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Molecular self-assembly is a powerful method to construct functional materials such 

as supramolecular hydrogels. Hydrogels contain mostly water but show solid-like 

rheology. Nucleosides and nucleotides contain rich recognition information, which 

opens up opportunities for gelator design. Hydrogels derived from these natural 

products have seen a resurgence in the past decade due to the high biodegradability and 

biocompatibility. Guanosine (G 1) and its analogs are powerful supramolecular 

hydrogelators. The structural basis for most guanosine hydrogels is G4ÅM
+ quartet with 

K+ being the best metal to stabilize such a structure. These hydrogen-bonded 

macrocycles further stack to form 1D G-quadruplex that traps water to give hydrogels. 

Guanosine hydrogels have been used for applications such as bioactive molecule trap 

and release, environmental remediation, sensing and cell culture. 

While the H-bonded G-quadruplex is critical for gelation, G 1 can be synthetically 

modified to introduce new functions. The work presented here is focused on G-quartet 



  

hydrogels made from synthetic guanosine analogs. Guanosine analogs containing 

sulfur on 8- and 5ᾳ-position are purified and their hydrogelation properties in water 

were examined. The resulting hydrogels can potentially be applied to environmental 

remediation. 

Substitution of 5ᾳ-OH in G 1 into a hydrazine group in HG 2 significantly improves 

the hydrogelation properties. The resulting HG 2 KCl hydrogel can be used to non-

covalently bind anionic dyes and covalently trap toxic electrophiles such as acrolein. 

A binary mixture of G 1 and HAG 15 forms a stable hydrogel with KCl. The 

hydroxamic acid group in HAG 15 serves as a pH-switchable group that can be applied 

as a carboxylic acid substitute in hydrogelator design. Furthermore, the hydrogel serves 

as a supramolecular siderophore and binds Fe3+ to generate patterns on the gel surface. 

The surface can be erased with a reducing agent and rewritten with Fe3+. 
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Chapter 1:  Hydrogels Containing Self-assembled Macrocycles 

and Cages 
 

1.1 Summary 

Molecular self-assembly is ubiquitous in Nature, especially in living organisms and 

it is a powerful tool to construct functional materials. Nucleosides contain extensive 

hydrogen bonding sites that can form complex higher-order structures.1 Of all naturally 

occurring nucleobases, guanine (G) has the richest recognition sites, which can form 

G-C triple base pairing in nucleic acids or ribbon structures with another guanine 

molecule.2 In the presence of a templating cation, however, guanines self-assemble into 

macrocyclic G-quartets (Figure 1.1).2 The planar cycles further stack to form G-

quadruplex structures, which can give rise to fibers that promote the formation of 

hydrogels.2 

 

Figure 1.1: G 1 and its analogs in water can self-assemble, in the presence of a cation, 

to give a G-quartet hydrogel. 

 

    While guanine hydrogels were discovered in 1910,3 there has been a resurgence of 

such systems due to the accessibility of guanine analogs, their biocompatibility and 
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ease to synthesize.4 Guanosine (G 1) has a highly modifiable periphery (ribose and C8 

position) that does not alter G-quartet formation. In this thesis ñBringing New 

Chemistry to Guanosine Hydrogelsò, we focus on the 5ᾳ- and 8- modification of G 1 

(Figure 1.1). Guanosine hydrogels are used as a model system to bring some new 

functional groups into the realm of supramolecular hydrogels.  

1.2 Thesis organization 

This thesis is organized into six separate chapters. Chapter 1 provides an 

introduction of hydrogels that contain macrocycles and cages, with emphasis on the 

self-assembled macrocyclic hydrogels. Of all these macrocyclic hydrogels, G-quartet 

systems, which are the main theme of this thesis, will then be reviewed in detail. In 

Chapter 2 we describe the synthesis and self-assembly properties of four novel 5ᾳ- and 

8-modified sulfur-containing analogs. Methods to trigger gelation were either tested or 

proposed in this chapter. Chapters 3 and 4 are focused on the hydrogelation of 5ᾳ-

hydrazinoguanosine (HG 2) with KCl and the applications of the resulting hydrogel. 

We found that HG 2 forms a G-quartet based hydrogel with only 0.25 eq KCl. The 

resulting assemblies were used to non-covalently bind an anionic dye, naphthol blue 

black and also covalently bind propionaldehyde via hydrazone formation.5 Chapter 4 

is the continuation of the studies carried out in Chapter 3, and we utilized HG 2 KCl 

hydrogels for the remediation of carcinogenic Ŭ,ɓ-unsaturated carbonyls from the gas 

and aqueous phase. The absorption was achieved via the formation of a covalent 

adduct.6 In Chapter 5, a hydroxamic acid containing guanosine analog, HAG 15, was 

found to form G-quartet hydrogels with equimolar G 1 and KCl.7 We demonstrate that 
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hydroxamic acid functionality serves as a pH switchable group in the hydrogel and 

binds a cationic dye upon raising the pH. The HAG 15 containing hydrogel is also a 

supramolecular siderophore and binds Fe3+ to give a red color, which was used for 

surface patterning by hand or using a 3D-printer. Finally, Chapter 6 contains 

supporting information for Chapters 2-5, synthetic procedures and spectra for 

guanosine/inosine analogs and anti-cancer screening results of various synthetic 

analogs from NCI-60 tests, which were carried out by the National Cancer Institute. In 

Figure 1.2 we show a list of compounds discussed in Chapters 2-6. 
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Figure 1.2: A list of guanosine analogs discussed in Chapters 2-6. 
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1.3 Introduction of supramolecular hydrogels 

A gel is defined the IUPAC as a ñ(n)on-fluid colloidal network or polymer network 

that is expanded throughout its whole volume by a fluidò.8 Based on the definition, 

there are two phases in a gel: a continuous solid phase of 3D-network and a continuous 

solution phase consisting of solvent. Generally speaking, a gel behaves like a solid 

while most of the material is made of a liquid. A gel made with water is called a 

hydrogel while those containing organic solvents are called organogels. This thesis 

focuses on hydrogels, since water is the solvent of life and hydrogels are commonly 

applied to biomedical applications.9ï11 

 

Figure 1.3: (top) Covalent network formed from entanglement and crosslinking of 

covalent polymers. (bottom) Supramolecular polymer network formed from the self-

assembly of small molecules. 
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Based on the types of interactions that are responsible for the formation of crosslinks 

in the network, a hydrogel can be further categorized into physical hydrogel and 

supramolecular hydrogel.12 For a physical hydrogel, the network is held together by 

covalent bonds (Figure 1.3). Such a hydrogel is generally more robust and can shrink 

or swell depending on the environment. However, the network in a physical hydrogel 

is usually hard to break down, which limits its biodegradability. On the other hand, 

supramolecular hydrogels, made from self-assembly of low molecular weight building 

block, are mainly held together via non-covalent interactions including hydrogen 

bonding, ion-dipole interactions, ˊ-ˊ stacking, electrostatic interactions, van der Waals 

interactions, etc.13 These non-covalent forces are weak interactions, which make 

supramolecular hydrogels more responsive to external stimuli, such as pH, light, 

mechanical force, etc. Supramolecular hydrogels are often biodegradable and 

biocompatible, which make them ideal candidates for biomaterials. This chapter 

describes some recent developments on supramolecular hydrogels, with a focus on 

systems containing self -assembled macrocycles, which often have interesting 

recognition and stimuli-responsiveness. 

1.4 Macrocycles in supramolecular hydrogels 

There has been a surge of interest in supramolecular hydrogels, since these materials 

often exhibit phase change in response to external stimuli.14 Such stimuli-

responsiveness often arises from the non-covalent nature of the crosslinks. One 

common method to introduce stimuli-responsiveness to hydrogels is to use covalent 

macrocycles, which can form host-guest complexes and crosslink the polymeric 
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network.15,16 Non-covalent interactions, such as hydrogen bonding, ion-dipole 

interactions, hydrophobic interactions and electrostatic interactions, are formed 

between the host macrocycle and the guest. Due to the higher aqueous solubility, 

cyclodextrins and cucurbiturils are amongst the most commonly used hosts in 

supramolecular hydrogels, which have found applications in adhesives, drug delivery, 

and artificial muscles (Figure 1.4).15,17ï19 On the other hand, although not critical for 

gelation, crown ethers are frequently incorporated into polymeric hydrogel networks. 

Such hydrogels are used for sensing and remediation of toxic metal ions, owing to the 

unique cation-binding properties of crown ethers.20ï22 More recently, Sessler and 

coworker incorporated tetraimidazolium boxes into polymeric networks that are used 

for remediation of anions from water and construct self-healing hydrogels for encoding 

and transforming information.15,23 In the past few years, there have been some excellent 

review articles that summarizes the exciting development of macrocyclic 

hydrogels.15,24,25 
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Figure 1.4: Structures of some covalent macrocycles used in hydrogel design. 

 

However, hydrogel systems containing covalent macrocycle do have a few 

drawbacks. First, the macrocycles are often synthetically challenging and relatively 

inaccessible and expensive, which limits their practical applications for bulk material 

construction.26ï28 Also these macrocyclic hosts are often used in combination with a 

polymeric backbone, which requires extra steps of synthesis;15 the resulting covalent 

polymers are generally hard to degrade in a biological system. Self -assembled 

macrocycles and cages as opposed to covalent macrocycles, however, maintain the 

capability of crosslinking different strands of polymer and stimuli-responsiveness. 

Furthermore, while most covalent macrocyclic hosts fail to self-assemble into polymers, 

non-covalent and dynamic covalent macrocycles can often stack or aggregate to form 

1D-supramolecular polymers.2,29 Such hydrogel systems are highly biodegradable and 

easy to synthesize, showing promise for design of biomedical materials. Non-covalent 
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macrocycles are usually more structurally diverse and often contain a modifiable 

periphery for the introduction of new functions. In the following sections, we focus on 

the development of hydrogel systems containing self-assembled macrocycles and cages, 

in hope of providing some insight and generalized design principles for the preparation 

of stimuli-responsive hydrogels.  

1.5 Hydrogels containing dynamic covalent macrocycles 

Dynamic covalent bonds are covalent bonds that are labile and exchangeable under 

appropriate conditions.30,31 Such interactions are intermediate in strength between a 

covalent bond and a non-covalent bond. Disulfides, acylhydrazones and thioesters are 

among the most common linkages used to construct dynamic covalent systems.32 

Dynamic disulfide macrocycles are well developed in literature for making synthetic 

receptors.33 Before moving from purely covalent into purely non-covalent macrocycles, 

it is interesting and necessary to discuss the hydrogel assembly containing dynamic 

covalent macrocycles that have intermediate strength. 

Otto and coworkers developed a disulfide-containing system as a rare example of a 

dynamic covalent macrocycle to generate a supramolecular hydrogel (Figure 1.5).34 

They conjugated an oligopeptide to an aromatic dithiol to maximize the interaction 

between each monomer 59. Under oxidizing conditions in water, dithiol form 

macrocyclic disulfides with different numbers of repeating units. They discovered that 

different types of physical agitation can cause drastically different product 

distribution.35 Under shaking, a macrocyclic hexamer 60 predominates and further 

stacks to form fibers. The resulting fibers are short and only gave a solution. Upon 
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irradiation using UV-light, however, the disulfides form thiol radicals and exchange to 

form a linear polymeric disulfide network, which maintained the original folding. 

Macroscopically, the solution turns into a hydrogel after irradiation for 3 days. 

 

Figure 1.5: Dithiol 59 is oxidized and forms hexameric macrocycle 60 under shaking. 

60 stacks to form columns that are covalently trapped to give a hydrogel after 

irradiation with light.34 Reprinted with permission from John Wiley & Sons. 

 

The Otto group continued to develop an azobenzene disulfide system from 

monomers 61 and 62 (Figure 1.6).36 The monomers contain carboxylic acid groups for 

potential recognition of metal ions while having an azobenzene core for potential -́  ́

stacking and responsiveness to light. Initial oxidation of monomer mixture gave a 

solution containing a mixture of different macrocycles (63-65). Addition of Mg2+ ions 

instead gave a self-standing hydrogel, which consists exclusively of the 65 macrocycle 
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based on HPLC-MS. Addition of other cations fails to induce gelation. A crystal 

structure of 65ÅCa2(H2O)15 was also obtained to provide structural insight into gelation 

(Figure 1.7). X-ray analysis shows that the stacks of 65 are connected by Ca2+ ions via 

coordination to carboxylates and interlayer hydrogen bonding. The resulting hydrogel 

is responsive to multiple stimuli, such as heat, UV-light, mechanical forces and 

reducing agents. This work is a great demonstration that thermodynamic drives, such 

as metal-ligand interaction, can influence the outcome of a dynamic covalent mixture. 

 

Figure 1.6: Dithiols 61 and 62 form solution mixture of macrocycles 63-65 upon 

oxidation. Addition of Mg2+ shifts the equilibrium completely to macrocyclic 65. The 

65 formed non-covalent stacks and gave a self-standing hydrogel.36 Reprinted with 

permission from John Wiley & Sons. 
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Figure 1.7: A crystal structure of 65ÅCa2(H2O)15 shows a stack of 65 with interlayer 

crosslinks from Ca2+ coordination and H-bonding.36 Reprinted with permission from 

John Wiley & Sons. 

 

1.6 Hydrogels containing non-covalent metal-organic macrocycles and cages 

Coordination driven self-assembly has been utilized to construct metallocycles and 

cages.37 Depending on the geometry of the ligands and directionality of metal core, a 

wide variety of 2D and 3D structures can be produced from small building blocks.38 

Such metallocycles are often prepared in organic solvents and hydrophobic, limiting 

their applications in aqueous environments. One strategy to generate hydrogels is to 

conjugate solubilizing polymers on the periphery of the core assembly, thus increasing 

solubility in water while maintaining the self-assembly properties. Stang and 

coworkers prepared discrete rhomboids from di-Pt(II) complex 67 and dicarboxylates 

66/68, which have complementary shapes (Figure 1.8).39 With a PEG chain attached, 

the organic metallocycle can self-assemble to give micelles in water. Increasing the 
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concentration of metallocycles in the water, on the other hand, gave a white hydrogel. 

The authors proposed that hydrophobic interactions and ˊ-ˊ stacking between 

macrocycles are critical for gelation. This work demonstrates the first example of 

hydrogels containing metallo-organic macrocycles. 

 

Figure 1.8: Stang and coworkers utilized a coordination-driven self-assembly to form 

discrete Pt (II ) macrocycles 69 & 70, which further aggregate to form hydrogels.39 

Reprinted with permission from the American Chemical Society. 
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Chen, Yang and coworkers designed building blocks 70-72, which all have 120° bite 

angles to enable formation of hexagonal metallocycles 73/74.40 These metallocycles 

are pre-formed and anchored to poly-N-isopropylacrylamide (PNIPAAM) polymers 

via post-assembly modification of the ligand (Figure 1.9a). Compared with PEG, 

PNIPAAM chain not only improved water solubility of the metallocycles but also 

brought LCST (lower critical solution temperature) behavior. The resulting star 

polymers 75/76 form self-standing hydrogels. Addition of bromides (Br-) caused 

disassembly via coordination to Pt(II)  core and break apart the macrocycles, which 

shows promise for trap and release of small molecules. Furthermore, the hydrogel 

containing 75 exhibits self-healing properties, which is presumably caused by 

reversible metal-ligand interactions (Figure 1.9c). 

 

Figure 1.9: Polymeric hydrogel crosslinked by hexagonal metallocycles. (a) Structure 

of ligands 70-72. (b) 70 and 71/72 self-assemble into a hexagon, which are 

subsequently modified with poly-N-isopropylacrylamide to give star polymers. (c) 
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Two pieces of hydrogels made from 75 (red one is colored with sulforhodamine B) 

were cut and recombined. After 1 min at room temperature, the two separate halves 

rejoined.40 Reprinted with permission from the American Chemical Society. 

 

The authors continued to utilize the same post-translational modification on the 

hexagon 73 to anchor block copolymers of PNIPAAM and poly-N,N-

dimethylaminoethyl methacrylate (PDMAEMA), the latter of which can bring CO2 

responsiveness.41 They discovered that CO2 bubbling into an aqueous solution of  

hexagon-polymer conjugates followed by heating to 34°C  gave a self-standing 

hydrogel, while the block copolymers alone failed to trigger gelation. Bubbling N2 at 

34°C  removes CO2 from the system and triggers gel-sol transition. Cooling the gel to 

room temperature gave a homogeneous solution, demonstrating the LCST behavior of 

the system. The resulting hydrogel is injectable and has low cytotoxicity, showing 

promise for biomedical applications.  

Besides 2D-macrocycles, 3D metal-organic polyhedral (MOP)42 can also serve as 

crosslinks between water soluble polymers. Nitschkeôs group developed a hydrogel 

from polymers crosslinked by self-assembled metal-organic cages.43 4,4ᾳ-

diaminobiphenyl 77 forms imines with two PEGylated 2-formylpyridine molecules 78 

in water, which self-assemble into a tetrahedral cage 79 in the presence of Fe(II ) under 

basic condition (Figure 1.10). Gelation occurred at room temperature within 1 min 

after simply mixing all subcomponents in water. In contrast to the 2D macrocycles, the 

inner cavity of the 3D cages allows for guest trapping (benzene, fluorobenzene and 

furan) via host-guest interactions. The authors also fabricated hydrogel microparticles 

using a microfluidic device to mix different components. The resulting microgels are 
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easily disassembled by adding Fe(II) chelator (tris(2-aminoethyl)amine), acid (p-

toluenesulfonic acid) or 2-formylpyridine. The stimuli responsiveness was utilized for 

the release of a pre-loaded fluorescent cargo. Overall, the strategy of conjugating 

functional water-soluble polymers to metallocycles could be potentially generalized to 

potentially a wide variety of macrocycles and cages known in the literature. 

 

Figure 1.10: (a) Metallocage 79 is formed by simply mixing different subcomponents, 

which induces gelation. (b) Monodispersed microgels are formed at a 200 ɛm 

microfluidic flow-focusing junction. The droplets of mixtures get progressively darker 

en route to the exit. Inset shows gel particles after exiting microfluidic device. (c) 

Hydrogel particles are disassembled by tris(2-aminoethyl)amine, p-toluenesulfonic 

acid or 2-formylpyridine.43 Reprinted with permission from the American Chemical 

Society. 
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Purely self-assembled hydrogels (without polymeric backbones) made from MOPs 

have also been reported. Maji and coworkers synthesized a 3D metal-organic cube 81 

from the self-assembly of Ga3+ and 4,5-imidazoledicarboxylate 80.44 X-ray 

crystallography shows that the metallocubes are connected by dimethylammonium ions 

(DMA) via charged-assisted hydrogen bonds (Figure 1.11). The ionic nature of the 

complexes significantly improved the aqueous solubility, which paves the way for 

hydrogelation. Switching DMA to other amine-based cations such as NH4
+, N-(2-

aminoethyl)-1,3-propanediamine, guanidinium and ɓ-alanine triggered the 

hydrogelation of the metallocube. Interestingly, the hydrogel made with NH4
+ can serve 

as a medium for charge-based separation of dyes. 

 

Figure 1.11: Ligand 80 and gallium(III) self-assemble into a metallocube 81, which 

are non-covalently connected by ammonium ions to give a transparent hydrogel.44 

Reprinted with permission from Nature Publishing Group. 
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With more insight into the gelation mechanism, the authors rationally designed a 

diammonium linker 82, which contains tetraphenyl ethylene (TPE) for aggregration-

induced emission properties (Figure 1.12).44 When incorporated into cube 81 to give a 

hydrogel, TPE modules in 82 are anchored and aggregated via charge-assisted 

hydrogen bonds, which causes emission at 474 nm under UV light. This resulting 

hydrogel has potential for use as a processible coating for UV-lamps. Importantly, the 

hydrogel formation required no heating or polymeric backbone, demonstrating the 

power of self-assembly to construct functional materials from mixing simple building 

blocks at room temperature. 

 

Figure 1.12: Metallocube 81 forms a light-emitting hydrogel under UV-lamp when 

tetraphenyl ethylene diammonium 82 is incorporated to introduce aggregation-induced 

emission.44 Reprinted with permission from Nature Publishing Group. 
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Zheng and Cao synthesized a copper-based polyhedron 84 from 5-nitroisophthalate 

83 and Cu(OAc)2.
45 Simply sonicating the resulting powder in water gave a blue 

hydrogel (Figure 1.13). IR and XPS analysis indicated the existence of water-mediated 

hydrogen bonding between nitro groups on the MOP, which explains the reason for the 

gelation. The resulting hydrogel shows good biocompatibility on mice skin, while 

inhibiting the bacterial growth of S. aureus and E. coli. 

 

Figure 1.13: 5-nitroisophthalate 83 and Cu(II) self-assemble into polyhedron 84. 

Sonication of 84 in water gave a blue and self-standing hydrogel with fibrous network 

(SEM). Hydrogen bonds between water and nitro groups are responsible for gelation.45 

Reprinted with permission from the Royal Society of Chemistry. 

 

Overall, self-assembled metallocycles and metallocages are preliminarily applied to 

induce hydrogelation. Hydrophobic assemblies are applicable to aqueous environment 

due to the functionalization with water soluble polymers. More recently, hydrogels 
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containing MOPs that crosslinked by hydrogen bonding are starting to emerge. The 

facile synthesis and the multifunctionality of these materials demonstrate potential for 

new biomaterial design. Due to the diversity of metallo- cycles and cages known in 

literature, we foresee more exciting development in the field. 

1.7 Hydrogels containing non-covalent hydrogen-bonded macrocycles 

Nucleobases and their analogs contain aromatic units with rich recognition chemistry, 

which are often capable of forming higher order assemblies. With complementary H-

bond donors and acceptors, the molecules can associate to form macrocycles. The 

planarity of the cycles often leads to chiral stacking to form 1D polymers via ˊ-  ́

interactions, which are used to construct supramolecular materials. H-bonded 

macrocycles commonly found in hydrogels are folate-quartets, isoG-pentamers, 

TAP3CA3-rosettes and G-quartets (Figure 1.14). This section summarizes macrocyclic 

hydrogels containing folate-quartets, isoG-pentamers and TAP3CA3-rosettes and in 

section 1.8 we focus on G-quartet hydrogels, which is the main focus of this thesis. 
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Figure 1.14: Structures of non-covalent macrocycles commonly used in 

supramolecular hydrogels. 

 

1.7.1 Hydrogels containing folate-quartets 

Folic acid 85 (Vitamin B9) and its corresponding salts are known to self-associate 

in solution to form folate-tetramers (Figure 1.15). These tetramers further stack and 

aggregate to form columnar structures.46 Limited by its poor water solubility, folic acid 

(FA 85) itself can only form organogels in a DMSO/water mixture.47,48 Yet 

constructing supramolecular hydrogels from this biocompatible gelator would be 

beneficial for potential biomedical applications. With two carboxylic acid groups on 
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the far end, the folic acid 85 molecule is pH switchable. Nandi and coworkers prepared 

folate-tetramer based hydrogels via the addition of glucono-ŭ-lactone (GdL) to a 

solution of FA 85.49 GdL is hydrolyzed and lowers the pH of the medium to trigger 

gelation by 85, which was then used for controlled release of drug molecules. 

Furthermore, the carboxylic acids on 85 can also be non-covalently modified via 

metal-ligand interactions, or covalently modified via ester or amide bond, both of 

which do not interfere with the formation of folate tetramers. Modifying 85 with 

functional molecules that can also improve the solubility of the gelator would be ideal. 

Yan and coworkers discovered that mixing potassium folate solution (pH=11) and 

Zn2+ solution gave a clear and self-standing hydrogel within 20 mins at room 

temperature (Figure 1.15).50 The authors propose that interfiber crosslinks caused by 

Zn2+ coordination between carboxylates is responsible for gelation. The resulting 

hydrogel has shear-thinning properties, which can be used as injectable gels and bioinks 

for 3D printing. Besides being highly biocompatible toward cells, this folate-zinc 

hydrogel can be doped with Gd3+ for magnetic resonance imaging (MRI) applications. 
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Figure 1.15: Proposed gelation mechanism for FA-Zn2+ hydrogels. The resulting 

hydrogel is shear-thinning, which can be squeezed through a syringe for printing 

applications.50 Reprinted with permission from the American Chemical Society. 

 

On the other hand, Yang and coworkers developed a series of hydrogels from 

covalent conjugates of 85 and drug molecules/peptides.51ï55 In an initial report, the 

authors synthesized a FA-Taxol conjugate 86 with a phosphorylated and succinated 

tripeptide linkage (Figure 1.16).55 Taxol is a commonly used anti-cancer drug. While 

the phosphorylated compound 86 only gave a solution in a phosphate buffer, addition 

of phosphatase enzyme can hydrolyze the phosphate group and induce gelation within 

3 min. Unlike most other systems, hydrogel made from 86 shows a morphology of 

uniform nanospheres. The hydrogel showed comparable efficacy compared to free 

Taxol against HepG2 cells, which shows great potential for a novel delivery system of 

anti-cancer drugs. 
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Figure 1.16: A conjugate 86 containing FA 85, phosphorylated tripeptide and Taxol 

forms a clear hydrogel upon addition of phosphatase.55 Reprinted with permission from 

the Royal Society of Chemistry. 

 

The authors continued to modify 85 with a head group that contains both disulfide 

bond and ester bonds (Figure 1.17).51 When treated with glutathione 89 (GSH), the 

disulfide bond in 87/88 is reduced and triggers hydrogelation via formation of FA 

tetramer. On the other hand, the hydrolysable ester bond is used to conjugate 

triamcinolone acetonide or rapamycin, drugs that are used to treat eye diseases. 

Hydrogels made from 87 and 88 showed excellent biocompatibility against rabbit eye 

tissue with controlled release of the corresponding drugs, which could be beneficial for 

recovery after eye surgeries. The Yang group also designed a similar gelator with GSH 

89 responsiveness and conjugated with Taxol.53 The intratumor injection of GSH-

triggered gels showed extended release with over 4 times the potency of intravenous 

injection of Taxol against breast cancer cells. 
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Figure 1.17: Structures of FA-drug conjugates 87/88 and glutathione 89.51 Reprinted 

with permission from the Royal Society of Chemistry. 

 

Yang, Ou and Chen designed a FA-peptide conjugate 90 that contains 

triphenylalanine to promote self-assembly, and disulfide bond to enable the redox-

responsive gelation (Figure 1.18a).54 Addition of GSH 89 triggers gelation in PBS 

buffer and cell culture medium (Figure 1.18b). The hydrogels serve as a biocompatible 

extracellular matrix mimic for induced pluripotent stem (iPS) cells, which are used for 

myocardial repair. Results showed that with FA-peptide hydrogel encapsulation, the 

retention and survival of iPS cells after injection was significantly improved in mice 

after acute myocardial infarction, as compared to control groups with only iPS cells 
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(Figure 1.18c). This injectable hydrogel has great promise for tissue engineering and 

regenerative medicine. 

 

Figure 1.18: (a) Structures of conjugate 90 and gelator 91. (b) Conjugate 90 does not 

form hydrogels, but addition of GSH 89 triggers gelation in both a buffer solution and 

a cell culture medium. (c) Injection of gel-encapsulated iPS cell improves myocardial 

infarction recovery compared to iPS cell without gel.54 Reprinted with permission from 

the American Chemical Society. 

 

1.7.2 Hydrogels containing isoG-pentamer and other isoG-macrocycles 

Isoguanosine (isoG 92) is an isomer of guanosine (G 1) with transposed carbonyl 

(C=O) and amino (NH2) groups on guanine. Isoguanosine is known to form tetramer 

and pentamers in solution depending on templating cations (Figure 1.19).56ï59 The 

macrocycles can further stack to form a sandwich structure with a cation in between. 

Previous studies from our group showed that the cavity in isoG 92 pentamer has strong 

affinity for larger cations such as Cs+ and Ra2+. This property as an ionophore was used 
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for remediation of radioactive waste in water.57,60 The hydrogelation of 92, however, 

were not thoroughly explored until recently.61 Seela and coworkers synthesized 

isoguanosine and their analogs 92-94 and examined their hydrogelation in the presence 

of different alkali cations (Figure 1.20).62 Interestingly, 92 formed stable hydrogels 

with all cations tested (Li+, Na+, K+, Rb+, Cs+) while 93 and 94 have different selectivity 

toward cations despite similar recognition unit on the nucleobase. G 1, however, fails 

to form hydrogels with all cations. The resulting hydrogels were used to trap and release 

methylene blue, which shows that the isoG 92 hydrogels can be used for drug release 

devices. 

 

Figure 1.19: IsoG 92, in the presence of templating cation, can form quartets or 

pentamers. 
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Figure 1.20: Gelation tests on nucleoside analogs 92-94 with different cations.62 

Reprinted with permission from John Wiley & Sons. 

 

Dan and Zhao discovered that a 1:1 binary mixture of G 1 and isoG 92 formed a self-

standing hydrogel with K+ and Rb+ (Figure 1.21).63 The authors proposed that the gel 

is made of mixed quartets between 1 and 92. The resulting gels have a lifetime of 1 day 

(K+) and 10 days (Rb+). 
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Figure 1.21: (a) Structures of G 1 and isoG 92. (b) 1:1 binary mixture of G 1 and isoG 

92 forms self-standing hydrogels with K+ and Rb+. (c) Structures of possible mixed 

quartets between 1 and 92.63 Reprinted with permission from John Wiley & Sons. 

 

Seela and coworkers also synthesized 8-aza analogs of 2ᾳ-deoxyguanosine 95 and 2ᾳ-

deoxyisoguanosine 96, and found that only a combination of 96 and K+ gave a self-

standing hydrogel (Figure 1.22).64 The resulting gel with 96 is fluorescent under a 360 

nm UV lamp, while isoG gel with 92 showed no fluorescence. pH also influences 

fluorescence intensity of the hydrogels, presumably by alternating the protonation state 

of the nucleobase analogs. 

 

Figure 1.22: (a) 8-aza analog 95 only form hydrogel with K+ while 96 fails to give 

hydrogels with any cation. (b) Under a UV-lamp, 95 hydrogel is highly fluorescent 
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while isoG 92 gives weak responses.64 Reprinted with permission from John Wiley & 

Sons. 

 

Overall, while isoG related hydrogels are starting to emerge, the relative 

inaccessibility of these analogs significantly limited their applications for material 

design. 

1.7.3 Hydrogels containing TAP3CA3-rosettes 

    For the past 30 years, 2,4,6-triaminopyrimidine (TAP), cyanuric acid (CA) and their 

analogs have been used to construct higher-order structures. The complementary H-

bond donor-acceptor pattern with 120° directionality leads to the formation of 

TAP3CA3-rosettes, which can form supramolecular stacks (Figure 1.23). Hud and 

coworkers began a series of investigations into these rosette shaped structures.29,65ï69 

They reason that the ́-surface (1.6-1.7 nm2) is large enough to compensate for 

hydration energy so that these motifs can form very long aggregates; the self-assembly 

properties of these primitive nitrogenous molecules could shine light on the origin of 

nucleic acids and homochirality. We herein review the exciting developments on the 

self-assembled hydrogels containing TAP3CA3-rosettes. 



 

 

 

32 

 

 
Figure 1.23: TAP and CA can self-assemble into hydrogen bonded macrocycle, 

TAP3CA3-rosettes. 

 

In the seminal work by Hud et al, TAP is modified with succinic acid group to give 

TAPAS 97.29 The modification is expected to improve solubility in water and sterically 

inhibit ribbon structures. At room temperature, equimolar mixture of 97 and 98 gave a 

self-standing hydrogel at concentrations higher than 5 mM (Figure 1.24). UV-vis 

spectra of the resulting hydrogel has a new absorption peak at 320 nm, a feature 

consistent with J-type aggregates. AFM image shows long fibers (over 1 ɛm) with a 

width of 1.5-2.2 nm, consistent with predicted width of a single rosette. In 1H NMR 

spectra, no intermediate structures were observed, indicating the exchange between 

monomers and assemblies is slow. The length of  polymers and the lack of intermediate 

structures in 1H NMR indicate that the assembly process is highly cooperative, which 

is presumably caused by the large -́surface and its favorable stacking (The estimated 

stacking interaction between two rosettes is  ī27 kcal·molī1). G-quadruplex polymer 

formation, however, is less cooperative than the rosette system for two reasons: the 

smaller ́ -surface and electrostatic repulsion between cations. Finally, the authors 
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propose that the inability of canonical base pairs to stack in water indicates that they 

are a result of evolution from a mixture which can self-organize into linear polymers 

before being connected by a covalent backbone. 

 
Figure 1.24: TAPAS 97 and 98 self-assembled into macrocycles that stack and form 

hydrogels.29 Reprinted with permission from the American Chemical Society. 

 

The Hud group continued to explore the influence of pH on the assembly properties 

of the gels.69 A mixture of 99 and 100-C6 were used as model compounds to create 

TAP3CA3-rosette hydrogels. They discovered that a self-standing gel formed at pH 7, 

but the same mixture only gave a solution at pH=6 and 8. This result indicates that the 

system is highly sensitive to pH changes near neutral conditions, which is 

unprecedented for supramolecular hydrogels. The authors propose that nucleobases of 

99 and 100 share a common pKa ~ 7, which is the primary reason for the ultra-high pH 

sensitivity: above the pKa, 99 would be neutral while the aromatic ring of 100 would 

be anionic; below the pKa, 99 would be cationic while the aromatic ring of 100 remains 

neutral; the ionization of the nucleobases leads to the disassembly of the hydrogel. The 

matching pKa values of H-bond donor and acceptor might lead to stronger H-bonding, 

which further contribute to the stability of assembly. 1H NMR pH titration indicates 

that the hydrogels are maximally assembled at physiological pH=7.4 and any minute 
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deviation leads to disassembly of the hydrogel. The hydrogel stability can be further 

fine-tuned by using a mixture of 100-C4 and 100-C6, which inhibit crystallization and 

promote gelation. This high pH-sensitivity can be potentially applied to drug delivery 

in slightly acidic tumor (pH=6.3-7.2) environments. 

 
Figure 1.25: (a) Graphical illustration of pH mediated disassembly of rosette 

hydrogels. (b) Structures of gelators 99, 100-C4 and 100-C6. (c) Hydrogel only forms 

at pH=7 and disassembly of the gel was observed at pH=6 and 8. (d) At pH=7.4, the 

hydrogels containing 99 and 100 are most efficiently assembled, as indicated by 1H 

NMR pH titration. Increasing or lowering the pH causes the disassembly of the gel. 

Experimental observations are consistent with theoretical limit curve.69 Reprinted with 

permission from the Royal Society of Chemistry. 

 

The chiral behavior of the resulting hydrogels at pH=7 were also investigated 

(Figure 1.26).67 Initial discovery revealed that hydrogels made from achiral 99 and 

100-C6 exhibit spontaneous symmetry breaking and contain homochiral domains with 

opposite chirality. From CD spectra of 40 independently prepared samples, 19 samples 

have positive signs while 21 have negative signs at 280 nm. SEM images of the same 
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sample at different locations contains helical fibers with opposite chirality, confirming 

observations from CD spectra. 

 
Figure 1.26: (a) The self-assembly of 99 and 100-C6 gives hydrogel fibers with 

opposite helicity despite the lack of chirality in the monomers. (b) CD spectra of 40 

independently made samples containing 99 and 100-C6. (c) & (d) SEM images of 

hydrogel in a single sample at two different imaging locations, which show opposite 

helicity.67 Reprinted with permission from John Wiley & Sons. 

 

Two enantiomers 101-R,S were synthesized to further investigate the influence of 

chiral monomers on supramolecular chirality (Figure 1.27).67 Hydrogels form upon 

combining 99 and 101-R or 101-S, and the hydrogels exhibit same CD spectral features 

with opposite signs. Inspired by the ñsergeant and soldierò observations by Green et 

al,70 where a small amount of chiral molecule (sergeant) is significantly amplified and 
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alter the helicity of assemblies from achiral molecules (soldiers), the authors added a 

small amount of 101-R or 101-S to a hydrogel containing achiral 99 and 100-C6. 

Surprisingly, adding 0.1% of 101-R or 101-S relative to 100-C6 gave hydrogels with 

single chirality. This corresponds to a chiral amplification of 1000 times (1 sergeant 

commands 1000 soldiers), which is the highest chiral amplification in polymeric 

systems known in literature. This result demonstrates that these supramolecular 

assemblies are capable of converting a small amount of chiral information into a 

homochiral domain of nucleic acid analogs. 

 

Figure 1.27: (a) Structures of CA analogs with achiral (100-C6) and chiral side chains 

(101-R,S) (b) CD spectra of hydrogels made from 1:1 mixtures of 99 and 101-R or 101-

S.67 Reprinted with permission from John Wiley & Sons. 

 

While compounds 100 and 101 were prepared and purified using modern techniques, 

the authors also attempted to synthesize gelators under prebiotic conditions (Figure 

1.28).65 Vacuum assisted drying and mild heating (35 °C ) of 99 with ribose 102, both 

of which are simple and potentially prebiotic compounds, gives ribonucleosides with 

60% yield after 10 days. The major form that is isolated is ɓ-ribofuranosyl-C-
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nucleoside (103, 20% yield), which is consistent with the fact that C5 on TAP 99 is the 

most nucleophilic. The nucleoside crude after 10 days of drying and heating, when 

combined with CA in sodium borate buffer, gave a hydrogel. The crude itself only gives 

a solution without adding CA, indicating coassembly was formed. Simply mixing 99 

and ribose for 10 days in water, only gave precipitates when combined with 98, which 

indicated the heating and drying is crucial for gelation. This research indicates that 

under prebiotic conditions, ribonucleoside can be formed from simple alternative 

nucleobases and ribose, which further self-assemble into informational polymers. 

Overall, research on TAP3CA3-rosette hydrogels not only provides insights on the 

origin of life and homochirality, but also paves the way for future gelator design of 

functional materials using self-assembly. 

 

Figure 1.28: Under drying and mild heating, 99 and 102 form C-ribonucleoside 103 as 

a major product, which self-assembles into a hydrogel with 98 in water.65 Reprinted 

with permission from the American Chemical Society. 

1.8 Hydrogels containing G-quartets 

While hydrogels containing self-assembled macrocycles are starting to emerge, G-

quartet based systems are still the most commonly found in literature (Figure 1.29).1,4 

As a natural product, the nucleoside G 1 and its analogs has a fairly low price ($0.09 
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per gram of G 1 at Carbosynth) and hydrogels made from nucleosides generally have 

good biocompatibility.1 The synthesis of guanosine hydrogels is also straightforward, 

which only involves mixing of guanosine analogs in salt solution followed by heating 

and cooling. All these factors contribute to the recent resurgence of G-quartet hydrogel 

research. 

 

Figure 1.29: (a) Structures of G 1 and GMP 6. (b) Structure of a G-quartet. Positions 

available for modification are highlighted in color. (c) Structure of G-quadruplex. 

 

The first report on the gelation of guanylic acid was described by Ivar Bang in 1910.3 

The structural basis for the resulting materials were not elucidated until 1962, when 

Gellert, Lipsett, and Davies first proposed the structures of hydrogels made from 

guanosine monophosphates.71 Based on X-ray diffraction data of the gel fibers, the 

authors proposed that H-bonded macrocyclic tetramers, namely G-quartet, form helical 

stacks and form gels in water (Figure 1.29b & c). In 1978, Pinnavaia and coworkers 

highlighted the importance of cation chelation to stabilize these structures and found 

that K+ is the best at stabilizing G-quadruplex structures in 5ᾳ-GMP 6 assemblies.72 G4 

DNAs and oligomeric G-quartet stacks have also been extensively characterized in the 
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past 30 years, which provide rich structural information that guides future design of 

materials containing this motif.73ï77 

Furthermore, while the H-bond donor and acceptors are crucial for gelation, G 1 has 

a highly modifiable periphery, which opens up a myriad of possibilities for hydrogel 

design (Figure 1.29b). Reaction of the ribose 2ᾳ, 3ᾳ-diol with boron species has become 

a common strategy for G 1 hydrogel synthesis and conjugation of functional 

molecules;78 The 5ᾳ-position of G 1 contains a primary alcohol, which can be turned 

into electrophilic alkyl halides and carboxylic ester for further functionalization.79,80 

The C8 position of G 1 can be turned into 8-BrG 29 by adding Br2 to G 1, which can 

be modified to fine-tune nucleoside conformation and alter the electronics of the 

aromatic ring.81 Although a series of interesting hydrogels made from naturally 

occurring G 1, GMP 6 and their deoxy-counterparts have been reported in 

literature,3,71,82ï94 this section focuses on using organic chemistry to create functional 

guanosine hydrogels containing the macrocyclic G-quartet structures. Some strategies 

and design principles can potentially be generalized to other non-guanosine hydrogel 

systems. The most recent developments in the past 5 years are highlighted. 

1.8.1 Modifying  2ᾳ, 3ᾳ-diol with boron species 

While G 1 is highly polar, its water solubility is fairly low (2 mM) due to the 

formation of insoluble guanosine ribbons.5 Heating G 1 in water with excess KCl gave 

a hydrogel initially, but crystallization occurs within a few hours. In 2014, our group 

reported that borate anion can stabilize the hydrogel formation from G 1.78 Borate anion 

forms borate esters 104-106, which then self-assemble into stacks of G4ÅK
+ quartets 
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and trap water to form hydrogels. The resulting hydrogel is strong, transparent, and 

remains stable for over a year. Most importantly, the improvement of hydrogel stability 

is simply achieved by anion switching. Furthermore, this hydrogel has anionic borate 

periphery, which was used for charge-based absorption of cationic dye. After soaking 

a G 1 borate hydrogel in a mixture of cationic methylene blue and anionic rose bengal, 

the gel edge became more blue over time, indicating its preference for cationic species 

(Figure 1.31). 

 

Figure 1.30: G 1, in the presence of 0.5 eq KB(OH)4, forms borate monoester 104 and 

diesters 105/106, which self-assemble into G-quartets that stack to give hydrogels.78 

Reprinted with permission from the American Chemical Society. 
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Figure 1.31: A piece of G 1 KB(OH)4 gel preferentially absorbs cationic methylene 

blue over anionic rose Bengal.78 Reprinted with permission from the American 

Chemical Society. 

 

Our group continued to explore the influence of G-quadruplex ligands on G 1 borate 

hydrogels. Substoichiometric amount of ThT 107 was found to increase the stiffness of 

borate hydrogels made from Li+ and promote the self-healing process compared to 

blank control (Figure 1.32b).95 We proposed that ThT 107 acts as a molecular 

chaperone and shifts the equilibrium toward G-quadruplex formation (Figure 1.32a). 

Similar results were observed with other planar, aromatic dyes. It was suggested that 

this Li+ hydrogel could potentially be used as an inexpensive system for identifying G-

quadruplex ligands. 
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Figure 1.32: (a) Different structures and assemblies exist in equilibrium in a G 1 

LiB(OH)4 gel. Adding ThT 107, a G-quadruplex ligand, shifts the equilibrium toward 

gelation. (b) Gel containing 107 reforms faster after agitation.95 Reprinted with 

permission from the American Chemical Society. 

 

Sadler reported another interesting application of G 1 borate gel.96 The authors 

synthesized 108, a platinum (IV)  prodrug containing catechol, which can also form 

borate ester and become conjugated to G 1 (Figure 1.33). The Pt (IV) drug is inert but 

photoactivable by 465 nm light, and Pt (IV) is reduced to Pt (II) with concomitant 

release of azidyl radicals, both of which contribute to the cytotoxicity. Incorporation of 

the drug molecule into a hydrogel can facilitate the slow release of the drug at the active 

site. It was found that after being conjugated to give a hydrogel containing 109, the 

prodrug 108 became more cytotoxic (IC50=3 ɛM) toward ovarian cancer than 108 

without hydrogel (IC50=74 ɛM) after photoactivation. This research provides the basis 

for future development of therapeutic agent design. 



 

 

 

43 

 

 

Figure 1.33: Prodrug 108 can be incorporated into guanosine hydrogels via borate ester 

linkage.96 Reprinted with permission from the American Chemical Society. 

 

1.8.2 Hydrogels containing 5ᾳ-modified guanosine species 

In a seminal report, Lehn and coworker synthesized a 5ᾳ-modified analog of G 1, 

hydrazideG 3 (Figure 1.34).97 The compound forms stable and strong G-quartet 

hydrogels with a wide variety of cations. The hydrazide functional group can form 

acylhydrazones at pH=6 and these functionalities are commonly used to construct 
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dynamic combinatorial libraries (DCL). The authors synthesized a hydrogel containing 

compounds 3, 109, 110 and 111 in 1:1:1:1 ratio, which react to form a library of 

acylhydrazones 112-115. Without gelation, the isoenergetic acylhydrazones 112-115 

should exist as a 1:1:1:1 mixture. However, the author discovered that hydrogelation 

with 113 is more efficient than 112, and 113 is selectively enhanced in the DCL, which 

is reflexed in the enhancement of 114. In this case, the cohesive force dictates the 

outcome of the DCL and selected the fittest within the system. 

 
Figure 1.34: HydrazideG 3, when combined with 109-111 in 1:1:1:1 ratio, generates a 

dynamic combinatorial library (DCL) containing 112-115. Hydrogel formation with 

113 is more favorable, which enhanced 113 and 114 in the DCL.97 Reprinted with 

permission from the United States National Academy of Sciences. 

 

Electrophiles on the 5ᾳ-position of guanosine can also influence the hydrogelation 

properties and functions. Our group reported a borate hydrogel made from 5ᾳ-IG 39 

(Figure 1.35a). Under basic condition, 39 can cyclize intramolecularly in solution and 

displace the leaving group I- to form 116. Cyclized 116 should form weaker G-quartet 

structures than 39 and lead to disassembly of the hydrogel (Figure 1.35b&c). The 
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disassembly process is also accelerated by extra heating. This temperature self-

destruction was indeed observed and utilized for the release of an antiviral drug 

containing guanine motif, acyclovir 117 (Figure 1.35d). After 72 hrs, 85% of acyclovir 

117 was released from the gel into the solution at 37°C , while only 15% was released 

at room temperature. This research shows promise for future design of drug release 

systems under physiological conditions. 

 

Figure 1.35: (a) IG 39 forms a hydrogel with KB(OH)4 that contains 116. (b) 

Compound 116 forms weaker G-quartets than IG 39. (c) Schematic illustration of gel 

disassembly caused by the formation of 116 (orange) that leads to drug release (blue). 

(d) Pre-incorporated acyclovir 117 was released more efficiently at 37°C  than 20°C .98 

Reprinted with permission from the Royal Society of Chemistry. 

 

This thesis is also focused on creating hydrogels from 5ᾳ-modified guanosine 

analogs. In Chapter 2, we describe the gelation study on guanosine analogs containing 

5ᾳ-thiol and 5ᾳ-disulfide functional groups. Inspired by Lehnôs research, we explored 
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the self-assembly of a 5ᾳ-hydrazine guanosine analog in Chapters 3 &  4. In Chapter 

5, a hydrogel made from a 5ᾳ-hydroxamic acid guanosine analog was explored. 

 

1.8.3 Hydrogels containing 8-modified guanosine species 

Modifying the C8 position on the aromatic ring of guanosine can also potentially 

bring new functions to the G4 hydrogels. Our group synthesized hydrogels containing 

a mixture of 8-aminoG 31 and G 1 (Figure 1.36).99 The modification of amino group 

on guanine might lead to the protonation of the nucleobase and result in a cationic 

hydrogel for anion binding; switching from monovalent K+ to divalent Ba2+ can 

enhance the affinity of the gel toward anionic species. Furthermore, the hydrogel can 

be formed with either NO3
- or B(OH)4

- as counterions, which allows the synthesis of 

hydrogels with different charge states. Dye absorption experiment shows that binary 

hydrogels made from KNO3 preferentially absorb anionic Naphthol Blue Black (NBB) 

and Rose Bengal (RB) while KB(OH)4 gel favors cationic Safranin O (SO). 

Interestingly, Ba2+ gels have similar charge preference as KCl, but absorb dyes with 

higher efficiency. This research showed that simply changing the salt identity can 

drastically influence the properties of guanosine gels. 
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Figure 1.36: (a) Structure of 8-aminoG 31 (b) An SEM image containing 8-aminoG 

31, G 1 and Pb2+. (c) The percentage of the dyes absorbed by different hydrogels.99 

Reprinted with permission from the Royal Society of Chemistry. 

 

Other than altering the electronics of the guanine and its protonation state in water, 

C8 position modifications can also change the conformation of the nucleoside. For 

guanosine, introducing bulky groups on C8 position often favors a syn conformer due 

to sterics. In this way, the ribose moiety could potentially block the sugar face of 

guanine and expose the Hoogsteen base pairing for G-quartet formation. 8-BrG 29 exist 

mostly in syn conformation and could act as a ñcatalystò that triggers the G-quartet 

formation. Initial test shows that a 1:1 mixture of G 1 and 8-BrG 29 forms a hazy 

hydrogel at room temperature within 20 seconds of adding 0.5 eq KB(OH)4.
100 The gel 

gets significantly clearer after 20 min, indicating large aggregates are solubilized and 

have assembled into hydrogel fibers. This hydrogel formation at room temperature 

could be potentially applied to trap and release of enzymes and ester-containing drugs, 

which are highly sensitive to heat. 
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Figure 1.37: (a) Syn conformer could potentially favor G-quartet formation. (b) 8-BrG 

29 favors syn conformation. (c) A binary borate system containing a 1:1 mixture of G 

1 and 8-BrG 29 gives a self-standing gel at room temperature.100 Reprinted with 

permission from the Digital Repository at the University of Maryland. 

 

In Chapter 2, we describe the self-assembly of 8-thione and 8-disulfide containing 

guanosine analogs and their potential applications. Overall, the C8 position of G 1 can 

potentially be modified with a wide range of functionalities and still remains to be 

explored in future research. 

1.9 Summary 

    This chapter has introduced a summary of hydrogels containing non-covalent 

macrocycles. The non-covalent macrocycles can serve as crosslinkers between 

polymers, but can also aggregate to give 1D-polymers. Finally, we focus on G-quartet 

hydrogels, which will be discussed in more detail in Chapters 2-5. 
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Chapter 2:  Synthesis and Gelation Properties of Sulfur-

containing Guanosine Analogs 

2.1 Summary 

This chapter focuses on the synthesis and self-assembly properties of different sulfur 

containing guanosine analogs, namely 5ᾳ-thiolG 27, 8-thioG 37 and the corresponding 

disulfides 28 and 38 (Figure 2.1). We demonstrate that addition of base or borate salts 

can promote the hydrogelation properties of the poorly soluble 27. G-quartet hydrogels 

were also successfully synthesized from 28 and KB(OH)4, and the resulting hydrogels 

were characterized using NMR and CD spectroscopy. 

 

Figure 2.1: Structures of compounds that are discussed in the chapter 

 

We also obtained a crystal structure for 8-thioG 37. An 8-thione tautomer is observed 

and the compound adopts a syn conformation about the C-N glycosidic bond. Since 37 

lacks Hoogsteen base pairing and is less likely to form G-quartets, we proposed 
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different methods to induce its hydrogelation. Finally, disulfide 38 spontaneously self-

assembles into gels in acetone and ethylene glycol. Construction of thiol/disulfide-

containing materials has promise for environmental remediation applications and smart 

material design. 

In sections 2.12 and 6.6, we report the synthetic procedures of some guanosine 

analogs and their NCI-60 screening results. 

2.2 Introduction of thiol/disulfide chemistry 

    Sulfur-containing compounds are ubiquitous, and many have significant biological 

relevance. They serve as nucleophiles, ligands, crosslinkers and odorants in biological 

context.101 While in the same chalcogen group as oxygen, sulfur chemistry is unique 

from oxygen in many ways. We herein introduce thiol and disulfide chemistry on a 

basic level. 

2.2.1 Thiols are more acidic than alcohols 

Thiols are generally more acidic than alcohols (Figure 2.2). The phenomenon can 

be explained by comparing the corresponding conjugate bases. When methanol 

(pKa=15.5) and methanethiol (pKa=10.4) are deprotonated, corresponding methoxide 

and methanethiolate anions are formed.102 Since the sulfur atom has a much larger van 

der Waals radius (1.8 Å), as compared to oxygen (1.5 Å),103 thiolate can disperse the 

negative charge better than alkoxide, which in turn makes the corresponding thiol more 

acidic than the alcohol. The same trend also applies to the relative acidity of phenol 

(pKa=10) vs thiophenol (pKa=6.5).102 
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Figure 2.2: Methanethiol is 104 times more acidic than methanol 

 

2.2.2 Thiolates are more nucleophilic than alkoxides 

    Thiolates, the conjugate bases of thiols, are more nucleophilic than alkoxides. The 

3sp3 lone pairs on anionic sulfur are higher in energy than 2sp3 oxygens so that the 

thiolates are more reactive. The larger size of sulfur vs. oxygen also makes thiolates 

more polarizable than alkoxides, which contributes further to the increased 

nucleophilicity. Interestingly, thiols are poorly nucleophilic. The differential 

nucleophilicity of thiols and thiolates has been used to perform pH-dependent attack 

on electrophiles such as alkyl halides and Michael acceptors for bioconjugation and 

construction of functional materials (Figure 2.3).104ï106 Thiolates also play an 

important role as a nucleophile in catalytic triads of enzymes.107 

 
Figure 2.3: Thiols, when deprotonated, give thiolate anions that can be alkylated by 

alkyl halides or Michael acceptors to form thioethers. 



 

 

 

52 

 

 

2.2.3 Thiol-disulfide redox chemistry 

Thiols and thiolates are susceptible to oxidation and readily form disulfides (Figure 

2.4). Disulfide linkages are crucial to the tertiary structures of many proteins. The 

oxidation of thiols to symmetric disulfides is commonly achieved by adding iodine I2 

to a solution of thiol. In the presence of peroxidases, oxidation with O2 gas can be 

achieved at a high rate.108 

 
Figure 2.4: (top) Thiol-disulfide redox reaction. (bottom) Structures of two reducing 

agents that turn disulfides into thiols. 

 

For small molecule disulfides, the reduction to free thiol is best carried out with 

tris(2-carboxyethyl)phosphine (TCEP) since it is odorless, functions at a wide pH range 

and the reaction is irreversible (Figure 2.4).109 For disulfide cleavage within proteins, 

dithiothreitol (DTT) is more efficient than TCEP.110 

2.2.4 Thiolate-disulfide exchange 

    Nucleophilic thiolates attack disulfides to form new thiolates and new disulfides in 

water (Figure 2.5). This SN2 reaction is reversible and happens at room temperature 
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with moderate rates. The disulfide bond is labile and considered a dynamic covalent 

bond.32 Protonation of thiolate stops the reaction completely.111 

 
Figure 2.5: Thiolates attacks disulfides to form new thiolates and new disulfides 

 

2.2.5 Disulfide metathesis 

    The exchange reaction between two different disulfide molecules to form a statistical 

mixture of symmetric and asymmetric disulfides is called disulfide metathesis (Figure 

2.6). While the reaction does not happen spontaneously upon mixing two disulfide 

species, this entropically favorable reaction can be catalyzed or induced by thiolates,112 

bases,113 phosphines,114,115 rhodium catalysts,116 UV light117 or ultrasonication.118 

 

 
Figure 2.6: Two symmetric disulfides undergo metathesis reactions to form a statistical 

mixture of symmetric and asymmetric disulfides. 

 

2.2.6 Metal binding 

    Due to the large size and high polarizability of sulfur atoms, 

thiols/thiolates/disulfides are generally considered to be soft Lewis bases. They have 

strong affinities for soft Lewis acids such as Pb2+, Hg2+, Au3+, which make 
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thiol/disulfide containing compounds ideal candidates for binding toxic metal ions and 

modifying metal surfaces.119ï122 

2.3 Inspiration and synthesis of 5Ӿ-thiol/disulfideG 

2.3.1 Drawing inspiration from nature 

Of the 20 amino acids that appear in the genetic code, serine and cysteine are an 

interesting pair in that they are highly structurally similar: serine contains a primary 

alcohol whereas cysteine contains a primary thiol (Figure 2.7). Yet, they are different 

in many aspects involving the chemistry that occurs inside a protein. The most 

interesting feature of cysteine is its capability to form disulfide cystine upon oxidation, 

which is often crucial to the higher-order structure of proteins. Similar to serine, 

nucleosides also contain a primary alcohol on the 5ᾳ-position. However, we performed 

a literature search on the 5ᾳ-thiol counterparts of nucleosides, and found to our surprise 

that these compounds have not been reported to exist in nature. We were particularly 

interested in 5ᾳ-thiolguanosine (5ᾳ-SHG 27) since it could potentially form hydrogels 

with thiol functional groups on the periphery via formation of G4 quartets.2 Such thiol 

containing hydrogels could be applied to heavy metal remediation and surface 

conjugation of bioactive molecules. Addition of peroxidases to the thiol-containing 

hydrogel could alter the material properties by forming disulfide bonds.108 

Furthermore, the disulfide compound 28 could potentially form hydrogels with more 

crosslinks than those formed from thiol 27, and these disulfide crosslinks could be 

cleaved and disassembled by reducing agents or other thiolates (e.g. glutathione). Such 
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a hydrogel system made from guanosine analogs would potentially be biocompatible 

and biodegradable and is ideal for delivery of payloads inside human body. 

 

 
Figure 2.7: 5ᾳ-modification of G 1 to give compounds 27 and 28 is parallel with 

serine/cysteine/cystine series. 

 

Efforts have been devoted to the synthesis of 5ᾳ-thiol containing nucleoside 

analogs.123ï125 Reese and coworkers reported a universal synthesis of these analogs 

using 5ᾳ-chloro nucleoside and 9-(4-methoxyphenyl)xanthen-9-thiol.124 However, the 

use of protected G 1 and extra preparation of thiol nucleophile limits the applicability. 

Hodgson and coworkers improved the procedure by performing the synthesis of 5ᾳ-

SHG 27 in 2 steps from G 1 with high yields.123 The resulting product, however, 

contained a mixture of thiol 27 and disulfide 28. Piccirilli first isolated pure disulfide 

28 in 5 steps, but the procedure required protection and deprotection steps.126 In the 

chapter, we successfully isolated pure forms of both 27 and 28 in 3 simple steps from 

G 1 based on Hodgsonôs procedure and thoroughly characterize the two compounds 

with 1D/2D NMR spectroscopy and mass spectrometry. Furthermore, with pure 

compounds isolated, we describe the gelation properties of the two guanosine analogs, 

which have not been reported before in literature. 
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2.3.2 Synthesis and characterization of analogs 27 and 28 

We successfully prepared the mixture containing both 27 and 28 based on literature 

(Figure 2.8 middle spectrum). Addition of excess NaI/I2 solution to the solid mixture 

of 27/28 followed by extensive sonication oxidized all the remaining thiol 27 and 

produced pure disulfide 28 as a light yellow solid (Figure 2.8 bottom spectrum). Excess 

TCEP, on the other hand, efficiently cleaved all disulfides in the mixture and gave thiol 

27 as a fine white powder (Figure 2.8 top spectrum). Close examination of 2-3 ppm 

region of the NMR spectra (Figure 2.8 blowup) of the mixture led us to find two peaks 

that can be assigned as 5ᾳ-CH2 of 28, two peaks that can be  assigned as 5ᾳ-CH2 of 27, 

and a triplet that is assigned as 5ᾳ-SH proton of 27. The spectra for pure 27 and 28 only 

give 1 set of peaks each that matched our assignment. 
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Figure 2.8: 1H NMR shows formation of 5ᾳ-SHG 27 and 5ᾳ-disulfideG 28 by 

performing redox reaction on a 27 + 28 mixture in DMSO-d6. Blow-up of 5ᾳ-region of 

the spectra unambiguously shows characteristic peaks for both analogs in the mixture, 

whereas only one set of peaks are found in the spectra of pure analogs. 

 

 

Figure 2.9: 1H-1H COSY shows a crosspeak between 5ᾳ-SH and 5ᾳ-CH2, thus 

confirming the CH2SH spin system in DMSO-d6. 
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The 5ᾳ-thiol proton shows around ŭ= 2.4 ppm as a well-defined triplet due to the 

coupling with 5ᾳ-CH2 of 27 and the peak assignment was confirmed by 1H-1H COSY. 

The correlation peak between 5ᾳ-SH and 5ᾳ-CH2 confirms the CH2SH spin system in 5ᾳ-

SHG 27 (Figure 2.9). 

 

Figure 2.10: Electrospray ionization mass spectrometry confirms the identity of both 

27 and 28. 

 

Finally, mass spectrometry shows a single peak at m/z = 300 for thiol 27 and m/z = 

597 for disulfide 28, which unambiguously confirms the identity of both compounds 

(Figure 2.10). In simple ways using water as the solvent and TCEP/I2 as 

reducing/oxidizing reagents, we were able to prepare pure forms of 27 and 28. 
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2.4 Gelation test of 5Ӿ-SHG 27 

2.4.1 Summary of methods to construct a G4 hydrogel from 5ᾳ-SHG 27 

We previously demonstrated that medium solubility is required for gelation of 5ᾳ-

modified guanosine analogs with KCl.5 Compounds containing divalent sulfurs 

(thiol/disulfide) are usually poorly soluble in water, as compared to their oxygen 

counterparts. This is caused by the lack of hydrogen bonding of sulfur atoms with 

water, which reduces the degree of solvation. Thus, the modification of G 1 into SHG 

27 should reduce the aqueous solubility of the nucleoside, which suggest that SHG 27 

would be a fairly poor hydrogelator. Preliminary gelation test of a mixture containing 

27 (2 wt%, 64 mM) and 0.5 eq KCl only gave a precipitate (Figure 2.11). We propose 

four approaches to construct hydrogels from SHG 27: 1) adding strong base to produce 

thiolates with better solubility; 2) adding borate salts to form water soluble borate 

esters;127 3) adding G 1 to create a binary gel and prevent crystallization,99 and 4) a 

combination of the three approaches. 

2.4.2 Higher pH favors gelation by thiolate of 27 

First, we added 0.5 eq KOH instead of KCl into an aqueous suspension of compound 

27 (2 wt%, 64 mM) inside a glass vial. The mixture was flushed with N2 gas before 

heating with a hotgun. After cooling at room temperature, a white gel formed, 

suggesting that higher pH improves hydrogelation of 27 (Figure 2.11). A gel 

containing thiolates could be applied to remediation of alkylating toxins such as 

acrolein and acrylonitrile.128 
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Figure 2.11: Addition of hydroxide improves the hydrogelation of 27. 

 

2.4.3 Addition of 5ᾳ-aminoG 4 to thiolG 27 promotes gelation 

We also tried creating a 1:1 mixture of 5ᾳ-aminoG 4 and 5ᾳ-thiolG 27 in order to 

create a bianry mixture of guanosine analogs by utilizing the basic amine group of 4 to 

form thiolates (Figure 2.12). Gelation test shows that the binary mixture (2 wt%, 64 

mM) again formed a white hydrogel with KCl (0.5 eq). As a control, a mixture of non-

basic G 1 and 5ᾳ-thiolG 27 only gave a precipitate, which shows the importance of high 

basicity to induce hydrogelation. The electrostatic interactions between the resulting 

ammonium and thiolates could also contribute to the stability of the gel. 

 
Figure 2.12: A 1:1 binary mixture of 5ᾳ-aminoG 4 and 5ᾳ-thiolG 27 forms a hydrogel. 
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2.4.4 Potassium borate hydrogels of 27 

Previously, our group reported that addition of KB(OH)4 to G 1 gave a strong and 

transparent hydrogel.78 The optimal stoichiometry of borate salt was found to be 0.5 

eq. We also started by adding 0.5 eq of KB(OH)4 (made from two separate stock 

solutions of B(OH)3 and KOH) to 27 and found that a self-standing but translucent 

hydrogel (1 wt%, 32 mM) formed (Figure 2.13). 

 
Figure 2.13: Addition of 0.5 eq KOH and 0.5 eq B(OH)3 to SHG 27 (1 wt%, 32 mM) 

gives a translucent hydrogel while further increasing KOH amount to 1.0 and 1.5 eq 

gave hydrogels with better clarity. 

 

To improve hydrogelation we proposed that addition of more than 0.5 eq KOH, 

while maintaining the same amount of B(OH)3, would solubilize undissolved 27 (1 

wt%, 32 mM) and form a more uniform hydrogel (Figure 2.13). KOH titration test 

showed that transparent hydrogels were formed with addition of 1.0 & 1.5 eq KOH. As 

a comparison, G 1 hydrogels are best with 0.5 eq KOH while further addition of KOH 

weakens or disassembles the resulting gel. This result is again in accordance with the 
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previous result that higher pH is required for thiol 27 to form a better hydrogel by 

favoring the formation of thiolate anions. Addition of 2.0 eq KOH only gave a viscous 

solution. 

2.4.5 Potassium borate hydrogels made from a 1:1 binary mixture of 27 and 1 

    Finally, we decided to combine two aforementioned approaches, namely using a 

binary mixture and adding borate salts (Figure 2.14). The combination of these 

methods was previously used in our lab to create an 8-aminoG 31/G 1 hydrogel for 

remediation of cationic dyes.99 Satisfyingly, a mixture of 27 and 1 (2 wt%, 64 mM) 

together with 0.5 eq of KB(OH)4, after purging with nitrogen gas and a regular heating-

cooling cycle, resulted in a self-standing and transparent hydrogel. Future work 

involves more detailed structural characterization of the hydrogel. 

 

 

Figure 2.14: A 1:1 binary mixture (2 wt%, 64 mM) of 27 and 1 forms clear and self-

standing hydrogel.  
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2.4.6 Future work on the hydrogelation of 27 

Having explored different conditions to induce the hydrogelation of 27, future work 

involves more detailed characterization of the resulting hydrogels using NMR, CD, 

rheology, etc. Then the potential application of the thiol-containing hydrogels for water 

remediation of toxic metal and alkylating agents will be explored. Finally, we are 

interested to see if peroxidase enzymes can crosslink the resulting hydrogels by 

forming a disulfide bond and how it would influence the structure and the behavior of 

the hydrogels. This research could provide insights into the design of thiol-containing 

biomaterials. 

2.5 Hydrogelation of 5Ӿ-disulfideG 28 and preliminary characterization  

2.5.1 5ᾳ-disulfideG 28 is poorly soluble but can be dispersed in a water/DMSO 

mixture 

    Guanosine and its analogs are notoriously insoluble in water despite the seemingly 

high polarity of the compound. The formation of insoluble ribbon structures is the 

primary reason (Figure 2.15).129 For 28, the layers of ribbons are potentially 

crosslinked by disulfide bonds, which would likely further reduce the aqueous 

solubility of this nucleoside. 
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Figure 2.15: Proposed disulfide crosslinking in the solid phase of 28 to cause its poor 

aqueous solubility. 

 

    Initial attempts to create hydrogels using disulfide 28 failed due to its poor solubility; 

the fine powder obtained after grinding cannot be further broken down in water by 

sonication. Heating the aqueous suspension of 28 (2 wt%, 32 mM) to boiling, with or 

without borate salt, also failed to solubilize most of the compound. 

 
Figure 2.16: Addition of finely ground 28 into water gave rapid precipitation, while 

dissolving 28 in DMSO followed by adding water gave a well-dispersed suspension 

(0.25 wt%, 4 mM). 
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    While synthesizing the compound, we found that DMSO can dissolve 28 at a high 

concentration (over 50 g/L). We transferred a small amount of DMSO stock solution 

of 28 to a glass vial, which was then diluted with water to give a well-dispersed 

suspension (0.25 wt% 28, 95% water, 5% DMSO, 4 mM). Addition of borate salts to 

such a suspension followed by heating can efficiently solubilize all the solid. Without 

dissolving in DMSO first, the solids of 28 precipitated within a minute in water and 

cannot be easily dissolved (Figure 2.16). Using 5% DMSO, we efficiently broke down 

crystalline solids of 28 into a fine aqueous suspension, which is beneficial for 

compound solubilization and gel preparation.  
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2.5.2 Gelation test of disulfide 28 with borate salts shows better gelation with 

KB(OH)4 

 
Figure 2.17: Gelation tests with disulfideG 28 (0.25 wt%, 4 mM) and different borate 

salts in 95% water and 5% DMSO. Sample containing 8 eq KB(OH)4 gave a clear and 

self-standing hydrogel. 

 

We first performed gelation tests in the 95:5 DMSO:water mixture on disulfideG 28 

with borate salts. Both salt concentration and cation identity could potentially influence 

gelation behavior.127 Of all the alkali metal cations tested, K+ formed the best hydrogels 

with 28, which reflects K+ cationôs preference at stabilizing G-quartets. Titration 

experiments indicated that 8 eq of KB(OH)4 (34 mM) gave a self-standing hydrogel 

(0.25 wt%, 4 mM, 95% water and 5% DMSO). With less than 8 eq. borate gave a 

suspension, while over 8 eq gave weaker gels as judged by the curvature of inverted 

hydrogel/air interface (Figure 2.17). Switching K+ into Li+ and Na+ mostly gave 

solutions instead of gels. 
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2.5.3 CD spectra of K/Na hydrogels show G-quadruplex features 

    We first studied the resulting hydrogels using circular dichroism spectroscopy (CD) 

which is a powerful technique to probe the chiral orientations of G-quartet layers 

(Figure 2.18).2,130 K+/Na+ samples of 28 gave strong signals at 200-300 nm that are 

characteristic of chiral stacks of G-quartets. Li+ samples fail to show any significant 

assembly, showing its poor ability to template G-quartet gel formation. The CD spectra 

support our hypothesis that the hydrogel with K+ is G-quartet based. 

 

Figure 2.18: CD spectra of different borate samples of 28 (0.25 wt%, 4 mM, 95% H2O 

and 5% DMSO, 8 eq MB(OH)4). The path length of the quartz cuvette is 1 mm. 

 

2.5.4 11B NMR of the resulting gels only show monoester 

We then used 11B NMR to probe to composition of  different boron containing 

species in solution. Our group previously reported that with G 1 and 0.5 eq KB(OH)4, 
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both borate monoester (ŭ ~ 6 ppm) and diesters (ŭ ~ 11 ppm) were observed in 11B 

NMR.131 In this case, however, since 4 eq of KB(OH)4 were used relative to all riboses 

(8 eq relative to 28 since each 28 molecule contains 2 ribose units), we propose only 

monoesters exist due to the large excess relative to 28.  

 
Figure 2.19: 11B NMR spectra of different borate gels from 28 (0.25 wt%, 4 mM, 95% 

D2O and 5% DMSO, 8 eq MB(OH)4) show only peaks for monoester. 

 

First, hydrogels containing 28 (0.25 wt%, 4 mM, 95% D2O and 5% DMSO, 8 eq 

MB(OH)4) were prepared and transferred into a hot NMR tube. The samples were 

allowed to cool down and 11B NMR experiments were performed (Figure 2.19). 

Results show that only monoester peaks (ŭ ~ 6.5 ppm) exist in solution phase due to 

the large excess of borate salts for Li+, Na+ and K+ borates. No peaks for diesters are 

found in all three spectra, consistent with our hypothesis. Also significantly stronger 

peak was seen in the Li+ sample than K+, indicating more borate ester species are in the 
























































































































































































































































































































































































































































