydrogelator, by first forming stable vesicles in basic aqueous 

solutions at room temperature when the concentration was higher than 0.5 mM. Upon 

heating, the vesicles aggregated to form a necklace morphology in 42 h when the 

temperature was increased to 40 oC, and nanotubes were shown as the final morphology 

after being equilibrated for 96 h.107 This compound was also found to form a hydrogel at 

room temperature in bicarbonate buffer solution (30 mM, pH ~10) when the concentration 

was above 3.0 mM. The hydrogel was thermo-sensitive and became a solution of self-

assemblies with tubular morphology when heated to 34-36 oC.108 Gubitosi et al.109 also 

found that a sugar-substituted LCA (5, Fig. 2.6) formed a hydrogel at high concentrations 

and showed interesting morphology evolution behavior. Such a compound self-assembled 

in water to form initially tubular scrolls via the rolling of layers. Further rolling of the 

scrolls resulted in single-walled tubules, showing decreasing average diameters with 

uniform dispersion upon equilibration (Fig. 2.7).  
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Figure 2.6 The chemical structures of anionic molecular gelators derived from bile acids. 

 

Maity et al.110 designed and synthesized a series of compounds based on bile acids and 

numerous peptides composed of glycine, alanine, and phenylalanine, and studied their 

gelation ability in basic aqueous solutions. Only derivatives based on LCA (6-13, Fig. 

2.6) formed hydrogels in aqueous solutions of pH higher than 7. Stereochemistry was 

reported to affect the gelation behavior: stereoisomers 6 and 7 showed different gelation 

abilities. Transparent and stable hydrogels were obtained with 6 in PBS at pH 7, while 

milky white suspensions were formed with 7 under the same conditions. Both compounds 

were effective hydrogelators in aqueous solutions with pH about 8 and the resulting 

hydrogels were thixotropic and injectable.110  
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Figure 2.7 Schematic representation for the kinetic process of nanotube formation from 

the sugar-substituted LCA derivative 5. (Reprinted with permission from ref. 109. 

Copyright (2014) American Chemical Society.) 

 

Maitra and coworkers111-113 also made a series of phosphate derivatives of bile acids 

(14-23, Fig. 2.6), which formed micelles in basic solutions,111 facilitating the 

solubilization of cholesterol.112 Lowering the pH of the solutions gradually protonated the 

phosphoric acid groups, which led to the formation of hydrogels. The more hydrophilic 

gelators (14 and 15) formed hydrogels at pH 1.7-2.5, near the pKa1 (2.4) of the phosphoric 

acid group, while the more hydrophobic gelators (22 and 23) formed hydrogels at pH 7.0-

7.5, near the pKa2 (8.1) of the phosphoric acid group.113 Such results indicated that gelation 

occurs at specific HLB ranges when the system shows marginal solubility. 

 

2.3.4 Cationic gelators 

Basic functional groups such as primary, secondary or tertiary amines may be 

protonated and show improved solubility in acidic aqueous solutions. Quaternary amines 

are permanently cationic and exist as a water-soluble quaternary ammonium salt. Bile 

acid derivatives with such amino groups have the potential to form molecular hydrogels 

(Fig. 2.8). 
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Figure 2.8 The chemical structures of cationic molecular gelators derived from bile acids. 

 

2.3.4.1 Bile acid derivatives with primary amines 

Travaglini et al.114 reported a bile acid-derived molecular hydrogelator synthesized by 

introducing an L-phenylalanine residue on a CA derivative through an amide bond at the 

3-β position (24, Fig 2.8), thus bearing both carboxylic acid and primary amine groups. It 

was insoluble in pure water but soluble in either basic or acidic aqueous solutions. At pH 

10.0, with both carboxylic acid and amine groups protonated, the compound self-

assembled to form globular micellar aggregates. At pH 1.1, where the compound is fully 

protonated and carries a net charge of +1, it self-assembled into long and extremely 

narrow nanotubes with inner and outer diameters of about 3 and 6 nm, respectively, which 

formed a hydrogel.114 The molecular structure of 24 presented as a wedge and could 

aggregate to form monolayer nanotubes with a wall thickness of about 1.7 nm, close to 

the length of a single molecule (~2.0 nm) (Fig. 2.9A). Its stereoisomer 25 also formed a 

hydrogel in acidic aqueous solution.115 Compound 25 formed wedge-shaped face-to-face 

dimers, which interacted back-to-back with each other to form monolayer nanotubes with 

thickness around 1.7 nm. Parallel face-to-face dimers yielded narrower nanotubes with 

the same size as those from compound 24, while antiparallel face-to-face dimers formed 
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wider nanotubes with larger cross-section diameters (16-19 nm), as shown in Fig. 2.9B. 

The self-assembly of 26 bearing two primary amine groups yielded a fibrillar network and 

formed hydrogels when the primary amine groups were protonated by HCl.116 The 

mechanical properties of the hydrogels from 26 may be improved via interaction with a 

CA dicarboxylic acid derivative, as discussed in more detail further on. 

 

Figure 2.9 Schematic representation of molecular arrangements of (A) nanotubes from 

wedge-shape 24, and (B) narrow nanotubes by head-to-head arrangement (left) and wide 

nanotubes by head-to-tail arrangement (right) of compound 25. (Reproduced and adapted 

with permission from ref. 114. Copyright (2012) Royal Society of Chemistry and from 

ref. 115. Copyright (2013) American Chemical Society.) 

 

2.3.4.2 Bile acid derivatives with secondary amines 

Recently, we found that CA dimer 27 bearing a secondary amine and two amide groups 

may interact with a series of carboxylic acids in aqueous solutions to form hydrogels with 

3-D fibrillar networks (Fig. 2.10A), and the gelation behavior and the mechanical 

properties of the hydrogel depend on the chemical structure of the carboxylic acid.117 

Monoacids with relatively longer alkyl chains formed stronger hydrogels through 

hydrophobic interactions, and diacids with additional hydroxyl groups also improved the 

mechanical properties of the hydrogels through hydrogen bonding with each other. Strong 

acids (such as trifluoroacetic acid) or acids that are too hydrophobic (such as pentanoic 
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acid and hexanoic acid) were not able to form hydrogels with the dimer. The driving forces 

for the gelation are protonation of the secondary amine of 27 and hydrogen bonding with 

the amide group. The molecular arrangement in the mixture leads to the gelation of the 

dimer in the presence of different organic acids (Fig. 2.10B). Protonation of the secondary 

amine improves the solubility of 27, and the carboxylic acid forms hydrogen bonds with 

the amide group on 27. This combination leads to a marginal solubility of the system, 

thereby forming a hydrogel. 

 

Figure 2.10 Hydrogels made from 27 with various carboxylic acids. (A) 3-D fibrillar 

networks of the hydrogel from 27 with tartaric acid (both at 0.6 mM). (B) Schematic 

presentation of the interactions between 27 and carboxylic acids in hydrogels. (Adapted 

with permission from ref. 117. Copyright (2016) Royal Society of Chemistry.) 

 

2.3.4.3 Bile acid derivatives with tertiary amines 

Maitra and co-workers118-121 reported CA trimer 28 with a tertiary amine as an efficient 

molecular hydrogelator. This trimer was insoluble in pure water. Protonation with HCl 

led to the formation of a weak and turbid hydrogel, which could transit to a transparent 

hydrogel by adding organic solvents such as acetone, ethanol, methanol, and DMSO. 

Transparent and thermally stable gels were obtained from 28 by interaction with acetic 

acid in aqueous solutions and the SAFINs in the hydrogels were observed by cryo-TEM 

(Fig. 2.11). The gelation efficiency of 28 and the thermo-stability of the resulting 

hydrogels decreased at higher concentrations of acetic acid.118 The fibrous structure in the 



 

 

38 

hydrogels was used as a template to induce the formation of metal nanoparticles or 

nanotubes of metal oxide and sulfate.122-123 Such a hydrogel may also be used as a reaction 

vessel to accommodate the photo-dimerization reaction of acenaphathylene.124 

 

Figure 2.11 Cryo-TEM image of the hydrogel from 28 (0.75 mM) in water with 20% 

acetic acid at different magnifications. (Adapted with permission from ref. 118. Copyright 

(2004) American Chemical Society.) 

 

2.3.4.4 Bile acid derivatives with quaternary ammoniums 

Maitra and co-workers125-128 also synthesized a series of bile acid–based quaternary 

ammonium iodide salts (29-36 in Fig. 2.8) that formed hydrogels in pure water or aqueous 

solutions containing inorganic salt or organic solvents. Compounds 29, 33, 35 based on 

DCA formed hydrogels in pure water, while the 30, 31, 32, 34, and 36 formed hydrogels 

through the salting-out effect by addition of inorganic sodium salts such as NaCl, NaBr, 

and Na2SO4. The hydrogels formed by compounds 29, 33, 34 in NaCl aqueous solutions 

were found to show optical textures under a polarized optical microscope.126 Compounds 

30, 32, 34 formed hydrogels in the presence of organic solvents such as methanol, ethanol, 

DMF, and DMSO (up to 20%). They showed concentration-dependent aggregation 

behavior in aqueous solutions with 1 M NaCl, ranging from gels to microcrystals.128 

Compound 31 showed similar gelation behavior.125 Various factors may affect their 

gelation behavior. For example, transparent hydrogels were obtained at lower 
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concentrations of both the gelator and NaCl, but became progressively translucent when 

the concentration of either increased. The amount of additives may also change the 

gelation ability of gelators. The minimum gelation concentration (MGC) of the gelators 

was lower with higher concentration of NaCl. However, gelation did not occur at salt 

concentrations higher than 4 M. On the other hand, adding organic solvents in the co-

solvent system decreased the gelation ability (higher MGC). All these gelators are 

derivatives of DCA, and similar derivatives of CA and LCA were not able to form 

hydrogels,128 indicating the structural importance in the gelation ability. 

 

2.3.5 Neutral gelators 

Introduction of hydrophilic neutral moieties onto the side chain of bile acids may 

improve the HLB and promote the formation of molecular hydrogels. A series of bile acid 

derivatives with neutral side chains are shown in Fig. 2.12. 

 

Figure 2.12 The chemical structures of neutral molecular gelators derived from bile acids. 
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2.3.5.1 Hydrogels in neat water 

Modification of bile acids with poly(ethylene glycol) (PEG) may improve their 

hydrophilicity and promote their self-assembly behavior in aqueous solutions. The 

hydrogelation of CA esters with PEGs of different lengths (37, Fig. 2.12) were studied,129-

130 and only CA esters with three or more ethylene glycol units formed hydrogels.129 We 

have synthesized a compound based on LCA and tetra(ethylene glycol) (38, Fig. 2.12) via 

anionic polymerization. In aqueous solutions at high concentrations (≥10 wt%), 38 

formed cloudy hydrogels with hollow nanotubes (Fig. 2.13).131-132 Such hydrogels show 

liquid crystalline behavior. The gelation behavior depended on the chemical structure of 

the bile acid derivatives, and no hydrogel was obtained from oligo(ethylene glycol) 

derivatives of CA or DCA. 

 

2.3.5.2 Hydrogels in aqueous solutions with organic solvents 

Two amide derivatives of DCA bearing hydroxyl groups (39 and 40, Fig. 2.12) were 

reported to be effective gelators in aqueous solutions with certain amounts of water-

miscible organic solvents and yielded transparent, stable, and thermo-reversible gel-to-

sol transition hydrogels.125, 133 Head-to-tail molecular arrangement of both bile acid 

derivatives was found in the fibers from such hydrogels, which is similar to that in the 

single crystals obtained in non-gelling conditions. Aging of the hydrogels made from 39 

and 40 yielded needlelike microcrystals eventually.133 LCA-ethyl amide (41, Fig. 2.12) 

was reported to form hydrogels in mixtures of water and organic solvents such as acetone 

(90 vol%), acetonitrile (90 vol%), isopropanol (50 vol%), and methanol (30 vol%).134 

Compound 41 is also an effective organogelator in organic solvents such as benzene, ethyl 

acetate, and acetone.  
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Figure 2.13 Molecular hydrogels from the pegylated LCA derivative 38 and the fibrils 

morphology. (Reprinted with permission from ref. 132. Copyright (2013) American 

Chemical Society.) 

 

Several bile acid esters with perfluoroalkyl side chains (42-45, Fig. 2.12) showed 

effective gelation abilities in aqueous solutions containing organic solvents such as 

DMSO and DMF.135 The chemical structures affected the gelation abilities but no general 

rule could be established. Compounds 42, 44, 45 are fluoro-esters (C2F5) of CA, DCA and 

LCA, respectively, and showed gelation ability in mixtures of water and organic solvents. 

Increasing the perfluoroalkyl chain length reduced their gelation abilities, but CA ester 

with a longer chain (C9F19, 43) was able to form a hydrogel, whereas no gel was obtained 

from the other bile acids bearing the same group.135 The ratio of water and organic solvents 

strongly affected the gelation behavior. For example, the CA ester 42 formed a hydrogel 

in a water/DMSO system with 50-67 vol% of DMSO, but more DMSO destroyed the gel 

and yielded a solution. In contrast, the LCA ester 45 formed a gel when DMSO was above 

80 vol%, and the compound was insoluble at lower DMSO contents.135 

Another DCA derivative with two hydroxyl groups and one tertiary amine (46, Fig. 

2.12) formed hydrogels in aqueous solutions mixed with various organic solvents (DMF, 

DMSO, methanol, acetonitrile, etc.).136 Hydrogels made of 46 are pH-sensitive and 

showed acid-instability in contrast to base-stability. The hydrogels transformed into 

solutions when the amino group was protonated by addition of acidic compounds such as 
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HI, whereas adding NH3 afterwards deprotonated the amino group again to form a 

hydrogel (Fig. 2.14). 

 

Figure 2.14 pH-sensitivity of hydrogel from compound 46 in DMSO/H2O (1/1 by 

volume). (Adapted with permission from ref. 136. Copyright 2011, Beilstein-Institut.) 

 

2.3.6 Two-component hydrogels 

The majority of studies on molecular gelators have been carried out with a single 

compound. Due to the serendipity for the formation of molecular gels, the design of new 

gelators with a specific range of properties is still a challenge. Therefore, a multi-

component molecular gelation system could provide an alternative approach for designing 

gels by mixing two or more small molecules in specific solvents.137 

Bile acids have been reported to form two-component molecular hydrogels with certain 

basic compounds. Dastidar et al.138 reported that some bile acids interacted with specific 

secondary amines (47-49, Table 2.1) to form organic salt and yield hydrogels in a mixture 

of water and DMSO (1:1, v/v). Gelation behavior of these salts depended on the chemical 

structure of both bile acids and the secondary amine. For example, CA and UDCA formed 

hydrogel with dinonylamine, whereas other bile acids did not. Pal et al.139 also reported 

that LCA interacted with a series of primary diamines to yield hydrogels in water (50, 

Table 2.1), whereas no gelation was observed for other more hydrophilic bile acids such 
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as CA and DCA. The basicity and hydrogen bonding ability of the amines affected the 

gelation ability of LCA, and secondary amines or aromatic primary amines were not able 

to form hydrogels with LCA. The molecular structures of primary amines affected the 

mechanical properties of hydrogels of LCA. For example, 1,3-propanediamine yielded 

strong hydrogels with LCA, while 1,2-ethanediamine and 1,4-butanediamine only formed 

weak hydrogels with LCA under the same conditions. Rheological studies illustrated that 

the mechanical properties of the hydrogels may be tuned by controlling the ratio of amine 

to LCA. Higher amine content led to gels with lower values of G' and yield stress. Song 

et al.140-141 illustrated the formation of two-component hydrogels from LCA and a series 

of basic alkylamine oxides (51, Table 2.1), which is driven by the balance of multiple 

hydrogen bonding and hydrophobic–hydrophilic interactions, as well as the steric effect 

of the LCA molecules. Xerogels prepared by removing the solvent of hydrogels were used 

to adsorb and remove organic dyes from aqueous solutions,140 which may be useful in the 

purification of dye-contaminated water. 

Aqueous solutions of bile salts have been used to dissolve and stabilize single-walled 

carbon nanotubes (SWCNTs).142-143 However, NaDC at a high concentration (30 wt%) 

could interact with SWCNTs to form two-component hydrogels without changing pH (52, 

Table 2.1), while no hydrogel was observed from either single component under similar 

conditions.144 NaDC may self-assemble to form nanofibers when the concentration is 

much higher than the CMC, and it also assembled on the surface of SWCNTs via 

hydrophobic interactions. The nanofibers and assembled SWCNTs interacted with each 

other to result in stable 3-D networks. Increasing the content of SWCNTs from 1 to 3 wt% 

increased the G' of the gel from 100 to 105 Pa. Such hydrogels showed excellent stretching 

capability and electrical conductivity, which may be used as conductive soft materials. 

Another study showed that the interactions between NaDC and graphene oxide (52, Table 

2.1) yielded hydrogels with interesting dye absorbing capability.145 A two-component 

hydrogel based on NaDC with various carboxylic acids (53, Table 2.1) such as L-tartaric 

acid, malic acid, and terephthalic acid was studied.146 Increasing the concentration of acids 

could transit the transparent hydrogel to a turbid one. Crystalized nanospheres were 

formed in the nanofibers in transparent hydrogels after 7 days of equilibration. 
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Table 2.1 Two-component hydrogels based on bile acids 

 

A two-component molecular hydrogelation system based on modified CA (54, Table 

2.1) was developed by di Gregorio et al.116 The CA derivative bearing two carboxylic acid 

groups (component B of 54, Table 2.1) dissolved in water to form micelles, while that 

with diamine (component A of 54, Table 2.1) self-assembled to form a weak hydrogel 

(the G' was less than 1 Pa at a concentration of 5 mM) with fibrous morphology in aqueous 

solutions. However, interaction between these compounds yielded a hydrogel with 

improved mechanical properties and G' higher than 1000 Pa when both species were at 

2.5 mM. A stoichiometric 1:1 molar ratio mixture showed the best gelation efficiency, 

Number Component A Component B ref. 

47 CA 

 

 
138 

48 DCA 
 

138 

49 UDCA 

 

138 

50 LCA 

  etc. 

139 

51 LCA 

 

 
140-141 

52 NaDC SWCNTs or graphene oxide 144-145 

53 NaDC 

 etc. 

146 

54 
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whereas too much diamine or too much dicarboxylic acid deteriorated the mechanical 

properties of the hydrogels.  

 

2.4. Polymeric supramolecular hydrogels based on bile derivatives 

Polymers bearing bile acid moieties can form gels with good mechanical properties 

when chemically cross-linked.147-149 A copolymer bearing CA and dopamine was also 

reported to interact with a synthetic nanosilicate to form a nanocomposite hydrogel.150 The 

driving force is the adhesive interaction between the nanosilicate and the dopamine 

moieties on the surface of self-assembled micelles from the copolymer. Supramolecular 

interactions of bile acids also led to gel formation. For example, the addition of NaC 

reduced the sol-gel transition temperature of poly(N-isopropylacrylamide) (PNIPAM) 

upon heating,151 due to the emulsifying effect of NaC. The sol-to-gel transition 

temperature was decreased from 32 to 29 oC in the presence of 16 mM NaC. Copolymers 

of NIPAM and bile acid-based monomers also formed thermo-reversible hydrogels, and 

these with higher content of bile acids showed lower sol-to-gel phase transition 

temperatures.152-154 The copolymer of NIPAM and CA formed vesicles in aqueous 

solutions with diameters of a few micrometers, and the water molecules at the exterior of 

the vesicles served as the intermediate water bridges through hydrogen bonding to link 

the adjacent vesicles and to promote the formation of hydrogels.153  

Host-guest interactions also showed to be effective to form hydrogels. Zhao and 

Stoddart155 reported a polymeric two-component hydrogelation system from a DCA-

modified β-cyclodextrin (β-CD) derivative and an azobenzene-branched poly(acrylic 

acid) copolymer. In the hydrogel, the trans-azobenzene units were accommodated in the 

hydrophobic cavities of β-CD while the DCA moieties were excluded. The cis-

azobenzene, which was formed under the irradiation of UV light, could no longer be 

accommodated in the hydrophobic cavities of β-CD. Consequently, the complex was 

dissociated and the hydrogel was destroyed (Fig. 2.15A). Our group developed a 

supramolecular polymer hydrogel system based on CA and β-CD, with both attached as 
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pendant groups in separate copolymers with N,Nʹ-dimethylacrylamide.156 Both 

copolymers alone are soluble in water, while mixing their aqueous solutions induced the 

formation of hydrogels via the host-guest interactions between CA and β-CD (Fig. 2.15B). 

A rheological study indicated that the mechanical properties of the hydrogels could be 

altered with different ratios of the two pendants, and the gels showed the highest G' had a 

1:1 molar ratio of CA to β-CD. Such hydrogels are thermo-reversible due to the physical 

interactions between two copolymers, and show shear-thickening behavior first and shear-

thinning properties afterward when the applied shearing stress was raised. Moreover, the 

gelation systems showed interesting self-healing properties, where the sliced hydrogel 

recovered within less than 1 minute.156 

 

Figure 2.15 Supramolecular hydrogels from polymers with bile acids. (A) Light 

responsive hydrogels from DCA-β-CD and azobenzene-poly(acrylic acid). (B) Self-

healable hydrogels from two polymer chains with CA and β-CD, respectively. (Adapted 

with permission from ref. 155. and 156. Copyright (2009, 2015) American Chemical 

Society.) 
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2.5. Conclusions 

The unique facial amphiphilicity and biocompatibility of bile acids combined with 

their commercial availability and relative low cost make them useful and practical 

building blocks for preparing biomaterials. This review covers the development of 

supramolecular hydrogels based on bile acids, which may be used in areas such as drug 

delivery and nanotemplating. These studies mostly focused on the gelation abilities and 

gel properties. Designing new molecular gelators remains a challenge. Despite these 

efforts, a “general rule” for illustrating the relationship between the chemical structure 

and gelation ability has yet to be established, and most of the molecular gelators were 

reported to be found by serendipity or trial-and-error. In general, the right balance between 

hydrophobicity and hydrophilicity (HLB)53 or marginal solubility in water117 is a 

prerequisite for a compound to be a molecular hydrogelator. Although the theories of HLB 

and the packing parameter may potentially help to predict the formation of molecular 

hydrogels, both models have their limitations and still need to be improved and adapted 

for more general use. Insoluble compounds in water can be made to be marginally soluble 

by adjusting the pH of the media or the addition of miscible organic solvents. In contrast, 

soluble compounds can be made to be less soluble or marginal soluble with the help of 

salting-out effect or other means. The limited or marginal solubility of the species points 

to the favored direction for the formation of hydrogels. Such a rule may be applicable in 

the formation of organogels as well. Further understanding of the relationship between 

chemical structure and capability for the formation of hydrogels, including molecular 

hydrogels based on bile acids, is needed and will help in the design and synthesis of 

functional molecular gels targeted for biomedical applications. 
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Chapter 3  

Formation of molecular hydrogels from a bile acid derivative 

and selected carboxylic acids* 

 

Abstract 

Bile acids are natural compounds that can be made into dimers by covalently linking 

two of them through diethylenetriamine. A cholic acid dimer of this kind is synthesized 

and is found to form thermally reversible hydrogels with selected carboxylic acids through 

combined hydrogen bonding and ionic interactions. The gelation and viscoelastic 

properties of the hydrogels may be varied by judicious choice of the carboxylic mono- 

and diacids. The total organic content (the dimer and carboxylic acid) represents about 

2% or less by weight in the ternary mixture. The molecular arrangement between the 

dimer and carboxylic acid is proposed to illustrate the formation mechanism of the 

hydrogels. The marginal solubility of the dimer-acid mixtures seems to be the deciding 

factor in obtaining the hydrogels. 

 

3.1 Introduction 

Molecular gels are an important class of soft materials that may be potentially used for 

drug delivery, tissue engineering, and sensing.1-3 In molecular gels, solvents are 

immobilized by a small amount (typically < 2 wt%) of low molecular weight gelators 

*Published as a communication: M. Zhang; K. C. Waldron; X. X. Zhu. RSC Adv. 2016, 6, 35436-35440. 

Contributions of author other than supervisors 

Meng Zhang: Experimental design and conduction, data analysis, manuscript writing. 



 

 

63 

(LMWGs).4 The small molecules self-assemble to form fibrils and 3-dimensional 

networks facilitated by supramolecular interactions such as hydrogen bonding, 

hydrophobic interaction, π-π stacking, electrostatic attraction, and charge transfer 

interactions between the gelators and solvents.5 Such gels often show advantages of 

biodegradability and diversity of functionality due to noncovalent interactions and 

precisely controlled structures.6 No general rule based on molecular structure seems to 

exist to predict the gelation behavior, and many LMWGs have been discovered by 

serendipity.7-9 

Bile acids are natural compounds found in humans and most animals. In their salt form 

or after suitable chemical modification, they may form hydrogels by self-assembly.10-17 

For example, sodium cholate may interact with metal cations (Cu2+, Zn2+, Co2+, Ag+, 

trivalent lanthanides, etc.) to form hydrogels.18-21 A cholic acid-based trimer was reported 

to form a hydrogel in the presence of up to 20% of acetic acid in aqueous solutions,22-24 

while strong inorganic acid such as HCl may not favor the gelation of the trimer. The 

necessity of the acids and the interactions between the trimer and acetic acid during the 

gelation remain unclear. In our work, we discovered that an otherwise insoluble cholic 

acid-based dimer linked through amide groups and bearing a secondary amine (Fig. 3.1) 

forms a hydrogel in the presence of certain carboxylic acids. The properties of the 

hydrogels appear to depend on the structure of the acids. Therefore, investigation of their 

gelation behaviors may lead to a better understanding of these molecular hydrogels. 

 

Figure 3.1 Molecular structure of the dimer based on cholic acid. 
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3.2 Results and discussions 

The dimer based on cholic acid (Fig. 3.1) was synthesized according to a literature 

procedure with a simple two-step synthesis and a high yield (Scheme 3.S1), and it was 

previously reported to manifest interesting selective antifungal activities.25 We have found 

that the dimer has limited solubility in water, even in the presence of HCl, but may be 

solubilized in the presence of certain amounts of selected carboxylic acids to form 

hydrogels (Chart 3.1A). Carboxylic acids that are either too strong or too hydrophobic do 

not favour the formation of hydrogels (Chart 3.1B, Fig. 3.S1A and B), which we discuss 

in more detail further on. In these experiments, hydrogels formed only when the 

carboxylic acid groups are in excess of the secondary amine groups of the cholic acid 

dimers. The dimer cannot be dissolved in water at a [dimer]/[-COOH] ratio of 1:1 and a 

cloudy liquid formed, but a transparent hydrogel was obtained at a [dimer]/[-COOH] ratio 

of 1:2 (see Fig. 3.S1C and D). Therefore, we fixed the concentration of the monoprotic 

acids at 40 mM and that of diprotic acids at 20 mM, keeping the ratio of [dimer]/[-COOH] 

at 1:2. 
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Chart 3.1 The structure of various carboxylic acids tested for hydrogelation with the 

dimer: (A) acids that can form a hydrogel; (B) acids that cannot form a hydrogel. The 

values in brackets indicate the pKa of the carboxylic acid groups. 

 

Rheological studies may provide useful information related to the structure in gels. The 

mixture of 20 mM dimer and 40 mM acetic acid in water was studied as an example. Both 

G' and G'' increased during the gelation process (Fig. 3.S2A), reaching a plateau after 10 

minutes. Neither G' nor G'' showed obvious change under a small oscillation stress (Fig. 

3.S2B), demonstrating the stability of the 3-D networks in the hydrogel. A further increase 

in stress (> 20 Pa) caused a yielding process and flow of the hydrogel due to disintegration 

of the 3-D fibrillar networks. The moduli (G', G'') of the hydrogel were found to depend 
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on the frequency of stress oscillation (Fig. 3.S2C). G' remained larger than G'', although 

both increased with increasing frequency. G'' increased at a faster rate than G' and a 

crossover point would be expected at a higher frequency, e.g., between 100 and 1000 Hz, 

which is beyond the detection limit. Both G' and G'' decreased with increasing 

temperature, and their crossover point was observed at around 58 oC (Fig. 3.S2D), 

indicating a gel-sol transition. Further rheological tests illustrated that a deviation of the 

ratio of [dimer]/[-COOH] from 1:2 resulted in weaker hydrogels (lower G' values and 

lower gel-sol transition temperatures, as shown in Fig. 3.S3). 

 

Figure 3.2 Oscillatory stress sweep experiments of the hydrogel formed from the dimer 

(20 mM) and (A) monoprotic acids (40 mM) and (B) diprotic acids (20 mM). [-COOH] 

= 40 mM. 
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The minimal gelation concentration (MGC) of the dimer was found to be dependent 

on the chemical structure of the carboxylic acids used in the hydrogel. Among the 

monoprotic acids tested at a concentration of 40 mM, the lowest MGC of the dimer was 

5.5 mM obtained with formic acid and with butyric acid. In comparison, lower MGC 

values were obtained with 20 mM diprotic acids where the presence of more hydroxyl 

groups leads to even lower MGC values (Table 3.S1). The dimer may form hydrogels at 

a lower concentration when the content of the carboxylic acid decreases, which is similar 

to the gelation behavior of a cholic acid trimer with acetic acid.23 

The mechanical properties of the hydrogels were also found to be related to the 

structure of the carboxylic acid. Whereas the dimer can form gels in the presence of all 

four monoacids having 1-4 carbon atoms (Fig. 3.2A), a longer alkyl chain on the acid 

results in better mechanical properties of the gel, likely due to enhanced hydrophobic 

interaction between the alkyl chains of the carboxylic acid.26 Formic acid can form 

multiple hydrogen bonds,27 thus improving the interactions between acid molecules that 

are complexed with the dimer. Therefore, the hydrogel made with formic acid showed the 

highest modulus among all the hydrogels in the monoacid series (Fig. 3.2A). In contrast, 

the hydrogels formed by the diacids have higher G' than those formed by the monoacids 

(Fig. 3.2B). 

The diacids in Figure 3.2B all have 4 carbon atoms but different numbers of hydroxyl 

groups. The presence of additional hydroxyl groups led to better mechanical properties of 

the gels. For example, G' increased by an order of magnitude when tartaric acid replaced 

succinic acid, implying that extra hydroxyl groups improve the interactions between 

gelator molecules in acid-dimer complexes to yield stronger self-assembled fibrillar 

networks (SAFINs) in the hydrogels. 

The transmission electron microscopy (TEM) images (Fig. 3.3) show the existence of 

well-developed intertwined SAFINs in the acid-dimer hydrogels. Different morphologies 

were observed for hydrogels obtained with different carboxylic acids: interactions with 

acetic acid yielded mostly straight fibers of 20-40 nm in diameter (Fig. 3.3A) whereas 

more flexible and uniform-sized fibers of around 20 nm in diameter were observed when 
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tartaric acid was used (Fig. 3.3C). Similar morphologies were also observed by AFM (Fig. 

3.S4). Such morphology differences may explain the different gelation capabilities of the 

dimer with the different acids: Thin, flexible, and highly entangled nanofibers may 

accompany systems with better gelation capabilities.28 The self-assembled fibers had 

lengths of micrometers, and the 3-D network immobilizes water molecules such that the 

solution thickens to form a hydrogel. The concentration used for Fig. 3.3C corresponds to 

the lowest MGC of the dimer. The complex consisting of one dimer molecule and one 

tartaric acid molecule may immobilize more than 9 × 104 water molecules, which indicates 

the good gelation capability of the dimer. 

 

Figure 3.3 TEM images of the fibrillar network in hydrogels formed by (A) 6 mM dimer 

and 12 mM acetic acid; (B) 1.2 mM dimer and 1.2 mM succinic acid; and (C) 0.6 mM 

dimer and 0.6 mM tartaric acid. (Black scale bar = 200 nm). 

 

The 1H NMR spectrum of acetic acid-dimer hydrogel in D2O varied with temperature 

(Fig. 3.S6). The proton peaks from the dimer were broad and unresolved at room 

temperature but distinguishable when temperature was higher than 45 oC, indicating the 

increased mobility of the dimer due to the gel-sol transition process. However, the acetic 

acid peak in the 1H NMR spectrum of the hydrogel was visible throughout the temperature 

range, and its integration values relative to the internal standard did not change with 

temperature. Therefore, acetic acid and the dimer in the hydrogel may exist in regions 

with different mobility. 
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FT-IR spectroscopy was used to study the physical interactions in the molecular 

hydrogels. The FT-IR spectrum of the aerogel formed from the dimer and succinic acid is 

similar to that of the dimer alone, except for the new peaks from the carboxylic acid 

groups on succinic acid (Fig. 3.S7). In Fig. 3.4A, the second derivative analysis of the 

dimer FT-IR spectrum shows the amide I band (C=O stretching) split into two peaks, 1651 

and 1627 cm-1, and the amide II band (complex of C-N stretching and N-H bending) at 

1545 cm-1. After gelation with succinic acid, only a single peak for the amide I band 

appears at 1650 cm-1, while the amide II band shows a slight shift to 1549 cm-1 (Fig. 3.4B). 

These results indicate that the environment of the amide groups changes upon gelation. 

 

Figure 3.4 Second derivative of the FT-IR spectra of (A) the dimer; (B) the aerogel of 

dimer-succinic acid (20 mM-20 mM). 

 

The split peaks of the dimer’s amide I band (1651 and 1627 cm-1, Fig. 3.4A) are similar 

to those reported for the amide group of poly(N-isopropylacrylamide) in a hydrogel,29 

indicating the formation of amide-amide and amide-hydroxyl hydrogen bonds, 

respectively, in the dimer alone with a proposed molecular arrangement schematically 

shown in Fig. 3.5A. The disappearance of the peak at 1627 cm-1 and the shift of the amide 

II band (Fig. 3.4B) in the acid-dimer aerogel indicates the disruption of the amide-

hydroxyl hydrogen bonds of the dimer and the formation of new hydrogen bonds during 

gelation, where cholic acid hydroxyl groups are replaced by the carboxylic acid groups 
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(Fig. 3.5B) due to the better H-acceptor ability of the carbonyl oxygen, and the better H-

donor ability of the carboxylic acid hydrogen.30 Formation of the amide-carboxylic acid 

complex may also help to solubilize the dimer in aqueous solutions upon heating, whereas 

the cooling process leads to the self-assembly of the dimer to form SAFINs and thus a 

hydrogel. 

 

Figure 3.5 The schematic representation of the hydrogen bonds (A) between the dimers; 

and (B) between the dimer and carboxylic acid after gelation in water. 

 

For the formation of hydrogels with the dimer, the general requirements of the 
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and form complexes that stabilize the dimer and induce formation of a fibrillar network 

under suitable conditions; (2) they should be able to protonate the dimer’s secondary 

amine group to increase its polarity, which is feasible since the acids have pKa lower than 

5.0 (Chart 3.1) and aliphatic secondary amines have a pKb value of around 3.0,31 which 
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should be the case for the dimer; (3) they should be able to form hydrogen bonds with the 

dimer’s amide groups to dissociate interactions between the dimer molecules. Strong 

carboxylic acids with low pKa, such as trifluoroacetic acid, are mostly deprotonated in 

water, hindering the formation of hydrogen bonds with the amide group on the dimer as 

proposed in Fig. 3.5B.32 

 

3.3 Conclusions 

In summary, the dimer based on cholic acid interacts with weak and hydrophilic 

carboxylic acids in water to form transparent hydrogels. It is interesting to note that that 

the total organic contents of cholic acid dimer and the carboxylic acid represent about 2% 

or less by weight in the mixture. The added carboxylic acid protonates the secondary 

amine group on the dimer making an otherwise insoluble dimer now marginally soluble 

in water. Note that no hydrogels are formed with carboxylic acids that are either strong 

electrolytes or too hydrophobic. The marginal solubility of the gelator seems to be the key 

in the formation of hydrogels. The formation and rearrangement of hydrogen bonds in the 

system lead to a stable 3-D fibrillar network in water to yield a hydrogel. All the hydrogels 

made from the dimer show thermo-reversible gel-sol transitions. Their mechanical 

properties and morphology vary with the chemical structure of the carboxylic acids used. 

Monoacids with longer alkyl chains form stronger gels due to hydrophobic interactions; 

diacids with hydroxyl groups also improve the mechanical properties, owing to the 

formation of multiple hydrogen bonds. This proves also the case for formic acid due to its 

greater hydrogen bond formation capabilities. The good gelation ability of the dimer in 

addition to its biocompatibility may make such hydrogels useful for a variety of 

biomedical applications. Moreover, a general rule for the gelation ability of the dimer with 

various carboxylic acids is now established. This may be useful in designing new 

functional molecular hydrogels and in predicting the gelation behavior of the dimer with 

acids and other acidic biomolecules of natural origin. In addition, the reported antifungal 

activities of the dimer may be retained in the hydrogels formed, making them useful in 

bio-related applications. 
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3.5 Supporting information 

3.5.1 Experimental part 

Materials and method Cholic acid, N-hydroxylsuccinimide (NHS), 

dicyclohexylcarbodiimide (DCC), diethylenetriamine, and all organic acids were 

purchased from Sigma-Aldrich (Oakville, ON, Canada) and used without further 

purification. Anhydrous tetrahydrofuran (THF), acetonitrile (ACN), and 

dimethylformamide (DMF) were redistilled from a solvent purification system from Glass 

Contour (Nashua, NH, United States). All the hydrogel samples were prepared with fresh 

Milli-Q water. For the test of gelation, stock solutions of different carboxylic acids were 

prepared in Milli-Q water and diluted to the desired concentration. To this solution, a 

known amount of the cholic acid dimer was added to reach a dimer concentration of 20 

mM. The mixture was heated and sonicated and then cooled gradually to room 

temperature and left to stand for several hours. The samples were periodically verified for 

signs of gelation by inversion of vials. For the minimal gelation concentration (MGC) 

tests, the solutions of different carboxylic acids were fixed at 40 mM carboxylic acid 

groups (i.e., diprotic acids prepared at 20 mM). A series of samples of the dimer with 

concentrations differing by 0.5 mM were prepared by dissolving the dimer in the acid 

solutions through heating and sonication. The samples were equilibrated at room 

temperature and checked for the formation of hydrogels after 48 hours. The lowest 

concentration of the dimer for the formation of a stable hydrogel by vial-inversion was 

taken as the MGC. 
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1H NMR spectroscopy. The hydrogel sample was made in D2O with 20 mM of the 

dimer and 40 mM acetic acid, and a trace amount of trioxane was added as an internal 

standard. The sample was heated first to obtain a homogeneous solution and then 

transferred to an NMR tube immediately. The hydrogel formed inside the tube at room 

temperature and was equilibrated for at least 24 hours. The 1H NMR spectra at different 

temperatures were recorded on a Bruker AV400 spectrometer operating at 400 MHz. 

 FT-IR spectroscopy. A Nicolet 6700 FT-IR spectrometer with an attenuated total 

reflection (ATR) accessory was used to record the FT-IR spectra. The hydrogel samples 

with the desired concentrations of the dimer and the acids in H2O were freeze-dried to 

obtain aerogels for which an FT-IR spectrum was recorded by collecting 128 scans at a 

resolution of 2 cm-1.  

Transmission electron microscopy (TEM). Three μl of the hydrogel samples of the 

dimer prepared with different carboxylic acids were placed on carbon-coated cooper grids 

(300 mesh, Carbon Type-B, Ted Pella, Inc.) at room temperature. After equilibration for 

1 min., excess sample was removed by a filter paper and the remaining sample was dried 

under vacuum to obtain a thin film on the grid. Samples were observed on FEI Tecnai 12 

TEM at 120 kV, equipped with AMT XR80C CCD camera system. 

Rheology. The rheological study of the hydrogel samples was done on a TA-AR 2000 

rheometer, using a cone-geometry with 40 mm diameter. All measurements were 

performed with a fixed gap of 55 μm between the geometry and the plate. The hydrogel 

samples were melted to obtain a homogeneous solution. Aliquots of the solution were 

transferred to the center of the rheometer plate and a very small oscillatory stress of 0.1 

Pa was applied to record the storage moduli (G') and loss moduli (G'') until a plateau was 

observed. Oscillatory frequency sweep experiments of the equilibrated hydrogel were 

performed in the linear viscoelastic region at 25 oC, with a constant stress of 0.1 Pa, for a 

scale from 0.01 to 100 Hz. Oscillatory stress sweep experiments were performed at 25 oC, 

with a constant frequency of 1 Hz. Oscillatory temperature sweep experiments were 

performed in the range of 20-70 oC at 1 Hz with a oscillatory stress of 0.1 Pa. 
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3.5.2 Supporting data 

Scheme 3.S1 Synthesis of the dimer a 

 

a Reaction conditions: (a) NHS/DCC in THF/ACN, 18 h, room temperature; (b) 
Diethylenetriamine in DMF, 2 h, 60 oC. 
 

Table 3.S1 The acids tested and the minimum gelation concentrations of the cholic acid 

dimer 

Carboxylic acids, 
[-COOH] = 40 mM 

Chemical 
structure 

pKa Dimer MGC a 

(mM) (wt%) 

Formic acid  3.8 5.5 0.49 

Acetic acid 
 

4.9 8.0 0.71 

Propionic acid 
 

4.9 6.5 0.58 

Butyric acid 
 

4.8 5.5 0.49 

Succinic acid 
 

4.2, 5.6 4.0 0.35 

Malic acid 
 

3.4, 5.2 3.0 0.27 

Tartaric acid 
 

3.2, 4.8 1.5 0.13 

a Estimated minimum gelation concentration (MGC) of the dimer in the presence of the 

carboxylic acids (monoacids at 40 mM and diacids at 20 mM).  
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Figure 3.S1 Behavior of the dimer in the presence of certain carboxylic acids: (A) 

Homogeneous solution obtained from the dimer and trifluoroacetic acid; (B) 

Precipitation, which occurred after the addition of water into the mixture of the dimer and 

trifluoroacetic acid; (C) Viscous and cloudy liquid obtained from an aqueous solution of 

acetic acid and the dimer (both at 20 mM); (D) Transparent and stable hydrogel obtained 

from an aqueous solution of acetic acid (40 mM) and the dimer (20 mM). 

 

 

Figure 3.S2 Viscoelastic properties of the dimer-acid hydrogel (20 mM dimer-40 mM 

acetic acid) in water: (A) Gelation over time; (B) Oscillatory stress sweep; (C) Frequency 

sweep; (D) Oscillatory temperature sweep. G' (closed circles), G'' (open circles). 
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Figure 3.S3 Viscoelastic properties of the hydrogels formed by the cholic acid dimer (20 

mM) and various concentration of (A) Acetic acid. (B) Succinic acid. Tgel-sol: gel-sol 

transition temperature. 

 

 

Figure 3.S4 AFM images (black scale bar = 200 nm) of the fibrillar network in hydrogels 

formed by (A) 6 mM dimer and 12 mM acetic acid (the white arrows indicate entwined 

nanofibers), and (B) 0.6 mM dimer and 0.6 mM tartaric acid. 
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Figure 3.S5 The CD spectra of the hydrogel samples formed with (A) 6 mM dimer and 

12 mM acetic acid; (B) 0.6 mM dimer and 0.6 mM tartaric acid; and (C) 6 mM dimer and 

6 mM tartaric acid. 

 

 

Figure 3.S6 1H NMR spectra of hydrogel of acetic acid-dimer (40 mM-20 mM) in D2O 

at different temperatures. Peaks a, b, and c indicate the protons at methyl groups on the 

cholic acid dimer, peak d is from protons of the methyl group on acetic acid, peak e is 

from protons of trioxane added as an internal standard, the peaks at about 4.7 that varies 

with temperature are water solvent residual signals. 
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Figure 3.S7 FT-IR spectra of (A) succinic acid; (B) the dimer; (C) aerogel of succinic 

acid-dimer (20 mM-20 mM). 
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Chapter 4  

Self-assembly of a bile acid derivative in aqueous solutions: 

From nanofibers to nematic hydrogels* 

 

Abstract 

A mixture of a cholic acid dimer with a secondary amine group and formic acid at a 

molar ratio of 1/1 is regarded as an organic salt and it self-assembles in aqueous solutions 

to form monodisperse nanofibers. The nanofibers are separated at low concentrations of 

the mixture but entangle with each other at high concentrations to form well-dispersed 

and randomly-arranged 3-D fibrous networks. Above the minimum gelation concentration 

of the dimer, the fibrous network is strong enough to gelate the aqueous solutions to form 

a hydrogel. Hydrogels obtained from the dimer salt at a lower concentration are isotropic 

and show dark field under polarized microscope, whereas they become anisotropic (i.e. 

nematic hydrogels) upon increasing the dimer salt concentration or under physical 

stirring. The parallel arrangement of nanofibers from randomly-directed fibrous networks 

may be responsible for the formation of such nematic hydrogels. 

 

4.1 Introduction 

 Molecular gels may exist as self-assembled fibrillar networks (SAFINs) due to the 

interaction of low-molecular-weight gelators and specific solvents.1 The fibers have 
*Published as an article: M. Zhang; C. Fives; K. C. Waldron; X. X. Zhu. Langmuir 2017, 

10.1021/acs.langmuir.6b04033 

Contributions of author other than supervisors 

Meng Zhang: Experimental design and conduction, data analysis, manuscript writing. 

Colin Fives: Rheological measurements and optical microscopic observation of hydrogels. 
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diameters of nanometers and lengths in excess of micrometers, and can entangle with each 

other to yield stable 3-D networks, which immobilize the solvent via surface tension.2 

Molecular gels are mostly isotropic with well-dispersed and randomly-directed nanofibers, 

whereas some of them have been reported to behave as lyotropic liquid crystals, thus the 

so-called “nematic gels”.3-6 Such nematic molecular gels may be useful in applications 

such as tissue engineering, cell culture and mechano-optical sensing.6-7 

Bile acids are natural compounds that exist in large quantities in the gallbladder of 

humans and most animals, acting as emulsifiers to promote the digestion and absorption 

of lipids and fat-soluble vitamins.8 Their sodium salts were reported to form micelles or 

lyotropic liquid crystals in aqueous solutions depending on their concentrations,9 and 

sodium lithocholate, the most hydrophobic bile acid sodium salt, was reported to form 

monodispersed nanotubes with ordered arrangement.10-14 A series of bile acid derivatives 

have been shown to gelate in either organic solvents or aqueous solutions,15-19 yielding 

organogels or hydrogels, some of which behaved as liquid crystals and showed optical 

textures when observed by a polarized optical microscope.20-21 The mechanism for such 

liquid crystalline behavior of gels based on bile acids, however, remains unclear to date. 

Previous work in our group showed that a cholic acid dimer with a diethylenetriamine 

linker can interact with various carboxylic acids by the protonation of the secondary amine 

group of the dimer and hydrogen bonding with the amide group to yield hydrogels.22 We 

found that some of these hydrogels show iridescent optical textures under crossed 

polarized films when a relatively high concentration of the gelator is present. Inspired by 

this discovery, we studied the concentration-dependent self-assembling behavior of a 

mixture of the same dimer and formic acid at a molar ratio of 1/1. Formic acid is selected 

for its simplicity in all the carboxylic acids tested. The acid-base interaction between the 

carboxylic acid group and the secondary amine group on the dimer forms an organic salt. 

We discuss both the optical and mechanical properties of the hydrogels, which are 

observed to depend on the concentration of the dimer salt. The study of the hydrogels 

based on this organic salt will lead to a better understanding of the molecular 

hydrogelation system. 
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4.2 Experimental section 

Materials and methods. All the chemicals were purchased from Sigma-Aldrich and 

used without further purification. The samples were prepared with fresh Milli-Q water. 

The calculated amount of the cholic acid dimer and formic acid were dissolved in water 

under heating to obtain a solution with desired concentrations of the dimer salt. The hot 

solution was cooled down and equilibrated at room temperature for several hours. The 

samples were examined for signs of gelation by inversion of vials. 

Fluorescence spectroscopy. Pyrene was dissolved in acetone and diluted with water to 

obtain a stock solution of 0.3 μM, which was used throughout the fluorescence 

measurements. A stock solution of the dimer/formic acid salt having a concentration of 

1.0 mM was prepared in the pyrene stock solution and diluted afterward with the pyrene 

stock solution to the desired concentrations. The samples were equilibrated at room 

temperature for 24 hours before use. The emission fluorescence spectra of pyrene were 

recorded at room temperature on a Cary Eclipse fluorescence spectrophotometer (Agilent 

Technologies) with an excitation wavelength at 335 nm. The slit widths of excitation and 

emission were both at 2.5 nm. The intensity ratio of the third over the first emission band 

(I3/I1) was measured to monitor the relative hydrophobicity of the environment around 

pyrene.23 

Rheology. The rheological tests of the hydrogel samples were carried out on an AR 

2000 rheometer (TA Instruments) with a cone geometry of 40 mm diameter, and a fixed 

gap of 55 μm between the geometry and the plate was used during the measurements. The 

hydrogel samples were “melted” in a water bath at 60 oC, and aliquots of the hot solutions 

were put in the center of the rheometer plate and allowed to cool to re-form the hydrogel. 

The storage modulus (G') and loss modulus (G'') were measured at 25 oC with a very small 

oscillatory stress of 0.05 Pa and an oscillatory frequency of 1 Hz until a plateau was 

reached. The oscillatory stress sweep test was conducted afterward at 25 oC with a 

constant oscillatory frequency of 1 Hz. Both G' and G'' remained constant when the 

oscillatory stress was small but started to decrease at higher values of stress. The 

oscillatory stress causing a 10% decrease in G' was regarded as the yielding stress.24 



 

 

85 

Measurements of both moduli and yielding stress (δ*) were repeated three times to obtain 

the average value and error. Oscillatory temperature sweep experiments were performed 

in the range of 20-70 oC at 1 Hz with an oscillatory stress of 0.5 Pa. 

Transmission electronic microscopy (TEM). The hydrogel samples were drop-casted 

on carbon-coated cooper grids (300 mesh, Carbon Type-B, Ted Pella, Inc.) at room 

temperature and dried under vacuum. Samples were observed on FEI Tecnai 12 TEM at 

80 kV, equipped with AMT XR80C CCD camera system. 

Polarized optical microscopy (POM). Hydrogel samples were melted and the resultant 

hot solution was transferred into the 1 mm quartz cells and cooled down at room 

temperature to re-form the hydrogels. The hydrogels were observed under an Axioskop 

polarized optical microscope (Zeiss). 

Small-angle X ray scattering (SAXS). The hot solutions with desired concentration of 

the dimer salt were transferred into glass capillaries (1.5 mm diameter, Cedarlane) and 

equilibrated at room temperature to re-form the hydrogel. The glass capillaries were then 

fixed inside a vacuum chamber of a Nanostar X-ray instrument (Bruker) with a Vantec 

2000 2-D detector and a 50 kV 0.6 mA generator, at a sample-to-detector distance of 

107.25 cm. The SAXS measurements were carried out using a scanning time of 2 h at 

room temperature on a pressure below 0.2 mbar. Both the scattering images and curves 

were obtained by solvent subtraction. 

 

4.3 Results and discussion 

We recently reported that a cholic acid dimer linked via a secondary amine tether 

formed hydrogels with selected carboxylic acids by the protonation and hydrogen bonding 

of its secondary amine and amide groups.22 The mechanical strength of the hydrogels 

strongly depends on the chemical structure of the acids and the acid/dimer molar ratio. 

Acids that can interact with each other by hydrogen bonding and hydrophobic interactions 

through the side chains yielded stronger hydrogels with the dimer, and a hydrogel was 
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obtained only when the [-COOH]/[dimer] ratio was equal or higher than 2, whereas too 

much acid weakened the hydrogels.22 Exceptionally, formic acid was able to form a 

hydrogel with the dimer at a molar ratio of 1/1 because the carboxylic acid group and 

formyl group are able to participate in hydrogen-bonding with the amide groups on the 

dimer, in addition to the protonation of the secondary amine group. To study the 

concentration-dependent properties of the hydrogels without variation of the acid/dimer 

ratio, the cholic acid dimer and formic acid was mixed at a molar ratio of 1/1 in aqueous 

solutions to yield an organic salt and its self-assembling behavior is shown by the images 

in Fig. 1. The optical and mechanical properties of the hydrogel depend strongly on the 

concentration of the dimer salt, as discussed in more details further on. 

The formic acid/dimer salt was produced in water to form transparent solutions at low 

concentrations. A stable transparent hydrogel was obtained when the concentration of the 

dimer salt was higher than 8 mM, which is the minimum gelation concentration (MGC). 

Hydrogels with the dimer salt slightly higher than the MGC were isotropic. For example, 

a hydrogel with 14 mM dimer salt showed extinction when observed by both POM and 

crossed polarized films (Fig. 1B). Such a hydrogel may be disrupted to yield a viscous 

liquid after agitation, which behaves as a liquid crystal showing colorful textures between 

crossed polarized films (Fig. 1C). Such textures indicate the existence of ordered 

aggregates upon agitation, which can weaken the gels.10 When the dimer salt 

concentration reaches 15 mM, the hydrogel samples show optical textures when observed 

under POM, and gels with even higher dimer salt concentration show brighter textures 

(Figs. 1D to F). When a hydrogel at a dimer concentration of 25 mM was equilibrated at 

45 oC (Tgel-sol of the hydrogel with 25 mM dimer salt is about 55 oC) for 20 minutes, the 

nematic hydrogel changed to an isotropic one. 



 

 

87 

 

Figure 4.1 (A) The chemical structure of the formic acid/cholic acid dimer salt. The 

hydrogel made from 14 mM the dimer salt observed between the crossed polarized film 

(B) before and (C) after agitation. The POM images of hydrogels having the dimer salt at 

concentrations of (D) 15 mM, (E) 20 mM, and (F) 25 mM. 

 

Fluorescence spectroscopy is effective in the study of the formation of assemblies. 

Pyrene was used as a probe to study the self-assembling behavior of the organic salt in 

aqueous solutions. The intensity ratio of the third (I3) over the first (I1) emission peaks is 

sensitive to the environment in which the nonpolar pyrene molecules are located, where 

a higher I3/I1 ratio indicates the probes is in a more hydrophobic environment.25-26 At low 

concentrations of the dimer salt, the value of the I3/I1 ratio in pyrene fluorescence spectra 

did not show an obvious change and remained similar to that in pure water (Fig. 2), 

indicating that the dimer salt was soluble in water as free molecules. The value of I3/I1 

only started to rise when the dimer salt concentration was higher than 60 μM, which is 

regarded as the first critical aggregation concentration (CAC1). This concentration is much 
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lower than the critical micellar concentration (CMC) of sodium cholate (> 10 mM) due to 

the greater hydrophobicity of the dimer salt.27 A second abrupt increment of the I3/I1 ratio 

was observed when the concentration of the dimer salt reached 300 μM (CAC2), indicating 

a secondary aggregation in the solution. All the pyrene molecules appear to exist as single 

molecules in the dimer salt solutions because no excimer peak indicative overlapped 

pyrenes was observed in the fluorescence spectra of the pyrene, which is different from 

other reported gelation systems based on bile acids.28-29 

 

Figure 4.2 Variation of the I3/I1 ratio of pyrene fluorescence spectra as a function of the 

dimer salt concentration. The lines have been drawn as visual guides. 

 

Rheological measurements indicate that higher concentrations of the dimer salt in 

water yielded hydrogels with better mechanical properties (Fig. 3). The gel-sol transition 

temperature (Tgel-sol) increases from 49 to 57 oC when the concentrations of the dimer salt 

was varied from 10 to 35 mM (Fig. 3A). The enthalpy change of the gel-sol transition 

may be calculated by plotting the concentration against the reciprocal of Tgel-sol in the form 

of an equation developed by Eldridge and Ferry:30-32 
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𝑙𝑛	(𝐶) 	= 	 ∆7
89:;<=>?<

	+ 𝑘  (1) 

where C is the concentration of the gelator, ΔH is the enthalpy change associated with the 

formation of fibrous network, R is the gas constant, and k is a constant. The estimated 

value of ΔH from Fig. 3A is about -139 kJ/mol. 

 

Figure 4.3 Rheological properties of hydrogels at various concentrations of the dimer salt. 

(A) Gel-sol transition temperature, the blue line was drawn as a visual guide. (B) Storage 

modulus and yielding stress, the black and red lines were obtained from linear fitting with 

slope values marked besides the segments. 
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The properties of the entangled worm-like micelles (or nanofibers), such as storage 

modulus (G'), static viscosity and self-diffusion coefficient, are strongly dependent on the 

concentration of the surfactant and follow scaling laws in the form of power increment 

(ex. G' = kCn) where the exponent values vary in different systems.33 Fig. 3B shows the 

relationship between the value of G' of the hydrogel and concentrations of the dimer salt, 

and the value of G' increased for about 1000 times when the concentration of the dimer 

salt increased from 9 to 35 mM. The G' values follow scaling laws in the concentration 

ranges with different values of the scaling exponent, ranging from about 6.4 between 9 

and 15 mM to about 3.9 at higher concentrations (15-35 mM, Fig. 3B). Plotting curves of 

the yield stress (δ*) of these hydrogels with concentration also showed similar exponent 

values (6.2 and 3.7, respectively). 

Certain molecular hydrogels based on bile acids have been studied as colloidal gels 

involving floc-like elements,20, 34 and their mechanical properties (such as G') followed 

scaling laws with the gelator concentrations where the exponent values depended on the 

relative strength of interactions between and within the flocs. Two regimes can be defined: 

the “weak-link regime”, where the mechanical properties of the gels are determined by 

the inter-floc interactions, and the “strong-link regime”, where the mechanical properties 

are determined by the intra-floc interactions.20, 34 In the weak-link regime, the values of G' 

and δ* may be predicted by the following expression:35-36 

G", 𝛿∗ ∝ 𝐶F/(HIJK)  (2) 

where C is the gelator concentration and df is the fractal dimension of the flocs, which 

reflects how the mass of the colloidal material within a floc scales with the floc size. The 

exponent values of G' and δ* with the concentration in the “strong-link regime”, however, 

are not consistent with each other, the value of G' increases with the concentration while 

that of δ* show a decrease at high gelator concentration.35 The similarity of the scaling 

exponent value between the G' and δ* (Fig. 3B) with the dimer salt concentration may 

indicate that this particular hydrogelation system is in the “weak-link regime”, which 

means that the mechanical strength of the hydrogels is mainly determined by the 

interactions between nanofibers via junction points. 
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The transmission electron microscopy (TEM) images show the morphology of the self-

assemblies of the dimer salt in aqueous solutions at various concentrations (Fig. 4). 

Monodispersed and isolated nanofibers with diameters about 20 nm start to be observed 

at a dimer salt concentration of 60 μM (Fig. 4A), corresponding to CAC1 shown in Fig. 2. 

Nanofibers become more abundant at higher dimer concentrations and tend to intertwine 

with each other to yield a network, as shown by the arrows in Fig. 4B, corresponding to 

the beginning of the second aggregation concentration (CAC2) at 0.5 mM. The intertwined 

nanofibers may provide a more hydrophobic environment to accommodate the nonpolar 

pyrene molecules, leading to an increase of I3/I1 on fluorescence spectra as seen in Fig. 2. 

With lower density of the fibers, the mixture remains as a solution and becomes a 

transparent hydrogel only when the concentration of the dimer salt reached the minimum 

gelation concentration of 8 mM, where higher density of the fibrillar networks can be 

observed (Fig. 4D). 
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Figure 4.4 TEM images of self-assemblies of the dimer salt in water upon equilibration 

at concentrations of (A) 0.06 mM (sol), (B) 0.5 mM (sol), (C) 2 mM (sol), (D) 8 mM 

(gel), (E) 30 mM (nematic gel), and (F) 2 mM after stirring for 30 min (sol). (Black scale 

bar = 500 nm). 

 

The nanofibers in the aqueous solutions can form ordered secondary aggregates via 

parallel arrangement under certain conditions. For example, increasing the concentration 

of the dimer salt induced the ordered arrangement of the nanofibers. In a nematic hydrogel 
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with dimer salt concentration of 30 mM, parallel arranged nanofibers were observed by 

TEM (Fig. 4E). Alternatively, physical stirring of a solution of the dimer salt at 2 mM for 

30 min induced alignment of the nanofibers (Fig. 4F). The stirring applies a shear force 

to the nanofibers so they may be aligned with the direction of the flow. Ordered nanofibers 

are similar to the polymer chains in a polymer crystal,37 and may be responsible for the 

liquid crystalline properties of hydrogels when the concentration of the dimer salt is above 

15 mM or the salt solution is stirred (Figs. 1D to F).4-5 Such parallel fibrous arrangements 

can also reduce the density of the junction points between nanofibers, which is the 

determining factor for the elasticity of hydrogels. Therefore, a hydrogel having such 

ordered structures may be weaker than one having randomly directed fibrillar networks at 

the same concentration.10 For example, agitation of a stable isotropic hydrogel leads to the 

formation of a nematic fluid (Figs. 1C and F). Formation of such aligned fibrous 

aggregates may also be responsible for the lower scaling exponent values of both G' and 

δ* for the nematic hydrogels than that from isotropic gels at low concentrations. The 

aligned aggregates in nematic gels may increase the degree of anisotropy and reduce the 

value of the fractal dimension from a randomly distributed fibrous network,38-39 which 

subsequently yield lower scaling exponent values in Fig. 3 according to equation 2 (the 

estimated values of df from the scaling exponents in Fig. 3B are about 2.84 and 2.73 for 

the concentration ranges of 9-15 and 15-35 mM, respectively). 

Small-angle X-ray scattering (SAXS) experiment was conducted to characterize the 

hydrogels based on the dimer salt. When the test capillary tube was placed in the 

instrument vertically, the 2-D SAXS pattern of a hydrogel sample with 30 mM dimer salt 

showed a strongly anisotropic pattern of two intense spots lying along the horizontal 

equatorial line (Fig. 5A). Such an image indicates that the nanofibers in the hydrogel are 

highly oriented with an elongational axis parallel to the capillary axis, which confirms the 

observation of ordered aggregates by TEM (Fig. 4E). The SAXS diffractogram in Fig. 5B 

shows the relationship between the intensity (log I) and the scattering vector (log Q), 

where Q is equal to (4π/λ) sinθ. Theoretically, the intensity of the SAXS diffractogram 

(I) for a solid nanofiber with a diameter of D may be modeled by the following 

expression:10, 40 
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  (3) 

where J1(QD/2) is the Bessel function of the first kind. However, a peak mismatch was 

found between the experimental spectrum and the theoretical modeling curve of the 

nanofibers for D = 20 nm (Fig. 5B, red line, where the diameter value was estimated from 

Fig. 4A), whereas a modeling curve of nanofibers with D = 28 nm shows the same peak 

as the experimental spectrum (Fig. 5B, blue line). This is about 8 nm thicker than the 

fibers observed by TEM since the sample in the SAXS measurements remained hydrated 

while that for the TEM experiments was dried. The difference of 8 nm represents most 

probably the thickness of the water layer between two parallel and adjacent fiber segments. 

I ∝ J1(QD / 2)
QD / 2

⎡

⎣
⎢

⎤

⎦
⎥

2
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Figure 4.5 SAXS result of a nematic hydrogel sample with 30 mM dimer salt. (A) 2-D 

SAXS pattern image. The white arrow indicates the director n of the nematic hydrogel. 

(B) SAXS diffractogram of the hydrogel (black open circles), theoretical fitting curve of 

for nanofibers of 20 nm diameter (red line), and theoretical fitting curve for 28 nm 

nanofibers (blue line). 

 

4.4 Conclusions 

Gelation can be regarded as an intermediate transient state for a solution to crystallize 

when the solute molecules are more ordered, or to precipitate when the solute molecules 

are disordered. The nematic hydrogels obtained in this study exemplify the final state of 

the system with ordered fine structures/morphologies observed microscopically. In 



 

 

96 

summary, an organic salt based on the cholic acid dimer and formic acid can self-assemble 

in aqueous solutions to form nanofibers above its CAC of 60 μM. The isolated nanofibers 

entangle with each other at concentrations above the CAC. When the concentration of the 

dimer salt reaches the minimum gelation concentration, the 3-D network of entangled 

nanofibers is strong enough to immobilize the aqueous solution and form a stable hydrogel. 

The randomly directed fibrous network then transits to ordered aggregates with aligned 

nanofibers upon the stirring of the hydrogel or at high salt concentrations. The aligned 

nanofibers cause changes in both the optical and mechanical properties of hydrogels, and 

make them behave as liquid crystals, although showing weaker mechanical strength of 

the hydrogels or lower scaling exponent value with concentrations. Such hydrogels are 

sensitive to a change in their environment change and may find use in areas such as drug 

delivery and cell culture.7 Formic acid has been studied in detail here, but such a behavior 

is more general and was also observed for the cholic acid dimer salts with other carboxylic 

acids, such as acetic acid, succinic acid and tartaric acid. 
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Chapter 5  

Supramolecular hydrogels formed by CO2 and bile salts in 

water* 

 

Abstract 

Bubbling carbon dioxide (CO2) into aqueous solutions of bile salts such as sodium 

deoxycholate caused a gelation of the solution, forming a hydrogel made of entirely 

natural biological molecules and providing a convenient storage reservoir of CO2 in water. 

The carboxylate group of the bile salt becomes protonated in the aqueous solutions to 

make the bile acid only marginally soluble in water, which induces the formation of a 

hydrogel with nanofiberous structures. Such hydrogels show reversible gel-sol transition 

by purging CO2 and N2 alternatively. The mechanical properties of the hydrogels may be 

varied by the amounts of CO2 in the media, reaching a peak value of the storage modulus 

of the hydrogel. Bubbling CO2 initially yielded a transparent hydrogel which upon 

continued purging became mechanically stronger but finally rather opaque. The hydrogels 

may be mechanically strengthened by the addition of inorganic salts such as NaCl. 

5.1 Introduction 

Bile acids are natural compounds in the body of humans and most animals and help in 

the digestion of fats and fat-soluble nutrients. Though amphiphilic in nature, bile acids 

are generally hydrophobic and their solubility in water is limited.1 In their salt form, 

*M. Zhang and X. X. Zhu. Submitted for publication as a communication in Angew. Chem. Int. Ed. 

Contributions of author other than supervisor 

Meng Zhang: Experimental design and conduction, data analysis, manuscript writing. 
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however, they are quite soluble in water to form micelles or lyotropic liquid crystals 

depending on their concentration.2 

CO2 is a common and nontoxic gas and has gained much attention due to its 

environmental importance and its potential applications. It may be bound to polymers 

bearing primary or secondary amine in non-aqueous solutions to form carbamates, making 

polymer chains cross-linked to yield organogels that may be useful in paint surface 

cleaning.3-4 Organogels may be obtained by the binding of CO2 to primary or secondary 

amines bearing relatively long alkyl chains in organic solvents such as ethanol, DMSO, 

and silicon oil.5-6 CO2 is slightly soluble in water and its acidity helps to protonate 

functional groups such as carboxylates and amines, changing the hydrophobicity of 

certain pH-responsive polymers and their aggregation behaviors in aqueous solutions,7-11 

and may induce gel-sol phase transition in such polymers.12 

Several low-molecular-weight compounds with long alkyl chains bearing amine group 

were reported to interact with CO2 to form supramolecular hydrogels with worm-like 

micelles (nanofibers) in aqueous solutions.13-15 The hydrogels were quite weak with a 

complex modulus lower than 10 Pa (at 2 wt% of gelators), which may restrict their 

applications. In this work, we found that bubbling CO2 into the aqueous solutions of bile 

salts such as NaDC yielded hydrogels with varying mechanical strengths. The appearance 

and mechanical properties of the hydrogels were found to depend strongly on the amount 

of CO2 introduced. 

 

5.2 Results and discussions 

We have tested several bile salts for their gelation behavior in water with CO2. The 

ease of gelation is found to depend on the relative hydrophilicity of the bile salt. Sodium 

cholate (NaC), the most hydrophilic one, does not form a hydrogel even after purging 

with CO2 (Fig. 5.S1A). The most hydrophobic bile salt, sodium lithocholate (NaLC, Fig. 

5.1A), however, already forms a hydrogel when its concentration in water is sufficiently 

high (3 wt%, Fig. 5.S1E). At a lower concentration (2 wt%, Fig. 5.S1D), a bluish viscous 
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solution is obtained, which turns into an opaque hydrogel upon purging with CO2 (Fig. 

5.S1C), and the gelation is thermally irreversible. NaDC and sodium chenodeoxycholate 

(NaCDC) (Fig. 5.1A) are intermediate in terms of hydrophilicity among the bile acids and 

may be dissolved in water to form transparent solutions, which can then turn into 

hydrogels upon bubbling of CO2 (Figs. 5.1B and 5.S1B). A hydrogel based on sodium 

deoxycholate (NaDC) can be obtained within several minutes after bubbling CO2, while 

the formation of a stable hydrogel by NaCDC requires a longer equilibration time (more 

than 24 h). Therefore, NaDC is taken as a convenient example to study the hydrogels 

based on bile salts and CO2, due to its advantages such as fast gelation and thermo-

reversibility. Bubbling CO2 into the aqueous solutions of NaDC yields a weak transparent 

hydrogel initially (at 1 or 2 s, Fig. 5.1C), and then an opaque hydrogel when purged longer 

with CO2 (at ca. 5 s, Fig. 5.1D). These transparent and opaque hydrogels may both transit 

back to transparent solutions by heating and by bubbling N2. The sol-gel transition process 

is reversible and repeatable (Fig. 5.1). 

 

Figure 5.1 (A) The chemical structure of NaLC, NaCDC, NaDC, and NaC. (B) An 

aqueous solution of 2 wt% NaDC. (C) A transparent hydrogel with 2 wt% NaDC by 

bubbling CO2 for 2 s, (D) An opaque hydrogel with 2 wt% NaDC by bubbling CO2 for 5 

s. 

 

Bile salts form micelles in aqueous solutions above the critical micelle concentration 

(CMC), which may vary with the temperature,16 ionic strength,17 and the presence of 

additives such as a dimeric bile salt.18 Pyrene may be used as a fluorescent probe to study 
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the micellization of lipids by monitoring the changes of the intensity ratio of the third to 

the first peak (I3/I1) of its fluorescence spectrum.19 A two-step increment of the I3/I1 ratio 

(Fig. 5.S2) indicates the formation of primary and secondary micelles at concentrations 

of approximately 3 and 5 mM, respectively 16, 20. 

The morphological transition of NaDC in aqueous solutions with various amounts of 

CO2 was studied by transmission electron microscope (TEM). NaDC (at 10 mM) forms 

non-spherical micelles in aqueous solutions with an average diameter of about 10 nm (Fig. 

5.2A), which are the secondary micelles of NaDC with aggregation numbers of 10-100.21 

When the concentration of CO2 reaches 4 mM in the solution, NaDC self-assembles to 

form nanofibers with diameters about 10-20 nm (Fig. 5.2B), and a transparent hydrogel 

is obtained. When the concentration of CO2 further increases to 40 mM, the hydrogel 

becomes opaque, and a mixture of thin nanofibers and thicker nano-shreds is obtained 

(Fig. 5.2C). 

 

Figure 5.2 TEM images of (A) aqueous solution with 10 mM NaDC, (B) transparent 

hydrogel with 10 mM NaDC and 4 mM CO2, and (C) opaque hydrogel with 10 mM NaDC 

and 40 mM CO2. (D) Schematic representation of the mechanism for the formation of 

hydrogels from aqueous solutions of NaDC and further aggregation with increasing 

contents of CO2. 
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It is known that the carboxylate and hydroxyl groups of bile salts face the aqueous 

environment to stabilize the micelles, and the hydroxyl groups on the surface of micelles 

may interact with each other to yield secondary micelles.22 When CO2 is introduced into 

the aqueous solutions containing NaDC micelles, the carboxylate groups may be 

protonated. The micelles may be linked through hydrogen bonding between the 

protonated carboxylate groups, yielding nanofibers with a diameter in the same range of 

the size of the NaDC micelles (Fig. 5.2B), and leading to the formation of transparent 

hydrogels. With increasing content of CO2, more of the carboxylate groups become 

protonated, facilitating the formation of more hydrogen bonds between the nanofibers, 

yielding thicker nano-shreds (opaque gels). The process is illustrated in Fig. 5.2D. 

The mechanical properties of the hydrogels depend on the content of CO2 in the 

solutions. At a low concentration of CO2 (8 mM), the NaDC solution (23 mM, 1 wt%) 

remains transparent without the formation of a hydrogel. Increasing the concentration of 

CO2 to 12 mM, a weak transparent hydrogel with a storage modulus (G') of 16 Pa is 

obtained, but turns more opaque and stronger (G' about 46 Pa) when the concentration of 

CO2 reaches 40 mM. Beyond this point, the hydrogel becomes more turbid and weaker 

(Fig. 5.3A), which may be caused by the formation of thicker nano-shreds (Fig. 5.2C) that 

may reduce the homogeneity and the density of the junction points in the 3-D network.23 

The initial gels are rather weak like most of the hydrogels based on NaDC,24-25 but the 

gelation process increases the amount of CO2 absorbed in the aqueous mixture and further 

stabilizes the dissolved CO2. This is in agreement with the observation that aqueous 

solutions of NaDC formed hydrogels when the pH value of the solution is reduced to 

around 7,26-29 and further decrease in pH causes the weakening of the hydrogels or 

precipitation.24, 28 
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Figure 5.3 Mechanical properties and morphology of hydrogels obtained from NaDC (23 

mM) and CO2. (A) The variations of G' and pH value of the system with the concentration 

of CO2. (B) Variation of G' and G'' of the hydrogel at 40 mM CO2 with the addition of 

NaCl in the mixture. The lines are drawn as visual guides. AFM images of hydrogels (C) 

with 40 mM CO2 and (D) with 40 mM CO2 and 200 mM NaCl. 

 

The mechanical strengths of the hydrogels of NaDC and CO2 may be improved by the 

addition of inorganic salts such as NaCl, due to the salting-out effect (Fig. 5.3B). In a 

hydrogel with 23 mM NaDC and 40 mM CO2, the storage and loss moduli G' and G'' are 

low and similar in value when the concentration of NaCl is low (<50 mM). When the 

concentration of NaCl is higher (>75 mM), the G' of hydrogel increases significantly to 

about 3000 Pa when NaCl concentration reaches 200 mM, while the G'' value does not 

show any significant change. These hydrogels are among the toughest gels with storage 

moduli much higher than those of the NaDC hydrogels formed in phosphate buffer 

solutions (~1000 Pa for a gel with 174 mM NaDC, > 7 times more concentrated than the 

solutions used in the present work) or formed by the addition of HCl (~3 Pa for a gel with 

100 mM NaDC) and organic acids (~600 Pa for a gel with a mixture of 200 mM NaDC 
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and 20 mM L-tartaric acid).24, 29-30 Higher concentrations of NaCl beyond 300 mM caused 

the formation of white precipitates. 

The atomic-force microscope (AFM) images show the morphology variations of the 

hydrogels induced by salting-out effect (Figs. 5.3C and D). The image of the turbid 

hydrogel with 23 mM NaDC and 40 mM CO2 shows a mixture of fine nanofibers and 

thicker nano-shred (Fig. 5.3C), which is consistent with the TEM image of the opaque 

hydrogels (Fig. 5.2C). Upon the addition of NaCl, the transparent hydrogel shows a 

network of well-dispersed nanofibers with diameters of about 60-100 nm without any 

thick nano-shred (Fig. 5.3D). The addition of NaCl into the solution of NaDC and CO2 

interferes the formation of large aggregates during the gelation process. The hydrophobic 

interaction between NaDC molecules may be enhanced by the salting-out effect of NaCl,31 

leading to the formation of stronger nanofibers, and thus hydrogels of improved 

mechanical strength and higher transparency. 

The FT-IR spectrum of deoxycholic acid (DCA) shows two peaks at 1715 and 1698 

cm-1 (Fig. 5.4A), related to the C=O stretching vibration of free and hydrogen-bonded 

carboxylic acid groups, respectively. The sharp peak at 3550 cm-1 confirms the existence 

of free carboxylic acid groups. These bands are absent in the spectrum of NaDC. Instead, 

NaDC shows a different band at 1555 cm-1 (Fig. 5.4B), which is related to the C=O 

stretching vibration of the carboxylate group. The hydrogels were then freeze-dried to 

obtain aerogels, which showed both peaks of the carboxylate and hydrogen-bonded 

carboxylic acid, and the intensity of the latter peak increased with increasing content of 

CO2 in the gel (Figs. 5.4C-F). The change in the IR spectra indicates the gradual 

protonation of the carboxylate groups by interacting with CO2 and hydrogen-bonding. The 

hydrogen bonding of the carboxylic acid groups may be crucial to the formation of the 

hydrogels. 
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Figure 5.4 FT-IR spectra of (A) DCA; (B) NaDC; and the freeze-dried aerogels of 23 

mM NaDC with CO2 at a concentration of (C) 16 mM, (D) 24 mM, (E) 48 mM, and (F) 

64 mM. 

 

5.3 Conclusions 

In summary, bubbling CO2 into the aqueous solutions of selected bile salts such as 

NaDC and NaCDC led to the formation of hydrogels. The gels are generally weak but 

provide an interesting way to absorb and maintain CO2 in water. The otherwise water-

soluble bile salts such as NaDC may be protonated by CO2 to make it only marginally 

soluble to yield a hydrogel. The hydrogen bonding and the formation of nanofibers are 

the key factors in the gelation process. Larger amounts of CO2 increase the degree of 

protonation of the carboxylate groups and the density of hydrogen bonds, leading to the 

bundling of the fibers into thicker nano-shreds, so that the hydrogels become opaque. The 

mechanical properties of the hydrogels may be enhanced by the addition of an inorganic 

salt such as NaCl via the salting-out effect. The fact that both bile salts and CO2 are natural 
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biological compounds should make such hydrogels biocompatible and potentially useful 

in biomedical applications such as cell culture, tissue engineering and drug delivery. 
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5.5 Supporting information 

5.5.1 Experimental section 

Materials and method Sodium deoxycholate (NaDC), sodium chenodeoxycholate 

(NaCDC) sodium cholate (NaC), lithocholic acid (LCA), and sodium chloride were 

purchased from Sigma-Aldrich and used without further purification. CO2 was purchased 

from Praxair. All the samples were prepared with fresh Milli-Q water. 

Sodium lithocholate (NaLC) was obtained by dissolving LCA in aqueous solution with 

equimolar of NaOH under heating. CO2 was introduced into aqueous solutions of NaDC, 

NaCDC, NaC, and NaLC by bubbling for a few seconds, and the mixtures were 

subsequently equilibrated at room temperature to check the formation of hydrogels.  

The solubility of CO2 in pure water at 0 oC under ambient pressure was reported to be 

about 80 mM.32 CO2 was purged into degassed Milli-Q water in an ice bath for at least 1 

hour to obtain a saturated CO2 solution. Purging of CO2 was continued until the solution 

was used.33 The saturated CO2 solution was diluted to desired concentrations and used to 

induce the hydrogelation of bile salts. 

The pH value of the hydrogels from NaDC was measured by Benchtop pH Meter 

(SPER Scientific). Freshly prepared aqueous solutions with calculated amount of NaDC 
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and CO2 was stirred for 30 s before the pH was measured. The solution was sealed and 

the pH value was recorded when a stable solution or hydrogel was obtained. 

Fluorescence. Pyrene was used as a fluorescence probe to study the aggregation 

behavior of NaDC. Its fluorescence spectrum is sensitive to the hydrophobicity of their 

environment, and the value of I3/I1 increases when pyrene enters the hydrophobic core of 

the micelles from a polar environment. The stock solution of pyrene was freshly prepared 

in acetone and diluted with Milli-Q water to a concentration of 0.3 μM, which was then 

used in the fluorescence measurements. NaDC was dissolved in the pyrene stock solution 

to reach a concentration of 10 mM, which was diluted afterward with the stock solution 

of pyrene to desired concentrations. The samples were equilibrated at room temperature 

for 24 hours before use. The fluorescence emission spectra of pyrene were recorded at 

room temperature on a Cary Eclipse fluorescence spectrophotometer (Agilent 

Technologies) with an excitation wavelength of 335 nm. The slit widths of excitation and 

emission were both at 2.5 nm. 

Rheology. The rheological measurements of the hydrogel samples were done at 20 oC 

on an AR 2000 rheometer (TA Instruments) with a steel cone-geometry of 40 mm 

diameter, and a fixed gap of 55 μm between the plate and the cone. The solutions with 

desired concentration of NaDC, CO2, and NaCl were prepared and stirred for 30 s with a 

magnetic stirring bar, and aliquots of the solutions were transferred immediately to the 

center of rheometer plate. A very small oscillatory stain of 0.1% was applied to record the 

storage moduli (G') and loss moduli (G'') until a plateau was reached.  

Transmission electron microscopy (TEM). Three μl of the samples of NaDC aqueous 

solutions with or without CO2 were drop-coated on carbon-coated cooper grids (300 mesh, 

Carbon Type-B, Ted Pella, Inc.) at room temperature. The excess of the samples was 

removed by a filter paper to obtain a thin film on the surface of the cooper grid, which 

was dried under vacuum. Samples were observed on FEI Tecnai 12 TEM at 80 kV, 

equipped with AMT XR80C CCD camera system. 

Atomic-force microscopy (AFM). The hydrogel samples were drop-coated on the 

silicon wafers (University Wafer) at ambient conditions and dried under vacuum. AFM 
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images were recorded in tapping mode AFM using a Multimode microscope controlled 

by a Nanoscope V controller (Bruker) at room temperature. Gwyddion 2.30 software was 

used to process the AFM images. 

FT-IR spectroscopy. Hydrogels of NaDC induced by CO2 in Milli-Q water were freeze-

dried to obtain aerogels to record the FT-IR spectra. A Nicolet 6700 attenuated total 

reflection (ATR) FT-IR spectrometer (Thermo Fisher Scientific) was used and the spectra 

were recorded by collecting 128 scans at a resolution of 2 cm-1. 

5.5.2 Supporting data 

 

Figure 5.S1 (A) An aqueous solution of NaC (3 wt%), (B) A hydrogel with 2 wt% NaCDC 

in water, (C) A hydrogel with 2 wt% NaLC in water. A, B and C were all purged with 

CO2. (D) A bluish viscous solution with 2 wt% NaLC in water, (E) A bluish stable 

hydrogel with 3 wt% NaLC. D and E were not purged with CO2. 
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Figure 5.S2 (A) Fluorescence spectra of pyrene (0.3 µM in water) with various 

concentrations of NaDC. (B) Variation of I3/I1 of the pyrene fluorescence spectra with the 

concentration of NaDC. The inset with modified scales shows more clearly the CAC1, and 

the black and red lines are drawn as visual guides. 
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Chapter 6  

Conclusions and future work 

 

6.1 Conclusions 

Molecular gels are gels derived from compounds of low molecular weight (usually < 

2000 gmol-1) in certain solvents. Such molecules self-assemble in specific solvents to form 

3-D fibrous networks, immobilize the solvent by surface tension and make the solution to 

behave solid-like. The driving forces for the formation of such gels are relatively weak 

supramolecular interactions such as hydrophobic interactions, hydrogen bonding, 

electrostatic attractions, and van der Waals forces. Molecular gels can be classified as 

hydrogels and organogels, where the solvents to be gelated are water and organic solvents, 

respectively. Generally, molecular hydrogels are regarded to be less toxic than molecular 

organogels, and may be more suitable for biomedical applications. In this work, we have 

developed two different hydrogelation systems based on bile acids and their derivatives, 

and studied the properties and formation mechanisms of these hydrogels. A general rule 

for the relationship between the gelator structure and gelation behavior was also 

illustrated. Such materials possess advantages such as better degradability and functional 

diversity when compared with polymeric gels and may be potentially used in areas such 

as drug delivery and tissue engineering. The fibrillar structures in these gels may also be 

used as templates for structure directing agents. 

6.1.1 Novel molecular hydrogels derived from bile acids 

The molecular gels based on bile acids may be obtained at a low gelator concentration, 

indicating their good gelation ability. Two hydrogelation systems based on bile acids were 

studied in this thesis. The first one is a cholic acid dimer with two cholic acid units linked 

via a diethylenetriamine spacer, as discussed in Chapter 3 and 4. It is insoluble in water 

but become soluble in the presence of selected carboxylic acids, and subsequently self-
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assemble to form hydrogels with nanofibers. The addition of carboxylic acids protonated 

the secondary amine group and formed hydrogen bond with the secondary amide group 

on the dimer, helping the dissolution of the dimer in water and favoring the self-

assembling process. Acids that are either too hydrophobic or too strong cannot induce the 

gelation of the dimer, due to the low solubility of the formed dimer-acid complex and the 

lack of hydrogen bonding with the amide group, respectively. Supramolecular interactions 

such as hydrophobic interaction and hydrogen bonding between the side chain of 

carboxylic acid in the hydrogels can improve the mechanical strength of the yielded 

hydrogels. This study showed certain predictability of gelation behavior of the dimer with 

various acids, which may be helpful in the design of novel functional molecular hydrogels. 

The other gelation system is hydrogels of a series of bile salts induced by CO2 as 

discussed in Chapter 5. The bile salts are quite soluble in water and their solubility could 

be higher than 40 wt%, while the solubility of bile acids is generally poor. Certain bile 

salts may be partially protonated in the presence of CO2 to yield hydrogels. The bile salts 

self-assemble in water to form micelles with hydroxyl and carboxylate polar groups facing 

the aqueous media. The formation of hydrogen bonds between the protonated carboxylate 

groups on the surface of micelles is the primary driving force for the formation of 

nanofibers and hydrogels. Larger amounts of CO2 increase the degree of protonation of 

the carboxylate groups and the density of hydrogen bonds, leading to the bundling of the 

nanofibers into thicker nano-shreds and the hydrogels become opaque. Both mechanical 

strength and transparency of the hydrogels can be improved by the salting-out effect from 

inorganic salts such as NaCl. Such hydrogels are made of entirely biological compounds, 

including both bile acids and CO2. 

6.1.2 A general rule for the formation of molecular gels 

Formation of molecular gels strongly depends on the gelator chemical structures, a 

slight variation of which may result in the loss of their gelation ability. Enormous efforts 

have been made in the past decades to understand the basic principles of such gels with 

self-assembled fibrous 3-D networks. Theories such as hydrophilic-lipophilic balance 

(HLB) and packing parameters may be used to explain the relationship between the 
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gelator structure and gelation ability in aqueous systems, while both show their 

limitations. As a result, the prediction of the gelation ability of a compound with a given 

structure in a specific solvent is remaining a challenge, and serendipity or trail-and-error 

is responsible for most of molecular gels reported to date. 

In this thesis, by studying the two different gelation systems derived from bile acids, 

we concluded that a marginal solubility in water is a prerequisite for a compound to be a 

molecular hydrogelator. Insoluble compounds (such as the cholic acid dimer) in water can 

be made to be marginally soluble by means that favor their dissolution process, such as 

acid-base reaction (by the addition of carboxylic acids) or the addition of water-miscible 

organic solvents. In contrast, soluble compounds (bile salts) can be made to be marginally 

soluble by means that interfere the dissolution process with the help of supramolecular 

interactions such as protonation (induced by CO2) and salting-out effect (by NaCl). The 

limited or marginal solubility of the species points to the favored direction for the 

formation of hydrogels. Such a rule may be applicable in the formation of organogels as 

well. 

6.1.3 Nematic hydrogels 

Certain molecular gels based on bile acids, including organogels and hydrogels, were 

reported to behave as lyotropic liquid crystals and showed optical textures when observed 

with a polarized optical microscope. The mechanism for the liquid crystalline structure of 

molecular gels based on bile acids, however, remains unclear to date. 

In this work, a mixture of the cholic acid dimer with formic acid in a molar ratio of 

1/1, which was regarded as an organic salt, self-assembled in water to form nanofibers. 

At low concentrations, the dimer salt yielded a well-dispersed and random-directed 3-D 

fibrous. The nanofibers in the networks formed ordered aggregate with parallel 

arrangement when the solution was physically stirred. The randomly directed network 

immobilizes the solvent when the salt concentration was higher than the critical gelation 

concentration, leading to the formation of a stable isotropic hydrogel. The nanofibers 

arranged parallel with each other when the concentration of the dimer salt was high 

enough, which changed the optical properties of hydrogels and make them behave as 
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lyotropic liquid crystals. The gelation can be regarded as an intermediate transient state 

for a solution to crystallize when the solute molecules are more ordered, or to precipitate 

when the solute molecules are disordered. The nematic hydrogels obtained in this study 

exemplifies the final state of the system with ordered fine structures/morphologies 

observed microscopically. 

 

6.2 Perspectives 

6.2.1 Molecular hydrogels induced by ammonia or amines 

The marginal solubility of gelators was regarded to be a prerequisite of the formation 

of molecular gels. As shown in Chapter 5, purging CO2 into aqueous solutions of bile salts 

may adjust the pH and partially protonate the carboxylate groups on bile salts and reduce 

the solubility of the solute, resulting in transparent or opaque hydrogels depending on the 

amount of CO2 added. One advantage is that CO2 may be removed by purging an inert 

gas such as Ar and N2 into or by mildly heating the mixtures, and the reversible gel-sol 

phase transition can be repeated several times without any contamination by accumulated 

chemical by-products.1-3 

Basic compounds such as ammonia and other compounds bearing amine groups may 

also be used to change the pH of aqueous solutions.4-5 Purging or adding them into 

aqueous solutions may deprotonate compounds with acidic functional groups such as 

carboxylic acids and improve their solubility in water to form hydrogels. The 

hydrogelation behavior of a series of organic acids may be tested in the presence of certain 

amines such as ammonia, methylamine, ethylamine, propylamine, and butylamine. 

Preliminary gelation tests on a series of bile acids, such as cholic acid (CA), deoxycholic 

acid (DCA), chenodeoxycholic acid (CDCA) and lithocholic acid (LCA), and fatty acids, 

such as stearic acid (SA) showed that they could be dissolved in the presence of above-

mentioned amines upon heating and yield various aggregates after the subsequently 

cooling process (Table 6.1). The gelation ability of these two-component systems strongly 

depends on the chemical structure of both acids and amines. No hydrogel formed by the 
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relatively hydrophilic bile acids such as CA, DCA, and CDCA under all the conditions 

tested. LCA and SA are able to form hydrogels with most of amines, while interaction of 

LCA with butylamine yielded needle-like crystals and the complex of SA and ammonia 

hydroxide showed a gelation-precipitation transition on the cooling process of a hot 

solution to room temperature. More detailed tests will be conducted to quantify the 

concentrations or molar ratio in these two-component systems. 

The hydrogelation may be reversed by purging an inert gas or by heating. More specific 

experiments will be conducted to study how the structure of organic acids and amines 

affect the gelation ability, as well as the mechanical strength of the yielded hydrogels.  

 

Table 6.1 Preliminary gelation tests of certain bile acids and a fatty acid in the presence 

of various amines 

 Ammonia Methylamine Ethylamine Propylamine Butylamine 

CA S S S S S 

DCA S S S S S 

CDCA S S S S S 

LCA OG OG OG OG C 

SA G-P TG TG TG TG 

S = solution, OG = opaque gel, TG = translucent gel, C = crystal,  

G-P = gel upon heating and precipitates at room temperature 

 

6.2.2 Two-component molecular hydrogels from bile salts and dopamine 

Catechols occur naturally in foods, vegetables, insects, and teas. They are widely used 

in food and pharmaceuticals and as agrochemical intergradients and stabilizing additives.6-

7 The catechol unit may show strong adhesion to inorganic materials. The interaction 

between catechol and TiO2 may achieve a bond strength of about 40% that of a covalent 

bond.6, 8 3,4-dihydroxy-phenylalanine, a catechol derived amino acid in secreted mussel 

adhesive proteins, is responsible for the strong adhesion of mussels.9 Another catechol 

derivative, dopamine, has also been widely used to make hydrogels, surface coatings, 
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adhesives, and drug delivery carriers.10 Dopamine may be easily oxidized in basic aqueous 

solutions or in the presence of oxidants such as NaIO4, and polymerized afterward to form 

polydopamine.11-12 Such a polymer may improve the mechanical properties of hydrogels 

and make them to be injectable and self-healable.13-14  

Bile salts may form hydrogels with nanofibers in aqueous solutions in the presence of 

NaCl or acidic compounds such as HCl and organic acids.15-16 In a preliminary experiment 

we found that sodium deoxycholate (NaDC) can interact with dopamine hydrochloride to 

form a two-component molecular hydrogel (Fig. 6.1). The color change during the 

gelation process may indicate the oxidative self-polymerization of dopamine.12, 17-18 The 

gelation process may be accelerated by UV irradiation or addition of oxidants such as 

ammonium persulfate due to the faster polymerization of dopamine.17, 19 NaDC hydrogel 

with improved mechanical properties may be obtained to study the interactions between 

NaDC and dopamine/polydopamine. Such a two-component hydrogelation system based 

on NaDC and dopamine may be potentially useful for biomedical applications. 

 

Figure 6.1 Formation of hydrogels from NaDC and dopamine. 

 

6.2.3 Molecular hydrogels based on betulin and its derivatives 

Betulin (Fig. 6.2) is an abundant naturally-occurring pentacyclic triterpene alcohol 

with a lupine skeleton. It is found predominantly in bushes and trees forming the principal 

extractive (up to 30% of dry weight) of the bark of birch trees.20-21 It was reported to have 

antivirus and anti-inflammatory effects and may be used for making novel functional 

biomaterials.21-23 Its derivatives, including small molecules and polymers, were 
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synthesized and show various interesting properties. A polymer derived from betulin 

exhibits a set of valuable properties such as low toxicity and biological activity.24 Betulinic 

acid could be synthesized from betulin in two steps (Fig. 6.2), and it exhibited a variety 

of biological activities including inhibition of human immunodeficiency virus (HIV), 

antibacterial, antimalarial, anti-inflammatory, anthelmintic and antioxidant properties.25  

 

Figure 6.2 The synthetic route of betulinic acid from betulin. 

 

Bag and Dash26-27 reported that both molecular organogels and hydrogels via self-

assembling could be obtained from betulin and betulinic acid. Betulin self-assembles in 

organic solvents such as o-, m- and p-xylene, and an aqueous solution with DMSO (1:1) 

to form molecular gels.26 Sodium and potassium salts of betulinic acid formed hydrogels 

in either pure water or the aqueous solutions of DMSO, DMF, ethylene glycol and ethanol 

at a ratio of 1:1.27 Therefore, betulin derivatives are promising for making novel molecular 

gels. The biological activities of betulin and its derivatives may be retained in such gels 

to facilitate their biomedical applications. 

Due to the hydrophobic nature of betulin, introducing hydrophilic units may improve 

the water-solubility and promote the self-assembling behavior. We proposed a series of 

compounds based on betulin that may form hydrogels with their synthetic routes (Fig. 

6.3). Their gelation behavior may be tested. 
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Figure 6.3 The synthetic route of a series of potential molecular gelators based on betulin. 
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