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SYNOPSIS 

Introduction 

The integration of biomolecules into supramolecular superstructures 

forms the foundation of natural systems. Biomolecular building blocks 

such as amino acids, nucleosides/nucleotides, and carbohydrates can 

spontaneously organize into highly ordered architectures through 

noncovalent interactions, generating functional materials with precise 

structural and physicochemical properties [1-3]. Among these systems, 

nucleotide-based assemblies have attracted considerable attention due to 

their structural versatility and functional significance. One of the most 

extensively studied motifs is the G-quartet, a planar hydrogen-bonded 

macrocycle formed through cation-templated assembly of guanosine 

units, first identified as the structural basis for the aggregation of 5′-

guanosine monophosphate (5′-GMP) [4]. Through Hoogsteen hydrogen 

bonding, 5′-GMP self-assembles into supramolecular structures such as 

G-monomeric aggregates, G-dimers, and highly ordered G-

quadruplexes and multiple quartets. These hydrogen-bonded G-quartets 

further stack via π-π interactions and interlayer hydrogen bonding to 

generate extended columnar superstructures [4-6]. The resulting one-

dimensional fibrillar assemblies entangle and cross-link into three-

dimensional networks capable of immobilizing solvent molecules, 

leading to hydrogel formation. Unlike permanently covalently cross-

linked polymeric gels, these supramolecular hydrogels are stabilized by 

dynamic noncovalent interactions, imparting tissue-like softness, high 

water content, structural adaptability, and reversible stimuli 

responsiveness toward changes in pH, temperature, and ionic 

environment [7].  

Leveraging the unique self-association behavior of 5′-GMP [8], 

various biomacromolecules, metal-organic or inorganic clusters, amino 

acids, synthetic polymers, and small organic molecules can be employed 

to induce G-quartet formation and generate functional soft materials. 
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This strategy not only provides a rational approach for designing 

biogenic materials, but also mimics natural tissue-formation processes 

while maintaining excellent biocompatibility and biodegradability. This 

thesis summarizes several bioengineering strategies for developing bio-

inspired functional materials using self-assembled 5′-GMP scaffolds as 

the primary structural framework. Each chapter focuses on a distinct 

hydrogel design strategy tailored toward specific functionalities, while 

detailed kinetic, morphological, and spectroscopic investigations 

provide insight into the self-assembly behavior of 5′-GMP in the 

presence of different molecular and macromolecular constituents. 

Additionally, intrinsic and induced properties such as biocatalytic 

activity, amphiphilic behavior, stimuli responsiveness, dynamic 

reconfigurability, macromolecular confinement, and ionic conductivity 

are systematically explored. Finally, the thesis highlights the broad 

application potential of these self-assembled hydrogels in drug delivery, 

enzyme-mimetic biocatalysis, and bioelectronics, demonstrating how 

simple 5′-GMP self-association can be engineered into advanced bio-

inspired, bio-derived and biogenic functional hydrogels. 

Summary of the Thesis 

The thesis comprises of total 7 chapters and the contents of each chapter 

included in the thesis are discussed in brief as follows: 

Chapter 1. General Introduction and Background 

This chapter provides a brief overview of biomolecular self-assembly 

and the fundamental principles governing the self-aggregation behavior 

of nucleotides, with particular emphasis on 5′-GMP-based assemblies. 

The processes of biomolecular condensation and the transformation of 

self-assembled architectures into supramolecular hydrogels are 

discussed. We also provide an overview of guanosine- and GMP-derived 

supramolecular hydrogels, elucidating their structural organization, 

formation mechanisms, and physicochemical properties. The chapter 

further consolidates recent advances in the engineering of self-
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assembled supramolecular scaffolds, spanning a broad spectrum of bio-

derived and biomedical applications. 

Chapter 2. Chromatin Inspired Bio-condensation between Biomass 

DNA and Guanosine monophosphate Produces All-nucleic 

Hydrogel as a Hydrotropic Drug Carrier 

In this chapter, a non-covalent bio-condensation between biomass 

DNA and guanosine monophosphate (GMP) has been described, 

mimicking chromatin folding and creating a unique “all-nucleic” DNA-

GMP condensates. These condensates initiate the formation of G-

quadruplex-based superstructures, assembling into super-helical fibers 

driven by synergistic hydrogen bonding and stacking, which have been 

thoroughly investigated through morphological and spectroscopic 

analysis. This simple, one-step method for the bio-condensation of 

biomass DNA leads to an “all-nucleic” hydrogel with higher-order self-

assembly and excellent mechanical properties. While most of the 

reported DNA based biomaterials, including hydrogels, require 

precisely sequenced and molecularly architectured DNA building 

blocks, we have developed a simple, universal, and facile bio-

condensation method that utilizes biomass DNA acquired from any 

bioresource to fabricate DNA hydrogels. The “all nucleic” biomass 

DNA hydrogel reported herein has several advantages: (a) all raw 

materials are nucleic acids (or fragments) derived from bio-resources, 

(b) the method is green and spontaneous, involving no synthetic steps, 

thereby can be translated to industrial scale easily, (c) the resultant 

hydrogel is highly stable, reusable and biocompatible. Furthermore, the 

hydrogel can encapsulate a variety of drug molecules, both hydrophilic 

and hydrophobic, with a high loading capacity and shows sustained drug 

release, demonstrating its competency as a universal drug carrier. We 

believe this energy-efficient and low-cost method represents a new 

technique for using biomass DNA as building blocks for the next 

generation of soft materials. 
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Figure 1. Schematic illustration of the bio-condensation between biomass DNA and 

5′-GMP, leading to all-nucleic hydrogel formation and its application as a hydrotropic 

drug-delivery carrier. 

Chapter 3. Minimalist Structural Tunability in a Biomass DNA-

GMP Hydrogel Enables Programmable Anticancer Drug Release 

Precise spatiotemporal control over drug-release kinetics 

remains a major challenge in anticancer therapy, where maintaining 

sustained intratumoral drug levels while minimizing systemic toxicity is 

critically important. In this chapter, we introduce a structure-tunable, 

biomass-derived DNA-GMP supramolecular hydrogel that enables 

programmable anticancer drug-release kinetics from a single DNA-

GMP nanofibrillar matrix. As discussed in the previous chapter, 

spontaneous bio-condensation between biomass DNA and 5′-guanosine 

monophosphate drives the formation of DNA-wrapped, helically 

stacked G-quadruplex nanofibers, resulting in an intrinsically 

hydrotropic and amphiphilic hydrogel capable of encapsulating both 

hydrophilic and hydrophobic drugs. Herein, we demonstrate that 

minimal physical modulation of the supramolecular architecture, 

achieved through solvent engineering or biorelevant Ca2+ crosslinking, 

can reprogram the same hydrogel matrix to exhibit distinct drug-release 

behaviors, including first-order diffusion, Higuchi-type diffusion-

controlled release, and zero-order surface erosion-dominated kinetics. 
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The hydrogels efficiently encapsulate the hydrophilic anticancer drug 

doxorubicin and the hydrophobic anticancer drug camptothecin, 

enabling sustained and predictable drug-release profiles under 

physiological conditions. Structural reorganization within the hydrogel 

network modulates fibrillar packing, mechanical stiffness, and swelling 

behavior, thereby directly influencing the underlying drug-transport 

mechanisms. Biological evaluation of the drug-loaded hydrogels in 

breast cancer models demonstrates enhanced anticancer efficacy with 

minimal toxicity toward healthy cells. Notably, camptothecin-loaded 

hydrogels effectively disrupt three-dimensional tumor spheroids at low 

drug concentrations (2-5 µM), accompanied by significantly enhanced 

apoptotic activity. Collectively, these findings establish a universal “all-

nucleic” hydrogel platform in which structure-directed 

microarchitectural control enables tunable and predictable drug delivery, 

offering a promising strategy for precision anticancer therapeutics. 

 

Figure 2. Schematic representation of Structural Tunability in a Biomass DNA-GMP 

Hydrogel Enables Programmable Anticancer Drug Release and Therapeutics. 

Chapter 4. Enzyme-Mimicking “All-Nucleotide” G-Quadruplex 

Hydrogel as a Dual-Function Microreactor for Biomimetic Cascade 

Catalysis 
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Biomolecular condensation provides an effective strategy for 

creating confined microenvironments that regulate chemical 

transformations; however, translating this concept into minimal small-

molecule catalytic systems remains largely unexplored. In this chapter, 

we report an “all-nucleotide” platform that spontaneously condenses 

into hierarchically organized G-quadruplex (G4)-based supramolecular 

networks and hydrogels with intrinsic biocatalytic activity. Co-assembly 

of guanosine 5′-monophosphate (GMP) with adenosine phosphate 

derivatives demonstrates that phosphate multiplicity and intrinsic 

acidity cooperatively regulate hierarchical self-assembly. While 

adenosine monophosphate (AMP) shows limited organization, 

adenosine di- and triphosphates (ADP and ATP) induce concentration-

dependent transitions from liquid-liquid phase-separated droplets to 

fibrillar networks, with GMP serving as the primary structural scaffold. 

Mechanistic studies reveal that multivalent phosphate interactions and 

local pH modulation promote charge screening and proton 

redistribution, facilitating G-quartet stacking, with ADP exhibiting 

superior structural organization within an optimal pH window. At higher 

concentrations, ADP-GMP and ATP-GMP systems form stable self-

supporting hydrogels through higher-order assembly. These hydrogels 

function as efficient metal-free peroxidase mimics with enhanced 

substrate affinity compared to native horseradish peroxidase. 

Importantly, the hydrogels also act as confined catalytic 

microenvironments for enzyme encapsulation, supporting multi-step 

cascade reactions with improved kinetics and sensitive biomolecular 

detection. Collectively, this work establishes a minimalistic platform 

integrating biomolecular condensation with catalysis for artificial 

microreactors and protocell-inspired materials. 
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Figure 3. Schematic representation of the Enzyme-Mimicking “All-Nucleotide” G-

Quadruplex Hydrogel as a Dual-Function Microreactor for Biomimetic Cascade 

Catalysis. 

Chapter 5. Engineering a Nucleotide-Based Artificial 

Metalloenzyme through Supramolecular Confinement of a Copper-

Histidine Cofactor 

Natural metalloenzymes achieve remarkable catalytic efficiency 

through precisely organized metal-ligand active sites embedded within 

dynamic protein scaffolds. Reproducing such structural and functional 

complexity in artificial, non-proteinaceous systems remains a major 

challenge in enzyme mimetics. In this chapter, we present a de novo 

supramolecular strategy that mimics both the architecture and catalytic 

function of natural metalloenzymes through simple noncovalent 

condensation between a Copper-Histidine complex and 5′-guanosine 

monophosphate (5′-GMP). Leveraging the intrinsic self-assembly 

behavior of 5′-GMP, a bimetallic Copper-Histidine cofactor is 

spontaneously confined and stabilized within a hierarchically organized 

nanofibrous hydrogel, generating an enzyme-like catalytic 

microenvironment exclusively from pristine biomolecular components. 

This minimalistic yet robust supramolecular design not only transforms 

a biogenic metal complex into a functional hydrogel, but also provides 

a simple strategy for constructing protein-free artificial enzyme systems. 
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The resulting hydrogel exhibits catechol oxidase-like activity, 

selectively catalyzing the oxidation of 3,5-di-tert-butylcatechol to 3,5-

di-tert-butyl-o-benzoquinone with enzyme-like reaction kinetics and 

high thermal stability. Importantly, supramolecular confinement within 

the nucleotide-based hydrogel matrix enhances copper-mediated 

catalytic activity by facilitating the formation of reactive copper-

peroxide intermediates. Collectively, this work demonstrates that 

nucleotide-directed supramolecular confinement can recreate enzyme-

like catalytic pockets, providing a versatile platform for biomolecule-

derived artificial biocatalysts. 

 

Figure 4. Schematic representation of the design strategy and enzyme-like activity of 

the Nucleotide-Based Artificial Metalloenzyme. 

Chapter 6. Supramolecular Self-Assembly of Conductive Polymer 

Embedded Enzyme Mimicking GMP-Condensate Hydrogel for 

Electrochromic Energy Storage Applications 

Conductive polymer hydrogels (CPHs) integrate the electrical 

conductivity of organic polymers with the high-water content, porosity, 

and tissue-like characteristics of hydrogels, making them highly 

promising materials for bioelectronic applications. However, 

conventional polymeric hydrogel matrices often suffer from limitations 

such as poor biocompatibility, restricted dynamic reconfigurability, 

limited self-healing capability, and inadequate control over mechanical 
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properties. In this chapter, we report a 5′-GMP-based supramolecular 

condensate hydrogel that self-assembles into a hierarchically organized 

fibrillar network possessing intrinsic metal-free peroxidase-mimetic 

activity within a micro-confined environment. Exploiting this unique 

catalytic behavior, the hydrogel matrix enables in situ oxidative 

polymerization of conductive monomers, including aniline, pyrrole, and 

PEDOT precursors, resulting in the formation of conductive polymer 

nanofiber-integrated hybrid hydrogels. The synthesis process is highly 

energy-efficient, atom-economic, scalable, and environmentally benign, 

eliminating the need for complex synthetic procedures while allowing 

the use of a broad range of water-soluble organic acids with diverse 

functionalities. The resulting conductive hydrogels exhibit excellent 

mechanical robustness, self-healing behavior, stimuli-responsive sol-gel 

transitions, and high ionic conductivity arising from the synergistic 

integration of supramolecular fibrillar networks and conductive polymer 

architectures. Furthermore, the biomolecular condensate matrix acts as 

a universal scaffold for conductive polymer growth, demonstrating the 

versatility of acid-induced biomolecular self-assembled hydrogel 

systems for fabricating multifunctional conductive materials. The 

electrochemical performance of the Polyaniline embedded GMP 

hydrogel was demonstrated through the fabrication of electrochromic 

energy-storage electrodes and all-solid-state supercapacitors, exhibiting 

high areal capacitance (343 mFcm-2) and energy density (93.36 Whcm-

2). Collectively, this work establishes biomolecular condensate-assisted 

conductive hydrogel synthesis as a versatile and scalable platform, 

highlighting the potential of small biomolecules as both artificial 

enzyme mimics and programmable supramolecular matrices for next-

generation bioelectronic materials. 
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Figure 5. Schematic representation of the Supramolecular Self-

Assembly of Polyaniline Embedded Enzyme Mimicking GMP-

Condensate Hydrogel for Electrochromic Energy Storage Applications. 

Chapter 7. Conclusion and Future Prospects 

The final chapter summarizes the major findings and 

significance of the research presented in this thesis while outlining 

potential future directions. The studies primarily focus on the design 

strategies, mechanistic understanding, and functional applications of 

biomolecular self-assembly, with particular emphasis on the unique 

supramolecular behavior of 5′-GMP. These investigations reveal distinct 

structure–activity relationships within self-assembled GMP fibrillar 

networks formed in the presence of diverse molecular crosslinkers, 

including biomass DNA, nucleotide analogues, catalytically active 

metal cofactors, and small organic molecules. The resulting hydrogels 

exhibit diverse structural, mechanical, catalytic, and physicochemical 

properties that arise from the nature of the biomolecular architecture and 

precursor components. Such tunable properties have been successfully 

utilized for the development of programmable drug-delivery systems 

with controlled release kinetics, artificial enzyme mimetics, 

multienzyme cascade platforms, and bioelectronic materials. Overall, 

this work establishes biomolecular self-assembly of 5′-GMP as a 
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versatile platform for engineering multifunctional supramolecular 

hydrogels. Future developments in this area are expected to further 

expand the scope of nucleotide-based nanohybrid hydrogels toward 

advanced multifunctional materials and next-generation biomolecular 

technologies. 
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Chapter 1 

1. Introduction & General Background 

The integration of biomolecules into supramolecular 

nanostructures forms the basis of the natural world. Nature exemplifies 

self-assembly through simple molecular building blocks that 

spontaneously organize into highly ordered architectures via cooperative 

non-covalent interactions; from DNA's double helix and protein folding 

to cellular membranes and complex biological structures. Inspired by 

these processes, biomolecular self-assembly has emerged as a powerful 

bottom-up strategy for engineering adaptive, multifunctional materials. 

Among these, supramolecular hydrogels derived from low-molecular-

weight biomolecules have garnered significant interest owing to their 

biocompatibility, dynamic reversibility, and ability to mimic biological 

organization.[1-4] 

This chapter introduces the fundamental concepts of 

biomolecular self-assembly and the role of non-covalent interactions in 

forming hierarchical supramolecular architectures. It surveys hydrogels 

built from amino acids, peptides, nucleic acids, and carbohydrates, with 

emphasis on nucleobases, nucleosides, and nucleotides as low molecular 

weight gelators, particularly guanosine derivatives. The structural 

features, physicochemical properties, and characterization of 5′-GMP-

based G-quartets and G-quadruplexes are discussed, alongside recent 

advances in their biomedical, biocatalytic, and bioelectronic 

applications, establishing the foundation for subsequent chapters. 

1.1. Biomolecular Self-Assembly 

1.1.1. Inspiration from Nature 

Nature offers abundant examples of self-assembly, wherein 

simple building blocks spontaneously organize into ordered structures 

through local interactions without external guidance. Over billions of 
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years of evolution, natural systems have developed hierarchical 

architectures spanning length scales from nanometers to kilometers, 

giving rise to complex structures with extraordinary structural and 

functional sophistication.[2]  

At the molecular level, self-assembly reinforces the organization 

of fundamental machinery of life. DNA molecules form stable double 

helices through complementary base pairing and π-π stacking 

interactions (Figure 1.1a), while phospholipids spontaneously assemble 

into bilayer membranes that define cellular boundaries (Figure 1.1b). 

Similarly, proteins attain their functional conformations through folding 

driven by hydrogen bonding, hydrophobic interactions, and electrostatic 

forces.[5,6]  

Self-assembly and self-organization are also evident at larger 

length scales. The spiral arrangement of sunflower seeds (Figure 1.1c) 

follows phyllotactic principles for efficient packing, whereas the 

hierarchical venation pattern of leaves (Figure 1.1d) facilitates 

mechanical support and nutrient transport. Pinecones (Figure 1.1e) and 

mollusk shells (Figure 1.1f) exhibit intricate geometries formed through 

controlled biological growth.[2] 

Beyond living systems, self-organized structures are found in 

geological environments. Coral reefs (Figure 1.1g) arise from the 

collective growth of countless organisms, while ripple patterns in desert 

sand dunes (Figure 1.1h) emerge through the interplay of wind, sand, 

and gravity.[7] These examples highlight a universal principle of nature: 

complex architectures can emerge from relatively simple components 

through spontaneous organization. Understanding the underlying 

mechanisms that govern these natural self-assembly processes has not 

only provided valuable insights into the formation of hierarchical 

structures in nature but has also inspired the design and development of 

artificial self-assembled systems. In these systems, molecular or 

nanoscale building blocks are programmed to organize into 

predetermined architectures, offering a powerful strategy for creating 
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adaptive, hierarchical, and multifunctional materials with diverse 

technological applications. 

 

Figure 1.1. Examples of self-assembly and self-organization in nature across multiple 

length scales. (a) DNA double helix, (b) phospholipid bilayer membrane, (c) spiral 

phyllotactic arrangement in a sunflower, (d) hierarchical venation pattern in a plant 

leaf, (e) layered architecture of a pinecone, (f) spiral growth pattern in snail shells, (g) 

mega-scale organization of coral reef structures and (h) ripple patterns formed in 

desert sand dunes through wind-driven self-organization. [2,7,8] 

1.1.2. Bottom-up Assembly Principle 

Bottom-up assembly is a fundamental strategy in which complex 

structures are constructed from simple molecular or nanoscale building 

blocks through spontaneous organization. Unlike top-down approaches 

that involve removal or patterning of bulk materials, bottom-up 

assembly exploits the intrinsic ability of individual components to 

interact and organize into ordered architectures. The assembly process 

is governed by thermodynamic and kinetic factors, where molecules 

minimize free energy through non-covalent interactions, including 

hydrogen bonding, electrostatic interactions, π-π stacking, hydrophobic 

interactions, and van der Waals forces. These weak interactions 

collectively direct the formation of discrete supramolecular motifs, 

which further evolve into hierarchical structures across multiple length 

scales.[9,10]  

Nature extensively employs the bottom-up approach to construct 

functional biological architectures. Biomolecules such as nucleic acids, 

proteins, lipids, and carbohydrates spontaneously organize into highly 
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ordered structures essential for life. For example, nucleotides assemble 

into the double-helical DNA structure, amino acids fold into functional 

proteins, and phospholipids organize into bilayer membranes defining 

cellular boundaries. Although individually weak, cooperative non-

covalent interactions govern the structure and function of biological 

macromolecules. Inspired by nature, bottom-up self-assembly has 

emerged as a powerful strategy for engineering adaptive and 

multifunctional materials by programming diverse biomolecular 

building blocks into predetermined nanostructures for wide range of 

applications.[10-12]  

1.1.3. Non-covalent Interactions towards Biomolecular Self-

Assembly 

Biomolecular self-assembly is governed by a delicate interplay 

of various non-covalent interactions that collectively direct molecular 

recognition, structural organization, and the formation of hierarchical 

architectures.(Figure 1.2) Although individually weak, these 

interactions act cooperatively to regulate the conformation, stability, and 

functionality of biomolecular assemblies.[13]  

 

Figure 1.2. Building functional supramolecular architectures through self-assembly. 

Simple biomolecular building blocks, assembled by nature, create complex 

supramolecular systems for a wide range of functions and applications. 
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Hydrogen Bonds: In biomolecular self-assembly, hydrogen bonds 

promote directional growth of biomolecules with long-range order to 

form one-dimensional (1D) nanostructures. Additionally, hydrogen 

bonds between biomolecule hydrogen atoms and electronegative atoms 

on material surfaces enhance biomolecule-material interactions, 

enabling functional hybrid nanomaterials.[14-16] For example, Li et al. 

demonstrated diphenylalanine micro-rod formation through stable 

intermolecular hydrogen bonds with the solvent system, exhibiting 

optical waveguiding properties.[17] Similarly, Xue et al. investigated 

DNA binding with GO using surface plasmon resonance (SPR), finding 

that hydrogen bonds play a key role in single-stranded DNA (ssDNA) 

interactions with GO, enabling fabrication of a novel biosensor for 

highly sensitive and selective ssDNA target determination.[18]  

Electrostatic Interaction: Electrostatic interactions govern the 

attraction and repulsion between charged functional groups, thereby 

facilitating molecular recognition and stabilizing supramolecular 

architectures in aqueous environments. These interactions are 

particularly important in the formation of biomolecular condensates and 

physically crosslinked materials.[19-21] For example, complex 

coacervation between positively charged peptides and negatively 

charged nucleic acids has been utilized to construct biomolecular 

condensates for intracellular delivery and protocell models. Likewise, 

electrostatic interactions between anionic polysaccharides and cationic 

proteins have enabled the fabrication of injectable hydrogels with 

enhanced mechanical strength and controlled drug release.[22-24] 

π-π Stacking Interaction: π-π stacking between aromatic residues of 

peptides and nucleic acids drives self-assembly of diverse biomolecular 

building blocks, promoting molecular recognition and stabilizing 

higher-order architectures. Aromatic motifs linked with biomolecules 

enable highly ordered superstructures and functional hybrids.[25,26] 

Wakabayashi et al. demonstrated that aromatic peptide amphiphiles 

undergo cooperative π-π interactions forming fibrous nanostructures 
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capable of enzymatic functionalization.[27] Redondo-Gómez et al. 

reported complementary host-guest peptide amphiphiles self-

assembling into dynamic hydrogels through synergistic aromatic 

interactions.[28] Similarly, guanine-rich DNA sequences organize into 

helical G-quadruplex fibres stabilized by interplanar π-stacking between 

adjacent G-quartets, yielding highly ordered supramolecular 

architectures.[29]  

Hydrophobic Interactions: Hydrophobic interactions arise from the 

tendency of nonpolar moieties to minimize water exposure, playing a 

crucial role in self-assembly of peptides, proteins, lipids, and nucleic 

acids. Hydrophobic residues drive protein folding and aggregation, 

while in nucleic acids, nonpolar groups facilitate stacking and phase 

segregation into ordered assemblies, stabilizing mesoscale architectures 

and imparting stimuli-responsive properties.[30-32] A representative 

example is an artificial nucleic acid analogue containing 3,5-

bis(trifluoromethyl)benzene as a hydrophobic base surrogate, where two 

complementary strands spontaneously form a duplex solely through 

hydrophobic interactions, eliminating the need for conventional Watson-

Crick hydrogen bonding.[33] 

1.2. Biomolecular Self-Assembly to Supramolecular 

Hydrogels 

1.2.1. Supramolecular Hydrogels 

Supramolecular hydrogels are three-dimensional, water-rich 

networks formed through spontaneous self-assembly of small molecules 

or biomacromolecules via reversible non-covalent interactions, without 

permanent covalent crosslinks.[34] In aqueous environments, 

hydrogelators undergo hierarchical self-assembly into nanostructures 

that entangle into three-dimensional networks capable of immobilizing 

large amounts of water. Consequently, supramolecular hydrogels exhibit 

viscoelastic properties including solid-like behaviour and resistance to 

flow without applied shear force. Unlike polymeric hydrogels relying on 

covalently crosslinked chains, supramolecular hydrogels contain self-
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assembled nanofiber networks constituting the solid matrix for water 

encapsulation. Despite containing more than 97% water, they possess 

rheological properties comparable to polymeric hydrogels with 

excellent stimuli-responsiveness.[35]  

Supramolecular hydrogel formation is driven by non-covalent 

interactions including hydrogen bonding, π-π stacking, electrostatic 

interactions, and hydrophobic effects. These interactions govern 

molecular recognition and nanostructure formation while endowing 

hydrogels with dynamic and reversible characteristics. Consequently, 

supramolecular hydrogels rapidly respond to variations in pH, 

temperature, ionic strength, and ligand-receptor interactions, making 

them highly attractive for stimuli-responsive applications.(Figure 1.3) 

Additionally, most hydrogelators possess amphiphilic characteristics 

similar to naturally occurring self-assembled biological systems, further 

emphasizing their biomimetic nature.[36-40]  

 

Figure 1.3. Hierarchical self-assembly of low-molecular-weight gelators (LMWGs) 

into supramolecular hydrogels. (a) Schematic illustration of the gelation process, 

where dissolved LMWG molecules undergo stimulus-triggered self-assembly through 

non-covalent interactions. (b) Hierarchical organization of supramolecular hydrogels 

across multiple length scales, progressing from the molecular structure of the gelator 

to molecular packing, nanostructures (nanofibers, nanotubes, or nanosheets), porous 

microstructures, and ultimately the macroscopic hydrogel.[41]  
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Compared with polymeric hydrogels, supramolecular hydrogels 

offer unique advantages from their low-molecular-weight building 

blocks. Their reversible non-covalent assembly makes them inherently 

biodegradable and biocompatible. Hydrogelators generally have 

molecular weights below 2000 Da, enabling efficient renal clearance 

compared with polymeric materials typically exceeding 30,000 Da. 

Moreover, hydrogelators can be synthesized as chemically pure 

compounds through established organic procedures, minimizing 

impurities and avoiding cytotoxicity associated with chemical 

crosslinking. Unlike polymeric networks with variable functional group 

distribution, hydrogelator self-assembly produces highly ordered 

structures with regular molecular arrangements and well-defined 

architectures.[42-44]  

Initially, most low-molecular-weight hydrogelators were 

synthetic organic molecules such as urea derivatives[45,46] serine-

based amphiphiles[47] and aroyl-L-cystine derivatives[48]. However, 

pristine biomolecules and biomacromolecules as hydrogelators have 

attracted increasing attention due to their intrinsic biological functions 

and biomedical suitability.[49,50] Successful implementation in three-

dimensional cell culture[51], biomolecular screening[52], wound 

healing[53], and drug delivery[52-54] has further stimulated 

exploration of fundamental biological building blocks as hydrogelators. 

Since nature relies extensively on self-assembly of nucleic acids, 

proteins, and polysaccharides for diverse biological functions, small 

molecules derived from these building blocks provide an ideal platform 

for biomimicry. Therefore, supramolecular hydrogels based on 

biological building blocks hold great promise for developing adaptive 

soft materials with designed biological functions.[35]  

1.2.2. Biomolecules as Low Molecular Weight Gelators (LMWGs) 

Naturally occurring bio-macromolecular building blocks have 

emerged as attractive hydrogelators owing to their abundance, 

biocompatibility, structural diversity, and inherent self-assembling 
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capabilities. In living systems, amino acids, nucleotides, and 

monosaccharides spontaneously organize into proteins, nucleic acids, 

and polysaccharides performing essential biological functions. (Figure 

1.4) Their intrinsic propensity to self-assemble through non-covalent 

interactions enables hierarchical nanostructures with unique properties 

including molecular recognition, sequence programmability, tuneable 

conformations, biodegradability, and bioactivity. These systems are 

classified into amino acid- and protein-based, nucleotide- and nucleic 

acid-based, saccharide-derived, and hybrid hydrogels.[55-61] 

 

Figure 1.4. Small biomolecules and their self-assembled macrostructure in nature.[35] 

(Copyright 2014 Wiley) 

1.2.2.1. Amino Acids and Proteins as LMWGs 

Amino acids and short peptides constitute one of the most 

extensively studied classes of LMWGs owing to their structural 

simplicity, synthetic versatility, biocompatibility, and intrinsic 

propensity for supramolecular self-assembly. Their assembly is driven 
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by a combination of hydrogen bonding, hydrophobic interactions, 

electrostatic interactions, and π–π stacking, enabling the formation of 

ordered secondary structures such as α-helices and β-sheets that 

hierarchically evolve into one-dimensional fibrillar networks and three-

dimensional hydrogel matrices. The incorporation of aromatic residues 

or aromatic protecting groups (e.g., Fmoc and naphthalene derivatives) 

significantly enhances the gelation propensity by increasing the extent 

of π-conjugation and promoting directional π–π stacking interactions, 

thereby lowering the critical gelation concentration and stabilizing the 

supramolecular architecture. Representative systems, including L-

phenylalanine, diphenylalanine (FF), and Fmoc-protected peptides, 

exemplify how aromatic side chains reinforce fibril formation, improve 

mechanical rigidity, and facilitate the formation of robust 

supramolecular hydrogels. The inherent conformational flexibility of 

short peptides further enables hierarchical organization into functional 

soft materials with tunable physicochemical and biological properties.  

[62-64]  

Woolfson et al. reported α-helical peptide pairs self-assembling 

into fibrillar hydrogels containing more than 99% water, exhibiting 

excellent mechanical strength and supporting PC12 cell differentiation, 

demonstrating extracellular matrix mimicry.[65] Schneider and Pochan 

developed β-hairpin peptides MAX1 and MAX8, undergoing 

environmentally triggered folding and self-assembly into rigid 

nanofibrous hydrogels supporting fibroblast proliferation, stem cell 

encapsulation, and tissue regeneration, while MAX1 exhibited broad-

spectrum antibacterial activity against Gram-positive and Gram-

negative bacteria.[66] Furthermore, Fmoc-protected peptides such as 

Fmoc-Tyr and Fmoc-diphenylalanine form highly ordered fibrillar 

networks enabling enzyme-instructed self-assembly for cell culture and 

drug delivery applications.[67,68]  
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1.2.2.2. Nucleotides and Nucleic Acids as building blocks 

Nucleobases and nucleotide derivatives are attractive building 

blocks owing to their molecular recognition through complementary 

hydrogen bonding and aromatic π-stacking, resembling structural 

organization of DNA and RNA, enabling ordered supramolecular 

architectures with high specificity and responsiveness. Among 

nucleobases, guanosine derivatives are particularly important, forming 

G-quartets and higher-order assemblies stabilized by Hoogsteen 

hydrogen bonding and π-π interactions, further evolving into nanofibers 

and hydrogels with excellent structural stability.[69-72] Xu et al. 

demonstrated nucleobase-containing hydrogelators by conjugating 

nucleobases with peptide motifs, yielding supramolecular hydrogels 

with improved biological functions.[73] Additionally, adenine- and 

thymine-containing hydrogelators exploit complementary base pairing 

to direct molecular organization and form stimuli-responsive 

hydrogels.[74] Owing to their nucleic acid-mimicking molecular 

recognition, these materials have attracted considerable attention for 

gene delivery, biosensing, and biomimetic nanotechnology 

applications.[75]  

1.2.2.3. Supramolecular Hydrogels Made of Saccharides 

Saccharides are abundant biological molecules possessing 

excellent water solubility, biodegradability, and biocompatibility. 

Multiple hydroxyl groups provide numerous hydrogen-bonding sites, 

facilitating self-assembly and stable hydrogel network formation. 

Additionally, carbohydrate-based materials exhibit low toxicity and 

resemble extracellular matrix components, making them highly 

attractive for biomedical applications.[76-79]  

Lin et al. reported glucosamine-derived hydrogelators self-

assembling into nanofibrous hydrogels with enhanced biocompatibility 

and mechanical stability.[80] Vancomycin-based hydrogelators 

containing carbohydrate moieties form supramolecular networks 

through ligand-receptor interactions, exhibiting antibacterial 
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properties.[49,50] Glycosylated hydrogelators have been developed to 

improve water solubility and bioactivity, producing hydrogels suitable 

for cell culture, tissue engineering, and controlled drug delivery. 

Saccharide incorporation not only enhances biological compatibility but 

also introduces additional molecular recognition motifs beneficial for 

biomedical applications.[81,82]  

1.2.2.4. Hybrids of Basic Biological Building Blocks  

Although individual biomolecular classes possess unique 

advantages, combining different biological building blocks within a 

single hydrogelator produces synergistic effects and multifunctional 

properties. Hybrid systems integrate structural diversity of amino acids, 

molecular recognition of nucleobases, and hydrophilicity of 

carbohydrates, mimicking natural bio-macromolecular complexity. 

Nucleobase-amino acid conjugates combine peptide self-

assembly with base-pairing interactions forming nanofibrous hydrogels 

with enhanced mechanical properties and biological functions.[83-87] 

Glycopeptide hydrogelators consisting of peptide and carbohydrate 

segments exhibit improved water solubility, biocompatibility, and cell 

affinity, suitable for tissue engineering and drug delivery.[88-90] More 

sophisticated systems incorporating all three biomolecular building 

blocks (amino acids, nucleobases, and monosaccharides) generate 

hierarchical structures closely resembling biological matrices, 

responding to external stimuli and providing promising platforms for 

regenerative medicine, controlled release, molecular imaging, and 

biomimetic materials design.[91,92] The synergistic integration of 

diverse biological building blocks thus enables the construction of 

advanced supramolecular materials with emergent properties 

transcending those of individual components. 

1.2.2.5. Nucleobases, Nucleosides, Nucleotides analogues as 

LMWGs 

Nucleobases, nucleosides, and nucleotides are compelling low-

molecular-weight gelators (LMWGs) because they carry the same 
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noncovalent interaction toolkit: hydrogen bonding, π-π stacking, and 

electrostatic forces, governing DNA and RNA architecture, opening a 

rational route to supramolecular gels with programmable structure. 

Nucleobases are nitrogen-containing heterocycles divided into 

purines (adenine, guanine) and pyrimidines (cytosine, thymine, uracil). 

(Figure 1.5 a, b) Pyrimidines present a single edge bearing hydrogen-

bond donors and acceptors, whereas the bicyclic purine scaffold exposes 

multiple faces enabling richer, more directional interactions. Covalent 

linkage of a nucleobase to ribose via an N-glycosidic bond yields a 

nucleoside, gaining an additional structural element promoting 

supramolecular organisation. (Figure 1.5 c) Further phosphorylation 

yields a nucleotide, whose anionic phosphate group introduces 

electrostatic interactions and, under acidic conditions, serves 

simultaneously as a hydrogen-bond donor, expanding assembly cross-

linking potential. 

The canonical Watson-Crick base pairing governs nucleobase 

recognition, where adenine pairs with uracil or thymine through two 

hydrogen bonds and guanine pairs with cytosine through three hydrogen 

bonds. Additionally, Hoogsteen and reverse Watson-Crick geometries 

provide alternative pairing modes, broadening the structural repertoire 

available to gel designers.[70,93,94] (Figure 1.5 d) 

Extended aromatic surfaces and multiple hydrogen-bonding 

edges make purines particularly prone to higher-order assembly through 

cooperative π-π stacking and directional intermolecular recognition. 

These interactions drive base triple formation, such as U•A•U and 

G•G•C, which polymerize into one-dimensional ribbons and elongated 

supramolecular architectures.[97,98] pH introduces additional 

structural control by unlocking alternative pairing modes: under acidic 

conditions, adenine-rich sequences adopt parallel A-motif duplexes 

stabilized by protonated A•A⁺ pairs, while cytosine-rich sequences 

organize into intercalated i-motif tetraplexes through hemiprotonated 

C•C⁺ pairs. (Figure 1.6 a, b) Both motifs assemble and disassemble 
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reversibly with pH changes, making them inherently stimuli-responsive 

platforms for dynamic, switchable nucleic acid nanomaterials.[99]  

 

Figure 1.5. (a, b) Hydrogen-bond donor (red) and acceptor (blue) sites of the purine 

and pyrimidine nucleobases, respectively. Together with their intrinsic π-π stacking 

capability, these features facilitate diverse self-assembly pathways and molecular 

recognition processes. (c) Covalent attachment of a nucleobase to a D-ribose sugar 

through a glycosidic bond yields a nucleoside, while subsequent phosphorylation of 

the ribose generates a nucleotide. The negatively charged phosphate group (green) 

further enables electrostatic interactions. (d) Representative nucleobase binding motifs 

illustrating the non-covalent interactions that govern supramolecular 

assembly.[70,95,96]  

Among all nucleobase assemblies, guanine uniquely forms the 

G-quartet, a planar, cation-templated macrocycle in which four guanine 

units are cyclically arranged and mutually stabilized by eight Hoogsteen 

hydrogen bonds. Monovalent or divalent cations occupying the central 

cavity coordinate the carbonyl oxygens of all four guanines, providing 

electrostatic stabilization essential for quartet integrity. (Figure 1.6 c) 

First identified through the self-aggregation of 5′-guanosine 

monophosphate, G-quartets are recognized across diverse systems 

ranging from native nucleosides and oligonucleotides to synthetic 
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derivatives, with relevance spanning structural biology, medicinal 

chemistry, and supramolecular materials design.[93,94,100,101]  

 

Figure 1.6. Schematic representation of the supramolecular architectures formed by 

nucleobases, including the A-motif stabilized by adenine-adenine (A:A) base pairing 

and electrostatic interactions, the i-motif composed of hemiprotonated cytosine-

cytosine (C:C⁺) base pairs, and the G-quadruplex structure formed through Hoogsteen 

hydrogen-bonded G-quartets that further stack via π-π interactions to generate higher-

order G-quadruplex assemblies.[94,99]  

1.3. Supramolecular Assembly of 5′-GMP and 

Guanosine Derivatives 

1.3.1. Early Studies on the Self-Assembly of 5′-Guanosine 

Monophosphate 

Guanosine derivatives are among the most intriguing self-

assembling nucleotides, forming highly ordered supramolecular 

architectures through complementary hydrogen bonding and π-π 

stacking. Early studies by Gellert and co-workers established the 

structural basis of guanosine self-association, revealing that both 3′-

GMP and 5′-GMP assemble into planar G-quartets composed of four 

guanine bases linked through eight hydrogen bonds, stacking 

approximately 3.25 Å apart to form helical columns.[102] Concurrently, 
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Fresco and Massoulie demonstrated that polyguanylic acid forms 

multistranded helices in solution, further confirming the role of stacked 

G-quartets in stabilizing guanine-rich assemblies.[103] (Figure 1.7) 

Subsequent investigations revealed that the self-assembly of 5′-

GMP is strongly influenced by pH and alkali metal ions. Under basic 

conditions, smaller aggregates suitable for NMR characterization are 

formed. Na⁺ and K⁺ ions selectively stabilize G-quartets by coordinating 

with the four carbonyl oxygen atoms at the tetrad center, leading to the 

proposal of discrete G8•M⁺ octamers as fundamental building blocks for 

extended stacked columns.[104-108] Later crystallographic studies 

confirmed that K⁺ ions are sandwiched between adjacent G-quartets, 

providing additional stability. These findings represented early 

demonstrations of ion-directed structural organization in nucleotides, 

laying the foundation for dynamic combinatorial chemistry.[109-111]  

A significant outcome of these studies was the remarkable 

kinetic stability of 5′-GMP assemblies. Unlike most hydrogen-bonded 

systems existing in rapid equilibrium with monomeric components, the 

¹H NMR spectra of 5′-GMP·Na⁺ displayed distinct resonances 

corresponding to both monomeric and assembled species, indicating 

slow exchange and unusual kinetic stability in aqueous media. Detailed 

multinuclear NMR studies by Laszlo, Detellier and co-workers provided 

further insights into assembly dynamics.[112,113] 23Na NMR 

measurements revealed that Na+ ions exchange within the [5′-

GMP]8·Na+ octamer several orders of magnitude faster than 

conventional ligand exchange, occurring without complete disruption of 

the octameric framework.[114] Thermodynamic analyses of the [5′-

GMP]8·K
+ octamer (ΔH = −17±2 kcal mol-1; ΔS = −51±6 cal mol-1K-1) 

confirmed that assembly is predominantly enthalpy-driven, governed by 

synergistic cation coordination and hydrogen bonding rather than 

hydrophobic interactions.[113]  

Beyond discrete assemblies, guanosine systems exhibit 

hierarchical self-organization. G-quadruplex columns undergo lateral 
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association at higher concentrations, producing hexagonal liquid 

crystalline phases and entangled fibrillar networks, establishing an 

important link between molecular self-assembly and long-range 

supramolecular organization.[94,115] These foundational studies 

collectively laid the conceptual groundwork for contemporary 

supramolecular chemistry, inspiring rational design of biogenic 

materials replicating the structural logic and functional sophistication of 

biological counterparts. 

 

Figure 1.7. Historical evolution of guanosine 5′-monophosphate (GMP) self-assembly 

and G-quadruplex research. The timeline highlights key milestones, beginning with the 

discovery of the intrinsic gelation of guanylic acid (1910)[116], followed by the 

demonstration of G-quartet formation and their helical stacking by Gellert and co-

workers (1962)[102], structural elucidation of G-quadruplex architectures through 

molecular studies (1992)[117], and the demonstration of the existence of G-quartet-

based suprastructures referred to as G-quadruplexes in human cells (2012)[118], 

laying the foundation for understanding GMP supramolecular assembly and 

functional nucleic acid materials. 

1.3.2. Hierarchical Self-Assembly of G-Quartets: From Molecular 

Building Blocks to Supramolecular Architectures 

Beyond their biological significance in DNA and RNA, G-

quadruplex structures are prevalent throughout the human genome, 

transcriptome, and ncRNAome, bridging molecular structure with 

biological function. The fascination of G-quartets as supramolecular 

building blocks, however, originates from their remarkable ability to 

form both lipophilic and water-soluble assemblies from pristine 5′-GMP 

and diverse guanosine and guanine derivatives.[119,120]  
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➢ Lipophilic guanosine derivatives their higher-order 

supramolecular assemblies 

Lipophilic guanosine derivatives (LipoGs) have provided a 

versatile platform for understanding G-quartet formation and their 

transformation into higher-order supramolecular architectures in organic 

media. Seminal studies by Davis and Gottarelli independently 

demonstrated that suitably protected guanosine and isoguanosine 

derivatives self-assemble in the presence of K⁺ ions to form discrete G-

quartets stacking into octameric assemblies, where a potassium ion is 

sandwiched between two quartet planes, highlighting remarkable ion 

selectivity favoring K+ over smaller alkali metal ions.[117,121]  

Structural modifications of LipoGs offer precise control over 

assembly topology and stability. Introduction of a C8-acetylphenyl 

substituent expands the hydrogen-bonding network from eight to twelve 

hydrogen bonds and increases π-surface area, generating highly stable 

columnar hexadecameric structures consisting of four stacked G-

quartets. Remarkably, replacing K⁺ with Sr²⁺ induces reversible 

topological transformation to octameric assembly, demonstrating that 

supramolecular organization can be controlled solely through 

electrostatic effects.[122,123] Incorporation of a photo-responsive 

styryl group at C8 position of guanine ring enables reversible light-

controlled switching between assembled and disassembled states 

through trans-to-cis isomerization at 365 nm and restoration at 254 

nm.[124] Furthermore, 8-bromo-2′,3′-O-isopropylidene-5′-tert-

butyldimethylsilyl-guanosine revealed that solvent polarity, cation 

identity, and ion-pair separation energy collectively govern assembly 

stoichiometry, yielding octameric, dodecameric, or hexadecameric 

structures.[125] Thus, all these studies reflects that the LipoG 

assemblies exhibit remarkable topological diversity and stimuli-

responsiveness programmable through structural modification and 

external stimuli, providing a powerful foundation for designing 

functional supramolecular systems.[100]  
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➢ Lipophilic versus water-soluble G-quartets: Advantages and 

Advancements of hydrophilic G-quartets 

Although lipophilic guanosine derivatives have been invaluable for 

elucidating G-quartet formation in organic media, water-soluble guanine 

systems have significantly expanded G-quartet chemistry toward 

biologically relevant environments. Hydrophilic G-quartets offer 

compatibility with aqueous media, accessibility to biological systems, 

and ability to form diverse supramolecular architectures under near-

physiological conditions.[ 102,105,126]  

5′-Guanosine monophosphate (5′-GMP), the simplest water-soluble 

guanine derivative, was among the earliest systems investigated for G-

quartet formation. In the presence of Na⁺, GMP molecules assemble into 

discrete G-quartets further stacking into micrometer-long rod-like 

structures. Whereas K⁺ induces twisted helical fibers composed of 

continuous hydrogen-bonded guanine strands with approximately 

fifteen guanosine units per turn, elucidated through SEM and 

multidimensional NMR studies.[127,128] (Figure 1.8 a) 

Beyond monomeric systems, the naturally occurring cyclic dimer c-

di-GMP, an important bacterial second messenger, adopts higher-order 

quadruplex structures only in the presence of aromatic intercalators such 

as proflavine or thiazole orange.(Figure 1.8 b) These molecules 

intercalate between G-quartet layers, stabilizing a cage-like octameric 

assembly and demonstrating how small molecules can direct 

supramolecular organization.[129,130]  

Further advances were achieved through water-soluble template-

assembled synthetic G-quartets, in which four 2′-deoxyguanosine-3′-

monophosphate units are covalently attached to a cavitand scaffold. 

(Figure 1.8 c) Unlike lipophilic systems, these hydrophilic synthetic G-

quartets fold intramolecularly into stable quartets even without metal 

ions, serving as biomimetic platforms for probing interactions with G-

quadruplex ligands.[131]  
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The transition from lipophilic to water-soluble G-quartets has 

preserved rich structural diversity while enabling biologically 

compatible systems, opening new opportunities in supramolecular 

chemistry, molecular recognition, and chemical biology. Thus, 5′-GMP 

as a monomeric building block for aqueous-phase functional soft 

materials provides a compelling platform for developing biogenic 

systems while simultaneously establishing a rational framework for 

engineering artificial nature-mimicking supramolecular architectures. 

 

Figure 1.8. (a) Monomeric guanosine monophosphate (GMP) can self-assemble in 

discrete G-quartets in the presence of Na+ and K+, but the latter can also trigger the 

formation of micrometer-long, helical rod-like structures comprising continuous, 

open-ended G-quartet.[126] (b) The dimeric GMP c-di-GMP can form G-

quadruplexes comprising four c-di-GMP molecules upon interaction with aromatic 
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inducers that intercalate between two layers of G-quartets.[129] (c) Tetrameric GMP 

can be assembled intramolecularly to provide water-soluble template-assembled 

synthetic G-quartets (TASQ) that fold into intramolecular SQ without cations and serve 

as a platform for investigating the G-quartet interactions of G4-ligands.[131] 

(Reproduced with permission from [100], 2019, Springer Nature) 

1.3.3. The Significant Features of the 5′-GMP G-quartets 

1.3.3.1. The Cationic Channel Stabilizing the G-quartets 

A G-quartet comprises four guanine bases arranged in a planar 

structure through eight Hoogsteen hydrogen bonds, stabilized by 

monovalent cations such as Na+, K+, Tl+, and NH4
+. The inward-facing 

O6 carbonyl groups of guanines create a highly electronegative cavity 

that would otherwise experience strong electrostatic repulsion 

destabilizing stacked quartets. Cations occupying the space between 

successive G-quartets establish favorable cation-dipole interactions with 

eight carbonyl oxygen atoms, neutralizing charge repulsion, reinforcing 

quartet stacking, and preserving the cooperative hydrogen-bonding 

network. Computational studies reveal that stabilization arises from a 

delicate balance of electrostatic, polarization, charge-transfer, and 

dispersion interactions, with K+ displaying highest affinity owing to its 

optimal ionic radius and desolvation energy within the channel. 

Experimental studies on 5′-GMP assemblies further demonstrated 

selective K+ binding within the inner cavity, while Na+ preferentially 

screens the negatively charged phosphate groups surrounding the 

assembly.[113,126,128,132] 

Beyond structural stabilization, cation-filled channels impart ion-

conducting properties to G-quartet stacks, where alkali ions migrate 

along the central axis through successive binding sites facilitated by 

polarization effects. The cation-filled channel is regarded as one of 

nature's earliest examples of a self-organized ionic conduit, inspiring 

models for primitive protocells and compartmentalized chemical 

systems. Owing to spontaneous assembly of guanine-rich nucleotides 

under plausible prebiotic conditions, G-quartets have been proposed as 

primitive polynucleotide frameworks participating in early information 
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storage and catalytic processes. Consequently, G-quartet-based 

supramolecular architectures are emerging as versatile platforms for 

ionic conductors, nanowires, biosensors, neuromorphic devices, and 

next-generation bioelectronic applications.[113,133]  

1.3.3.2. Hydration water drives the self-assembly of 5′-guanosine 

monophosphate: The Thermodynamics of the Self-

Assembly 

Unlike many aromatic biomolecules whose assembly is 

predominantly driven by hydrophobic π–π stacking, 5′-GMP self-

organization arises from a delicate interplay of Hoogsteen hydrogen 

bonding, cation coordination, π-stacking, and solvation effects. Early 

studies by Detellier et al. proposed that 5′-GMP self-association is 

primarily enthalpy-driven, as ordered G-quartet formation is 

accompanied by significant configurational entropy loss. However, a 

comprehensive understanding of thermodynamic contributions, 

particularly the role of hydration water, remained elusive until 

recently.[113]  

Tao et al. addressed this through temperature-dependent terahertz 

spectroscopy and NMR studies, demonstrating that hydration water 

actively regulates GMP self-assembly thermodynamics.[134] THz 

calorimetry correlated hydration contributions to enthalpy and entropy 

with changes in effective molar absorptivity, while the overall free 

energy of G-quartet formation is described by: 

∆ 𝑮(𝑮𝟒) =  ∆𝑯𝑮𝟒(𝑮𝑴𝑷)  +  ∆𝑯𝑮𝟒(𝒉𝒚𝒅𝒓. ) − 𝑻∆𝑺𝑮𝟒(𝑮𝑴𝑷)  − 𝑻∆𝑺𝑮𝟒(𝒉𝒚𝒅𝒓. ) 

G-quartet formation is accompanied by release of bound water 

molecules from hydrophilic guanosine sites into bulk water. Although 

this release incurs an unfavorable hydration enthalpy penalty (ΔHG4 

(hydr.) > 0) due to disruption of strong water-solute hydrogen bonds, it 

provides a favorable entropy gain (−TΔSG4 (hydr.) < 0) from increased 

freedom of released water molecules. These opposing contributions 

explain the observed parabolic temperature dependence of G-quartet 

populations. Around room temperature, entropic gain from water release 
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compensates the hydration enthalpy cost, promoting assembly. At lower 

temperatures, stronger water-solute hydrogen bonding makes water 

release enthalpically unfavorable, whereas at higher temperatures, 

diminishing distinction between bound and bulk water reduces the 

entropic driving force. Thus, hydration water emerges as an active 

thermodynamic regulator governing stability and temperature-

responsive behavior of GMP supramolecular assemblies. 

1.3.3.3. The Amphiphilic Nature of the G-quartet 

The G-quartet possesses intrinsic amphiphilic character arising from 

anisotropic distribution of polar and nonpolar functionalities within the 

assembly. Four guanine bases connected through Hoogsteen hydrogen 

bonds generate a planar macrocycle where inwardly oriented carbonyl 

oxygen atoms create a highly polar central cavity selectively 

coordinating monovalent cations, while peripheral sugar-phosphate 

backbones and exocyclic amino groups provide hydrophilic interfaces. 

In contrast, the extended π-surface of stacked guanine bases and exposed 

C8-H regions confer hydrophobic character, resulting in distinct 

segregation of hydrophilic and hydrophobic domains.[135]  

This amphiphilic nature governs hierarchical organization of G-

quartets into higher-order supramolecular architectures, enabling 

simultaneous interaction with aqueous environments and hydrophobic 

interfaces. Molecular dynamics studies revealed that lipophilic cavities 

selectively accommodate hydrophobic ligands, while structured water 

molecules occupying the grooves stabilize assemblies through extended 

hydration networks. Such coexistence of hydrophilic ionic channels and 

hydrophobic surfaces enables G-quartets to facilitate ion transport, 

molecular recognition, and membrane interactions. Consequently, the 

amphiphilic nature of G-quartets underlies their broad utility in 

supramolecular chemistry, biomolecular self-assembly, and functional 

materials for nanotechnology and bioelectronic applications.[136-139]  
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1.4. Characterization of 5′-GMP based G-Quartet 

Motifs 

Over the past two decades, investigations of lipophilic and 

hydrophilic G-quartets have provided fundamental insights into the 

structural, dynamic, and thermodynamic principles governing G-quartet 

assembly, transforming this field into a platform for state-of-the-art 

characterization methods. Since the pioneering crystallographic studies 

of Gellert et al., a wide range of complementary experimental and 

computational techniques have been employed to elucidate G-quartet 

structure and behavior.[102] X-ray diffraction, and SAXS[140], 

together with AFM[141] and SEM[126], have investigated morphology 

and higher-order organization. Solution-state spectroscopic techniques 

including FTIR[142], Raman[143], IRMPD[144,145], CD, and 

VCD[146,147] have provided valuable information on hydrogen-

bonding interactions and supramolecular chirality. 1H, 23Na, and DOSY 

NMR spectroscopy have enabled detailed characterization of cation-

templated assemblies under near-physiological conditions, while MM 

and MD simulations have offered atomic-level insights into G-quartet 

formation and ion channeling.[113,128] Collectively, these approaches 

have established a comprehensive understanding of G-quartet structure 

and dynamics, facilitating development of functional materials for soft 

matter, nanotechnology, and chemical biology. 

1.4.1. X-ray diffraction 

Powder X-ray diffraction (PXRD) provides compelling structural 

evidence for G-quartet formation and their hierarchical organization into 

fibrillar architectures through π-π stacking. A characteristic reflection at 

2θ ≈ 4.5° corresponds to a lattice spacing of 2.2 nm, consistent with the 

diameter of a single G-quartet plane, while a second reflection at 2θ ≈ 

27° corresponds to a lattice spacing of 0.33 nm, characteristic of the 

interplanar distance between adjacently stacked G-quartet layers 

stabilized through π-π interactions.[ 139,148,149] (Figure 1.9 a) 
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1.4.2. Circular Dichroism Spectroscopy 

Circular dichroism (CD) spectroscopy is among the most powerful 

techniques for characterizing G-quartet and G-quadruplex structures in 

solution, where observed ellipticity originates from exciton coupling 

between stacked guanine bases. Classical empirical rules associate 

specific CD signatures with distinct quadruplex topologies. Parallel G-

quadruplexes exhibit a strong positive band at 260-265 nm with a 

negative band near 240-245 nm, while antiparallel structures display a 

positive maximum at 290-295 nm and a negative band around 260 nm. 

Hybrid (3+1) quadruplexes show two positive maxima at approximately 

265 and 290 nm with a negative minimum at 245 nm.[150] (Figure 1.9 

b, c)  

Del Villar-Guerra et al. established a quantitative framework by 

constructing a reference library of 23 G-quadruplexes of known high-

resolution structure. Through principal component analysis and singular 

value decomposition, they demonstrated that CD spectra enable 

quantitative estimation of anti-anti, syn-anti, and anti-syn guanine base 

step fractions, as well as contributions from lateral and diagonal loops. 

Importantly, CD signatures correlate more strongly with guanine 

stacking geometry than with strand orientation, transforming CD 

spectroscopy from a qualitative tool into a powerful method for 

extracting secondary structural information from G-quartet assemblies 

in solution. In GMP assemblies, cation-dependent polymorphism further 

influences spectral signatures, with K+ favoring parallel arrangements 

and Rb⁺ promoting antiparallel stacking.[147,150,151]  
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Figure 1.9. Characteristic structural features of G-quadruplex assemblies. (a) Powder 

X-ray diffraction (PXRD) pattern showing the signature reflections corresponding to 

stacked G-quartet assemblies.[152] (b) Schematic representation of the three major G-

quadruplex topologies: parallel, antiparallel, and hybrid conformations. (c) 

Representative circular dichroism (CD) spectra corresponding to the distinct G-

quadruplex conformations, highlighting their characteristic chiroptical signatures. 

(Reproduced with permission from [151], 2017, American Chemical Society) 

1.4.3. Thioflavin T (ThT) Fluorescence Assay 

Thioflavin T (ThT) interacts with G-quartet assemblies through π-π 

stacking and groove interactions. In aqueous solution, free ThT exists as 

a molecular rotor with unrestricted rotation between its benzothiazole 

and dimethylaminobenzene rings, promoting non-radiative relaxation 

and resulting in weak fluorescence. Upon encountering a G-quadruplex, 

ThT associates with stacked G-quartet surfaces or occupies grooves and 

external binding sites, where the confined environment restricts 

intramolecular rotation, suppresses non-radiative decay, and 

dramatically enhances fluorescence emission, producing a characteristic 

turn-on signal. (Figure 1.10 a) 

Fluorescence enhancement depends strongly on G-quartet topology 

and accessibility. Parallel and hybrid G-quadruplexes provide favorable 
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binding sites exhibiting 20-100-fold enhancements, whereas duplex 

DNA and single-stranded nucleic acids induce only weak responses. The 

thrombin-binding aptamer, containing only two G-quartet layers, 

produces little enhancement, suggesting minimum groove depth or 

extended π-surface is required for efficient ThT sequestration. Multiple 

cooperative binding events have been reported for human telomeric G-

quadruplexes. Consequently, fluorescence intensity enhancement 

(FL/FL0) serves as a convenient label-free probe for monitoring G-

quartet assembly and topology.[153-155] (Figure 1.10 b, c) 

1.4.4. Nuclear Magnetic Resonance (NMR) Spectroscopy 

Solution-state NMR spectroscopy has provided unparalleled insight 

into the structure and dynamics of G-quartet assemblies. 1H NMR serves 

as a sensitive probe for identifying self-associated species through 

characteristic H8 and imino proton resonances. For Na2(5′-GMP), four 

distinct peaks in the H8 region between 7.1 and 8.6 ppm are assigned to 

monomeric, dimeric, and tetrameric species. The outer peaks at 8.5 ppm 

(Hα) and 7.2 ppm (Hδ) with equal intensities are attributed to tetrameric 

5′-GMP with C2′-endo and C3′-endo sugar pucker conformations 

respectively, while the Hγ peak at 7.9 ppm indicates monomeric and the 

Hβ peak at 8.2 ppm corresponds to dimeric 5′-GMP. (Figure 1.10 d) 

Integration of H8 signals enable quantification of population distribution 

across self-assembled species.[128,142] Additionally, imino proton 

signals and H8-N2H/N1H NOE cross-peaks confirmed Hoogsteen 

hydrogen-bonded G-quartet formation. Diffusion-ordered spectroscopy 

(DOSY) distinguished these species according to translational diffusion 

coefficients, enabling selective identification of slowly diffusing G-

quartet aggregates from faster monomeric and dimeric species. (Figure 

1.10 e) A combined DOSY-NOESY approach eliminated spectral 

overlap and provided inter quartet NOE correlations establishing head-

to-tail stacking arrangements and right-handed helical organization of 

Na2(5′-GMP).[128] Additional NOESY cross-peaks and J-coupling 

analysis revealed stacked G-quartets consisting of alternating C2′-endo 
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and C3′-endo guanosine residues, providing atomic-level description of 

the quadruple helical structure. 

 

Figure 1.10. Characterization of G-quadruplex structures using fluorescence and 

NMR spectroscopy. (a) Schematic illustration of the thioflavin T (ThT) fluorescence 

assay, demonstrating the selective binding of ThT to G-quadruplexes (G4), which 

results in a significant fluorescence enhancement, whereas single- and double-

stranded nucleic acids produce only weak fluorescence. (b) Fluorescence emission 

spectra of ThT in the absence (black) and presence of various oligonucleotides, 

highlighting its selective response toward G-quadruplex structures. (c) Dot plot 

comparing the fluorescence enhancement of ThT for different nucleic acid 

conformations.[154] (d) 1H NMR spectrum of the H8 proton region[142] and (e) Two-

dimensional 1H diffusion-ordered spectroscopy (DOSY) NMR spectrum of 1.0 M 

Na2(5′-GMP) in D2O at 278 K, illustrating the monomeric, dimeric, and G-quartet 

assemblies.[128] ((Reproduced with permission from [128], 2014, Oxford University 

Press) 

1.5. Recent Advances in 5′-GMP-Self-Assembly-Based 

Hydrogels 

Among guanine-derived building blocks, 5′-guanosine 

monophosphate (5′-GMP), a primordial biomolecule, possesses 

immense potential for constructing functional soft materials. Its unique 
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propensity to undergo sophisticated supramolecular self-assembly into 

G-quadruplex fibrillar networks provides a versatile biocompatible and 

biomimetic platform. Furthermore, the ability of these assemblies to 

interact with biomacromolecules, organic, and inorganic moieties 

enables integration of complementary functionalities into hybrid soft 

materials, opening new avenues spanning biomedicine, catalysis, and 

bioelectronics. 

1.5.1. G-quadruplex in Biomedical Field 

The intrinsic biocompatibility, high water content, dynamic 

nature, and stimuli-responsive behavior of GMP-based supramolecular 

hydrogels have positioned them as promising platforms for drug 

delivery and tissue engineering. Thakur et al. demonstrated that 

Fe3+/Ca2+ dual-crosslinked GMP-derived G-quadruplex hydrogels 

exhibited excellent biocompatibility and pH-responsive sustained zero-

order doxorubicin release, highlighting their potential as 

chemotherapeutic delivery systems (Figure 1.11 a).[156] Yoneda et al. 

reported binary guanosine/GMP hydrogels encapsulating small 

molecules and proteins including methylene blue and cytochrome c, 

with tunable pH-responsive release kinetics governed by fibrillar 

network mesh size, alongside self-healing behavior and high cell 

viability (Figure 1.11 b).[157] Godoy-Gallardo et al. developed a 

printable guanosine/GMP bioink for soft tissue reconstruction, where 

mesenchymal stem cells remained viable within three-dimensional 

scaffolds, demonstrating potential in regenerative medicine and 

bioprinting (Figure 1.11 c).[158] Sarma et al. introduced a chromatin-

inspired all-nucleic hydrogel through bio-condensation of biomass DNA 

and GMP, exhibiting excellent mechanical properties and sustained 

release of both hydrophilic and hydrophobic therapeutics (Figure 1.11 

d).[135] Additionally, Chakraborty et al. fabricated polyoxometalate-

GMP hybrid hydrogels possessing haloperoxidase-like activity with 

potent antibacterial and antifouling properties against Gram-positive 

and Gram-negative bacteria, indicating promise for wound healing 

applications.[159] Collectively, these studies underscore the remarkable 
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versatility of GMP-based supramolecular hydrogels integrating 

controlled drug release, tissue engineering, antimicrobial activity, and 

regenerative functions within a single adaptable platform. 

1.5.2. G-assembly in Biocatalysis 

The hierarchical self-assembly of GMP into G-quadruplex 

architectures has emerged as a versatile platform for enzymatic 

biocatalysis and artificial enzyme development. Chakraborty et al. 

demonstrated that Keggin-type polyoxometalate incorporation into 

GMP fibrillar hydrogels generated mechanically robust matrices with 

efficient haloperoxidase-like activity, promoting catalytic oxidative 

halogenation and antibacterial performance (Figure 1.11 e).[159] Xu et 

al. reported a hybrid catalyst through co-assembly of GMP, Fmoc-lysine, 

and Cu2+ ions, generating ordered copper-cluster active sites resembling 

natural catechol oxidases, exhibiting remarkable oxidase-mimetic 

activity and exceptional thermal stability (Figure 1.11 f).[160] Recently, 

Thakur et al. demonstrated that 5′-GMP condensation with aspartic acid 

produced fibrillar G-quadruplex nanostructures with intrinsic metal-free 

peroxidase-like activity, where nanoconfined architecture enhanced 

substrate affinity and hydroxyl radical generation, providing catalytic 

efficiencies comparable to horseradish peroxidase (Figure 1.11 g).[161] 

Coupling this nanozyme with glucose oxidase enabled cascade 

biocatalysis for sensitive glucose and glutathione detection. Hu et al. 

encapsulated Fe-porphyrin metal-organic frameworks together with 

glucose oxidase within a 5′-GMP hydrogel matrix, facilitating efficient 

cascade reactions for smartphone-assisted colorimetric glucose 

detection (Figure 1.11 h).[162] Collectively, these studies demonstrate 

that GMP-based supramolecular assemblies provide dynamic 

nanoconfined environments capable of organizing catalytic centers, 

promoting substrate accessibility, and mimicking natural enzyme 

microenvironments, establishing them as promising platforms for next-

generation artificial enzymes and biomimetic biocatalytic systems. 



CHAPTER 1  

 

31 
 

1.5.3. GMP-assembly in Bioelectronics 

The ability of GMP to self-assemble into hierarchically 

organized G-quartet fibrillar architectures has attracted considerable 

interest for bioelectronic and energy storage applications. Thakur et al. 

demonstrated that phytic acid-induced GMP G-quadruplex hydrogels 

possess high ionic conductivity, self-healing, and thermo-reversible 

behavior, enabling their use as gel electrolytes in flexible electrochromic 

devices, where highly ordered G-quartet channels facilitated efficient 

ion transport while the biocompatible supramolecular network provided 

mechanical robustness (Figure 1.11 i).[148] Sarma et al. exploited the 

intrinsic peroxidase-like activity of camphorsulfonic acid-induced GMP 

condensates to achieve in situ oxidative polymerization of aniline, 

generating polyaniline-embedded conductive hydrogels with enhanced 

mechanical strength, self-healing characteristics, and high ionic 

conductivity, subsequently employed to fabricate electrochromic 

energy-storing electrodes and all-solid-state supercapacitors exhibiting 

high areal capacitance and energy density.[163] Chakravarty et al. 

reported a supramolecular conductive hydrogel through PEDOT:PSS-

induced 5′-GMP fibrillar G-quadruplex self-assembly, where 

PEDOT:PSS acted simultaneously as electronic conductor and 

structure-directing agent, generating continuous Na⁺ ion diffusion 

channels and promoting diffusion-controlled pseudocapacitive charge 

storage. The synergistic coupling of electronic conduction through 

PEDOT chains and ionic transport through GMP channels yielded 

flexible all-solid-state supercapacitors with exceptional specific 

capacitance, energy density, cycling stability, and mechanical flexibility 

(Figure 1.11 j).[164] These investigations collectively establish GMP-

based supramolecular hydrogels as versatile biocompatible matrices that 

seamlessly integrate ionic and electronic transport, charting a 

compelling trajectory toward next-generation bioelectronic devices, 

flexible supercapacitors, electrochromic systems, and wearable energy 

storage technologies. 
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Figure 1.11. Representative GMP-based hydrogels and composite materials developed 

for biomedical, biocatalytic, and bioelectronic applications. Biomedical applications: 

(a) Bimetal-crosslinked 5′-GMP supramolecular hydrogel exhibiting pH-responsive 

zero-order drug release[156]; (b) guanosine-GMP hydrogel with excellent 

cytocompatibility and high cell viability[157]; (c) printable guanosine/GMP bioink for 

soft tissue engineering and reconstruction[158]; (d) DNA-GMP bio-condensate-

derived hydrogel functioning as a hydrotropic carrier for the encapsulation and 
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controlled delivery of both hydrophilic and hydrophobic drugs[135]. Biocatalytic 

applications: (e) polyoxometalate-GMP hydrogel with haloperoxidase-like catalytic 

activity[159]; (f) co-assembled GMP/Fmoc-lysine/Cu2+ hydrogel featuring ordered 

copper-cluster active sites that mimic natural catechol oxidase; (g) acidic amino acid-

induced GMP G-quadruplex nanofibrous hydrogel exhibiting intrinsic peroxidase-like 

activity; (h) Fe-porphyrin metal-organic frameworks and glucose oxidase 

encapsulated within a 5′-GMP hydrogel matrix for efficient cascade catalysis and 

smartphone-assisted colorimetric glucose sensing. Bioelectronic applications: (i) 

phytic acid-induced GMP G-quadruplex hydrogel for flexible electrochromic devices; 

and (j) PEDOT:PSS-integrated 5′-GMP fibrillar G-quadruplex hydrogel exhibiting 

diffusion-controlled pseudocapacitive charge storage for energy-storage applications.  

1.6. Thesis Objective and Organization of the Thesis 

The central theme of this thesis is to investigate the 

supramolecular self-assembly of 5′-GMP and its translation into 

functional soft materials. As a biogenic molecule of fundamental 

interest, we explore the physicochemical properties and emergent 

functions of hydrogels derived from the self-associative building block 

5′-GMP. Beginning with a thorough understanding of the self-assembly 

mechanism and structure-activity relationships, we progressively 

investigate diverse biogenic applications of the developed functional 

hydrogels. While each working chapter examines the dynamic self-

assembled fibrillar network of 5′-GMP, we also systematically study the 

hierarchical self-assembly behavior of the resulting nanofibrillar 

network hydrogels through controlled kinetic morphological, and 

spectroscopic analyses performed at lower concentrations. Thus, while 

the primary objective of the thesis is the development of functional 

hydrogels with applications spanning drug delivery, biocatalysis, and 

bioelectronics, the underlying structure-activity relationships and self-

assembly mechanisms are also rigorously examined in every chapter. 

Collectively, this thesis work establishes 5′-GMP as a primordial 

functional building block for the rational design and development of bio-

derived functional materials. 

The following sections provide a brief description of the contents 

and organization of the thesis: 
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Chapter 2 describes the bio-inspired condensation of biomass 

DNA and guanosine monophosphate (5′-GMP) to construct an “all-

nucleic” supramolecular hydrogel. Detailed spectroscopic and 

morphological studies are presented to elucidate the hierarchical self-

assembly process leading to G-quadruplex-based fibrillar networks. 

Furthermore, the hydrotropic and amphiphilic nature of the hydrogel and 

its ability to encapsulate and sustain the release of both hydrophilic and 

hydrophobic drugs are investigated. 

Chapter 3 focuses on the development of a structurally tunable 

DNA-GMP hydrogel platform for programmable anticancer drug 

delivery. Various supramolecular engineering approaches are employed 

to modulate the microarchitecture and mechanical properties of the 

hydrogel, thereby enabling distinct drug-release mechanisms. In 

addition, the therapeutic efficacy of the drug-loaded hydrogels is 

evaluated using two-dimensional cell cultures and three-dimensional 

tumor spheroid models. 

Chapter 4 presents the design of enzyme-mimicking “all-

nucleotide” G-quadruplex hydrogels formed through biomolecular 

condensation between GMP and adenosine phosphate derivatives. The 

influence of phosphate multiplicity and local microenvironment on 

phase behavior and hierarchical self-assembly is systematically 

examined. Moreover, the resulting hydrogels are explored as intrinsic 

peroxidase mimics and confined catalytic microreactors for biomimetic 

cascade reactions and biosensing applications. 

Chapter 5 describes the construction of a nucleotide-based 

artificial metalloenzyme by supramolecular confinement of a copper-

histidine cofactor within a GMP hydrogel network. The chapter 

discusses how the confined microenvironment stabilizes catalytically 

active intermediates and recreates enzyme-like active pockets. Detailed 

mechanistic and electrochemical investigations are carried out to 

understand the enhanced catechol oxidase-like activity and catalytic 

efficiency of the resulting biomimetic system. 
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Chapter 6 discusses the fabrication of conductive polymer-

embedded GMP condensate hydrogels through in situ oxidative 

polymerization mediated by the intrinsic nanozyme activity of the 

hydrogel matrix. The synergistic integration of supramolecular fibrillar 

networks with conductive polymer architectures is shown to impart 

excellent mechanical, self-healing, and ionic conductive properties. 

Finally, the electrochemical performance of the resulting hybrid 

hydrogels is demonstrated through their application in electrochromic 

energy-storage devices and all-solid-state supercapacitors. 

Chapter 7 summarizes the major findings and significance of the 

research presented in this thesis, emphasizing the diverse design 

strategies and functional applications of GMP-based supramolecular 

hydrogels. The structure-property relationships governing self-assembly 

and functionality are highlighted, together with the roles of various 

molecular crosslinkers and cofactors. Finally, potential future directions 

are discussed, outlining opportunities for the development of advanced 

biomolecular materials for biomedical, catalytic, and bioelectronic 

applications. 
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Chapter 2 

2. Chromatin Inspired Bio-condensation 

Between Biomass DNA and Guanosine 

Monophosphate Produces All-Nucleic 

Hydrogel as a Hydrotropic Drug Carrier  

2.1. Introduction 

Within cells, subcellular controlled microenvironments or 

compartments have evolved to facilitate and regulate specific 

biocatalytic processes, with some characterized by membrane-bound 

structures composed of lipid bilayers, while others exist in a membrane-

less form resulting from the phase separation of proteins and nucleic 

acids.[1,2] Liquid-liquid phase transition of biological macromolecules 

result in the formation of the non-membrane-bound compartments such 

as the nucleoli, centrosomes, stress granules etc. [3-5] For example, in 

eukaryotic cells, genomic DNA packaged into chromatin, primarily 

guided by the core histone and linker histone proteins, forming an 

octamer of histones, which eventually forms left-handed hierarchical 

superhelix.[6,7] These chromatin structures essentially control all 

nuclear processes involving DNA, including transcription, DNA 

replication and DNA repair.[8,9] These natural compartments have 

inspired the creation of synthetic microenvironments or bio condensates 

for purposes like accelerating enzymatic reactions, aiding small 

molecule synthesis, and delivering drugs or therapeutic 

biomolecules.[10,11] Liquid phase condensation of DNA resulting in 

the formation of biomolecular condensates such as concentrated 

droplets, gels or reversible aggregates via associative interactions have 

inspired material scientists for fabrication of various functional 

materials.[12,13] DNA is a versatile and abundant biomass (estimated 

at 50 billion metric tons)[14,15] and can be used to form a variety of 
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novel biohybrid materials such as DNA gels[16,17], DNA 

dendrimers[18], DNA nanoflowers[19], three-dimensional 

crystals[20,21], DNA origami[22], constitutional dynamic 

networks[23] etc. 

Most of the biological phase separations of DNA involve 

polyelectrolytes with nonuniform charge distribution and multivalent 

reciprocity associated via electrostatic interactions. However, the bio-

condensation of DNA via non-electrostatic association that involves the 

formation of such as G-quadruplexes (G4), has been less exploited. G-

4s play an important role in several cellular pathways that include DNA 

replication, gene expression and telomere maintenance.[24] Herein, we 

describe a non-covalent bio-condensation between DNA and guanosine 

monophosphate (GMP) that mimics chromatin folding, resulting in 

unique "all-nucleic" DNA-GMP condensates. This synergy leads to the 

formation of G-4 based superstructures, which ultimately assemble into 

super-helical fibres. The unique hierarchical self-assembly of randomly 

coiled DNA into an ordered fibrillar network, the evolution of helicity 

in these fibres, and the extent of condensation through synergistic 

hydrogen bonding and stacking have been thoroughly investigated. 

Additionally, the dynamic reconfigurability of these condensates 

through mass transition and thermodynamic aspects has also been 

investigated. Interestingly, this bio-condensation at higher 

concentration, can be extended to a supramolecular “all nucleic” 

hydrogel with excellent mechanical properties. The transformation of 

randomly coiled biomass DNA to an ordered helical G-quadruplex 

superstructures through non-covalent interactions induce 

reconfiguration and switch-ability to the hydrogel, that result in diverse 

applications such as stimuli responsiveness, self-healing, sustained drug 

release etc. Utilizing biomass DNA as a building polymeric block for 

smart DNA-based materials is gaining attention due to the complexity 

and cost associated with cascade self-assembly of carefully sequenced 

and patterned oligonucleotides and DNA scaffolds.[25-28] 
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The “all nucleic” biomass DNA hydrogel reported herein has 

several advantages: (a) all raw materials are nucleic acids (or fragments) 

derived from bio-resources, (b) the method is green and spontaneous, 

involving no synthetic steps, thereby can be translated to industrial scale 

easily, (c) the resultant hydrogel is highly stable, reusable and 

biocompatible. Furthermore, the hydrogel can encapsulate a variety of 

drug molecules, both hydrophilic and hydrophobic, with a high loading 

capacity and shows sustained drug release. To the best of our knowledge, 

this is the first report of a biomass DNA hydrogel formed through 

physical crosslinking involving a nucleotide. 

2.2. Results and Discussions 

2.2.1. Chromatin inspired “all nucleic” G4-condensation 

 

Figure 2.1. Chromatin-inspired DNA packaging into a G4-condensate leads to the 

formation of a helical fibril network. From left to right: the chemical structure of the 

guanosine monophosphate nucleotide is followed by a schematic diagram of G4-

condensation and the formation of a DNA-wrapped π-π stacked helical superstructure. 

In cells, arrays of nucleosomes organize the DNA within 

chromatin. Each nucleosome core comprises of an octamer assembled 

from two copies each of histone proteins, around which 145-147 base 

pairs of DNAs are wrapped. The nucleosome's histone octamer core 

constitutes a left-handed protein superhelix composed of four histone 

dimers arranged spirally.[6,8] Similar to the histones, four guanine bases 

can associate through Hoogsteen hydrogen bonding to form a guanine 

tetrad, having square planner structure. Two or more guanine tetrads 
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stack on top of each other to form G-quadruplexes, stabilized by a cation 

such as K+, Na+, NH4
+ etc. [29-31] Inspired from the DNA packaging of 

chromatin guided by linker and core histones, it could be expected that 

bio-condensation of DNA can occur through wrapping around the G4 

assembly. Interestingly, we observed that DNA and GMP have 

synergistic effect towards the formation of the bio-condensate, where 

DNA facilitates the G4 formation, which in turn induce condensation of 

DNA leading to a helical self-assembly similar to DNA packaging 

around the histone proteins in chromatin (Figure 2.1).  

A simple mixing of salmon milt biomass DNA (40 μg/mL) and 

150 μM GMP-Na2 at 37 ℃ under physiological pH of 7.4 and further 

incubation for 12 hours led to the formation of a bio-condensate. Salmon 

milt biomass DNA was used for the studies due to their commercial 

availability and low cost. Scanning electron microscope (SEM) images 

showed highly entangled fibrillar network with an average diameter of 

240 ± 15 nm of each fibre (Figure 2.2 a). The nanofibers bundled 

together to form larger fibres, as confirmed by the high-resolution SEM 

images shown in Figure 2.2 b. High resolution TEM images showed the 

helical superstructure formation of the DNA-GMP condensates (Figure 

2.2 c). Transmission electron microscopy (TEM) studies further 

confirmed the formation of highly intertwined fibrillar morphology with 

an average diameter of 23 ± 8 nm as calculate through mean width 

calculation (Figure 2.2 d). Further, Atomic force microscopy studies 

validated the formation of fibrillar nanostructures with an average height 

of 12 nm (Figure 2.2 e, f). 
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Figure 2.2. Morphological and spectroscopic evaluation of the DNA-GMP 

condensate. (a) FE-SEM images of the DNA-GMP condensate [40 μg/mL DNA and 

150 μM GMP] showing dense fibril network and (b) high resolution image with the red 

circled area showing the bundled fibers. (c) HRTEM image of the fibres showing the 

helicity (inset) of the fibres and (d) plot showing the average diameter and the range 

of diameters of each fiber of the hydrogel network. (e) 3-dimensional atomic force 

microscopic (AFM) image of the DNA-GMP condensate [40 μg/mL DNA and 150 μM 

GMP] (f) the height scale showing the height distribution bundles of the fibers. (g) UV-

visible spectra of GMP, DNA-GMP condensate [40 μg/mL DNA and 150 μM GMP], 



CHAPTER 2  

 

60 
 

showing the bathochromic shift. (h) Circular dichroism study of DNA-GMP interaction 

at various mole-fraction of GMP [40 μg/mL DNA and 150 μM GMP] and extended 

figure between the range 230-270 nm showing the negative ellipticity at 250 nm. (i) 

Job’s plot was constructed from the CD signal at 250 nm for DNA-GMP interaction.  

Various spectroscopic studies were carried out to understand the 

supramolecular interactions leading to the bio-condensation. The 

absorption spectrum of GMP, having λmax at 251 nm exhibit a 

bathochromic shift upon addition of biomass DNA, indicating the 

formation of a noncovalent assembly (Figure 2.2 g).[32] Circular 

dichroism spectroscopy reveals the formation of G4-condensation with 

a negative cotton band at 250 nm following an antiparallel G-quartet 

pattern (Figure 2.2 h).[33,34] The negative cotton band at 250 nm 

showed an incremental enhancement until a stoichiometry of 1:1 molar 

ratio of DNA and GMP, inferring the optimum formation of G-

quadruplexes under these conditions (Figure 2.2 g). Job's plot analysis 

based on the CD signal at 250 nm revealed a maximum response at an 

apparent 1:1 composition of DNA and GMP (Figure 2.2 i). However, 

because the biomass DNA is heterogeneous, with a distribution of 

molecular weights and chain lengths, the observed ratio should not be 

interpreted as an exact binding stoichiometry. It instead represents an 

apparent optimum composition, corresponding to the maximum G4-

related chiroptical response under the experimental conditions. 

The 1H-NMR spectrum of the DNA-GMP condensate shows a 

broad peak in the 10-12 ppm range, characteristic of G4 formation 

associated with the imino protons of guanine in a G-tetrad (Figure 2.3 

a).[35,36] Due to the presence of the DNA macromolecule, the imino 

proton signals of the GMP guanine moieties overlap in this region, 

resulting in a relatively broad and flat peak in the full NMR spectrum. 

While this broad peak does not confirm the exact G4 conformation, it 

does indicate the formation of a G4 network through the self-assembly 

of GMP molecules. Zeta potential measurements were also carried out 

to evaluate the changes in the surface charge of DNA, GMP, and the 

DNA-GMP condensate. The zeta potential of DNA and GMP changed 
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from -46.36 mV and -28.39 mV, respectively to -21.18 mV upon 

condensate formation (Figure 2.3 b). The acidic nature of DNA 

promotes the self-assembly of GMP into G4 strands, suggesting that 

biomass DNA condensation is facilitated in an acidic environment, 

where DNA macromolecules and self-assembled GMP molecules are 

likely to interact through hydrogen bonding between their phosphate 

groups. Additionally, Na+ ions occupy the G4 cavities, forming a 

positively charged ion channel after the condensation of DNA and GMP. 

This positive ion channel, along with the stabilization of phosphate 

groups through non-covalent interactions, contributes to the reduction 

of the overall negative surface charge of the DNA-GMP condensate. 

 

Figure 2.3. (a) 1H-NMR spectra of DNA-GMP condensate [40 μg/mL DNA and 150 

μM GMP], GMP and DNA, highlighting the 10-12 ppm region for the imino proton of 

guanine base. Chemical structure shows the imino proton linked to the N1-(red 

marked) site of guanine base. (b) Zeta potential of DNA-GMP condensate at various 

stoichiometry of DNA and GMP [40 μg/mL DNA and 150 μM GMP]. 

For a deeper understanding of the condensation process, a 

thorough mechanistic analysis was conducted. First, circular dichroism 

(CD) spectroscopy was conducted to confirm the extent of formation of 
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G4 assembly upon addition of variable amount of GMP at fixed DNA 

concentration as shown in Figure 2.4 a. The ellipticity showed a 

sigmoidal decrease from θ250 nm = -0.2 to θ250 nm = -0.8, suggesting an 

increase in G4 formation with an increase in GMP concentration (Figure 

2.4 b). The possibility of DNA wrapped π-π stacked G4 moieties leading 

to nano-fibrillation in the condensate were confirmed by a Thioflavin T 

(ThT) assay. The fluorogenic dye ThT is widely used for the detection 

of G4 motifs through fluorescence light-up in the visible region.[37] The 

noncovalent interactions between ThT and G4 channel stabilize the dye 

in a rigid, planar structure via end stacking, groove binding, or 

intercalation, thus greatly reducing its usual nonradiative torsional 

relaxation. This results in fluorescence enhancement by several 

folds.[38,39] Concomitant to the G4 formation, the fluorescence 

emission spectra of ThT-assay showed a remarkable linear increase in 

the intensity (FL/FL0) from 22-fold (due to intrinsic affinity of ThT 

towards biomass DNA) to 30-fold at a GMP concentration of 150 μM 

(λem
max = 491 nm) (Figure 2.4 c, d). This suggests that G4 formation and 

stacked fibrillation can be regulated with the amount of GMP.  

The formation of G4-associated supramolecular assemblies in 

the DNA-GMP system is supported by several complementary 

spectroscopic and structural observations. The negative CD band at 

~250 nm indicates the development of ordered guanine assemblies, and 

the broad ¹H-NMR signal in the 10-12 ppm region is consistent with 

imino protons involved in Hoogsteen hydrogen bonding. PXRD shows 

a characteristic interplanar spacing of ~0.32 nm, consistent with π-π 

stacked guanine-rich structures, and the enhancement of ThT 

fluorescence indicates the presence of G4-associated binding 

environments. Together, these results suggest a pathway to fibrillar 

condensation in which DNA promotes the formation of G4 motifs, 

which then stack through π-π interactions into supramolecular nano-

strands. Further investigations using complementary structural 

techniques would provide more definitive topological confirmation. 
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Figure 2.4. Spectroscopic investigations into the concentration-dependent dynamics 

of the condensation process. (a) CD spectra at various GMP concentration (0-150 μM) 

and constant DNA amount (40 μg/mL) with incremental negative cotton band at 250 

nm, (b) sigmoidal decrease in the ellipticity at 250 nm, (c) FL spectra of ThT assay 

(ThT concentration 10 μM) at various GMP concentration from 0-150 μM and constant 

DNA concentration (40 μg/mL) and (d) Linear incremental fitting of FL/FL0 ratio for 

ThT assay. 

To gain more insight into the self-assembly process and the 

underlying interactions during the bio-condensation of DNA and GMP, 

concentration dependent aggregation kinetic studies were carried out 

using various microscopic techniques. Since GMP played a key role in 

the G4 assembly and stacked fibrillation, we monitored the 

morphological evolution at various GMP concentrations, while keeping 

the DNA concentration (40 μg/mL) fixed. The random DNA 

biopolymers started to organize into small self-assembled 

nanoaggregates, even when 10 μM of GMP was added, suggesting that 

DNA starts to organize around the G4 formed even at such a low 

concentration of GMP (Figure 2.5 a, b). At an increased GMP 

concentration of 30 μM, with more G4 core formation, DNA is adsorbed 

onto the surface and self-assembled into a spherical hollow 

superstructure with a corona-like formation (Figure 2.5 c). Upon further 

enhancing the GMP concentration to 50 μM, the stacked fibrillation 
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process starts with the appearance of anisotropic nano-blocks along with 

unwrapped DNAs as shown in Figure 2.5 d. At an increased GMP 

concentration of 70 μM, non-covalent interactions between G4-tetrads 

and DNA wrapping around the G4 strands led to the formation of 

elongated rod-like structures with prominent helical chirality (Figure 

2.5 e). The concentration dependent anisotropic growth was further 

evident at a GMP concentration of 90 μM, as the nano-fibrillation took 

precedence (Figure 2.5 f), which further crosslinked to form a dense 

entangled fibril network at GMP concentrations of 120 and 150 μM 

(Figure 2.5 g, h). Thus, it can be inferred that at higher concentrations 

(>100 μM) of GMP, all the randomly aggregated DNA coils uniformly 

wrap around the G4-moieties and form π-π stacked helical DNA-GMP 

fibrillar condensates. Atomic force microscopy (AFM) studies of the 

condensates at variable concentration of GMP (at a fixed concentration 

of DNA) further confirmed the growth pattern from small anisotropic 

building blocks to the highly entangled fibrillar network with increasing 

concentration of GMP from 50 to 150 μM (Figure 2.5 i-l). The height 

profile of the nanoaggregates at lower GMP concentration (50 and 70 

μM) showed much higher average height (approx. 50 nm) as compared 

to the height of the nanofibrils formed (approx. 12 nm) at higher 

concentration (120 and 150 μM). This difference may be associated with 

variations in the degree of structural organization and compaction during 

DNA-GMP co-assembly. It further suggests that incomplete 

organization of DNA and GMP at lower GMP concentrations may result 

in the formation of aggregated structures, whereas at the optimum 

concentration, a homogeneous fibrillar morphology is obtained. 

Although this interpretation is consistent with the observed 

morphological evolution, further comparison with DNA-only 

aggregates would provide the precise structural contribution of DNA. 
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Figure 2.5. (a-h) FESEM images showing the morphological evolution of the DNA-

GMP condensates at increasing GMP concentration keeping the DNA concentration 

constant [40 μg/mL]. (i-l) AFM images showing the morphological evolution of the 

DNA-GMP condensates at increasing GMP concentration (Scale bar included in the 

image) at fixed DNA concentration [40 μg/mL DNA] along with their height profile. 

To further understand the involvement of π-π stacking during the 

anisotropic morphology evolution of the DNA-GMP condensations, 

confocal laser microscopy studies were carried out using Thioflavin-T 

labelling at variable GMP concentrations, while keeping DNA 

concentration fixed (40 μg/mL). Thioflavin-T binds to G4 fibril 

channels, resulting in the fluorescence enhancement in the green 

region.[37,38] Figure 2.6 a-d shows the confocal fluorescence 

microscopy images of the ThT-labelled DNA/GMP condensates. At a 

very low GMP concentration of 10 μM, only blue fluorescence was 

observed owing to the intrinsic fluorescence of DNA. This suggests the 

presence of large amount of random DNA at the initial stage of G4 

formation (Figure 2.6 a). When the GMP concentration was increased 

to 50 μM, the formation of nanoaggregates could be observed in the 
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bright field image, however these aggregates also showed blue 

fluorescence (Figure 2.6 b). As the GMP concentration increased to 90 

μM, the nano-fibrillation process started, as indicated by the appearance 

of green fluorescence alongside the intrinsic DNA emission in the ThT 

assay (Figure 2.6 c). At a high GMP concentration (150 μM), the 

condensate appeared as a homogeneous fibrillar network with 

predominantly green fluorescence (Figure 2.6 d). This suggests that 

most of the DNA molecules participate in condensation, giving strong 

ThT emission from the π-π stacked G4 assemblies. At low GMP 

concentrations, the abundance of randomly coiled DNA meant that the 

weak blue intrinsic emission of DNA dominated. As the GMP 

concentration increased, green emission from ThT bound to G4 stacks 

began to appear alongside the blue DNA fluorescence, and it became the 

dominant signal at higher concentrations. This progressive shift 

indicates a growing population of ThT-binding sites within the 

assembled DNA-GMP structures. Together, these controlled 

fluorescence microscopy studies suggest that GMP concentration 

strongly influences the π-π stacking pattern, with an optimal 

concentration yielding a homogeneous fibrillar network. 

 

Figure 2.6. (a-d) Confocal fluorescence images of the evolution of green fluorescence 

with the increase in GMP concentration (scale bar ~ 5 μm for a-c and 10 μm for d). 
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In order to further ascertain the dynamic reconfiguration of the 

bio-condensate, temperature dependent studies were performed. The 

variable-temperature CD spectra of the DNA-GMP condensate (40 

μg/mL DNA and 150 μM GMP) showed only a marginal change in the 

intensity of the negative Cotton band at 250 nm, maintaining similar 

ellipticity across the temperature range of 10 °C to 50 °C (Figure 2.7 c). 

On the other hand, the emission of ThT bound condensate was 

significantly quenched when temperature was increased from 10 °C to 

50 °C (Figure 2.7 d). At higher temperature, the ThT molecules which 

were bound in the rigid and more planar G4 grooves were released, 

thereby activating the nonradiative torsional relaxation channel.[38] 

The results showed the possibility of modulation in dynamics of π-π 

interactions within the condensate at variable temperature. This was 

verified from the FESEM micrographic studies (Figure 2.7 a), which 

showed that the highly fibrillar and entangled condensate network at 30 

°C, was converted into small nanoaggregates at 40 °C. At 50 °C, one 

exclusively finds aggregated microspheres decorated with the smaller 

aggregates with the protrusion of thin petal-like structures from the 

surface, which were formed at the expense of the nanofibrils. Further 

fractal self-assembly of these microstructures led to complex flower-like 

superstructures at 60 °C. This morphological evolution might be 

attributed to the dynamic liquid condensation phases of DNAs, which 

forms noncanonical linear aggregates through physical aggregation. As 

the temperature increases, the weakening of end-to-end adhesion in 

DNA-wrapped G4-condensation leads to the formation of smaller linear 

aggregates on the surface of the homogeneous fibrillar network.[40] The 

progression in the self-assembly of these linear aggregates along a 

uniaxial columnar pathway, eventually creates petal-like structures on 

the surface, which gradually evolve into a flower-like spherical 

morphology in the matrices.[41,42] Notably, the temperature dependent 

morphological rearrangements were dynamic and reversible in nature as 

the DNA-GMP bio-condensates spontaneously reassemble and 
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recovered to their highly fibrillary morphology upon cooling down to 30 

°C (Figure 2.7 b).  

 

Figure 2.7. (a) Temperature dependent morphological reconfiguration of the DNA-

GMP condensate [40 μg/mL DNA and 150 μM GMP] from 30 ℃ to 60 ℃. (Scale bar: 

1μm for 30℃-50℃, 2μm for 60℃). (b) Dynamic reconfiguration of the DNA-GMP 

condensate [40 μg/mL DNA and 150 μM GMP]. FESEM images demonstrate the 

transformation from a fibrillar to a nanoflower-like structure, followed by a reversion 

to the original fibrillar morphology in the same solution of condensate. (c) 

Temperature dependent CD spectra and (d) ThT assay illustrating the reversible 

fluorescence intensity of the same solution of condensate during a temperature 

transition from 30 to 60 to 30 ℃. 

Based on the concentration-dependent morphological evolution, 

spectroscopic observations, and helical features observed through 

electron microscopy, we propose a cooperative assembly mechanism in 

which GMP-derived G-quartet structures provide a supramolecular 

framework for the organization of biomass DNA. The observed helical 

fibrillar morphology suggests the possible association of DNA with the 

stacked guanine-rich assemblies. However, the precise molecular 

arrangement of DNA around individual G4 structures has not been 

directly resolved. Therefore, the proposed mechanism represents a 

plausible model of hierarchical DNA–GMP co-assembly. The term 

chromatin-inspired organization is used to describe the conceptual 

similarity in DNA condensation and higher-order structural 

organization, rather than suggesting molecular equivalence with 

histone-mediated chromatin assembly. 
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2.2.2. DNA/GMP extensive condensation leading to hydrogelation 

As the bio-condensation of DNA and GMP lead to fibrillar 

nanostructures in dilute condition, we further studied their self-assembly 

process at higher concentration of both the constituents. When the 

condensation was carried out at a concentration of 40 mg/mL of salmon 

milt DNA and 150 mM of GMP, a highly stable light-yellow hydrogel 

was formed spontaneously (Figure 2.8 a). Controlled experiments 

suggest that the gelation can take place in a wide range of concentration 

with minimum of 30 mg/mL of DNA and 75 mM of GMP respectively 

(Figure 2.8 b). The hydrogel can be molded into various shapes using 

different templates (Figure 2.8 c). Thin membranes of the hydrogel also 

can be obtained by slicing or thin coating followed by drying even at 

room temperature (Figure 2.8 d). 

 

Figure 2.8. (a) Transformation of DNA-GMP condensate to DNA-GMP hydrogel at 

higher concentration. (b) Digital Images showing the minimum and maximum range 

of concentration needed for the formation of stable DNA-GMP hydrogel as the 

concentration of DNA increases from 10mg mL-1 to 200 mg mL-1 concerning constant 

GMP (100 mM) and concentration of GMP increases from 25 mM to 300 mM at a 

stable DNA concentration of 40 mg/mL. (c) Digital photographs of DNA-GMP 



CHAPTER 2  

 

70 
 

hydrogel (dye loaded) with diverse shapes and (d) thin membrane formation of the dye-

loaded hydrogel. (scale bar 10 μm). 

The powder X-ray diffraction pattern of the lyophilized DNA-

GMP hydrogel showed a diffraction peak at 2θ of 2.4° (d = 3.85 nm) and 

2θ of 27.8° (d = 0.32 nm) corresponding to the diameter of a single G-

tetrad and interplanar separation of G-tetrads through π- π stacking 

respectively (Figure 2.9 a).[43] In the FT-IR spectra, the bands at 1218 

cm-1 and 1067 cm-1 in GMP, corresponding to the P=O and P−O 

stretching bands of the phosphate groups, were significantly reduced in 

intensity in the DNA-GMP hydrogel suggesting the involvement of 

phosphate groups in extensive hydrogen bonding. Furthermore, the 

bands at 1687 cm-1 (C=O stretching) and 1600 cm-1 (N-H bending) in 

GMP were shifted to 1700 cm-1 and 1606 cm-1 respectively, suggesting 

the involvement of these functional groups of GMP in G-quadruplex 

formation (Figure 2.9 b, c).[44,45] These studies confirmed that at 

higher concentration also similar mechanism follows, where, randomly 

coiled biomass DNA form ordered helical strands by wrapping around 

the π-π stacked G4 nano-strands, which entangle densely to form a 

porous network of hydrogel with absorbed water.[46] 

 

Figure 2.9. (a) Powder X-Ray diffraction pattern of the dried DNA-GMP hydrogel. (b) 

FTIR spectra focusing on the 2000-600 cm-1 region to evaluate the shift of C=O peak 

from 1687 cm-1 to 1700 cm-1, N-H bending peak from 1600 cm-1 to 1606 cm-1, P=O 

peak of the phosphate group from 1062 cm-1 to 1084 cm-1 and P-O peak from 970 cm-

1 to 976 cm-1 concerning GMP to the H-bonded self-assembled DNA-GMP gel. (c) the 

comparison of biomass DNA and DNA-GMP hydrogel at the region 2000-600 cm-1 

region shows that the shift of P=O peak of phosphate groups from 1056 cm-1 to 1084 

cm-1 and P-O peak of the same phosphate group from 961 cm-1 to 976 cm-1 was 

observed with respect to DNA the self-assembled DNA-GMP hydrogel was observed. 
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The mechanical and viscoelastic properties of the prepared 

DNA-GMP hydrogel were evaluated via oscillatory rheological 

measurements. In the dynamic strain and frequency sweep studies, the 

storage modulus (Gʹ) of the hydrogel was found to be several orders 

higher than the loss modulus (Gʺ), indicating dominance of the elastic 

behaviour over its viscous nature (Figure 2.10 a, b). Dynamic strain 

sweep measurements demonstrate the effect of GMP concentration (low, 

medium and high) on the mechanical properties of the DNA-GMP 

hydrogel. The storage modulus (Gʹ) increases up to a GMP concentration 

of 150 mM, but decreases with further increases in concentration 

(Figure 2.10 d). Therefore, the optimal GMP concentration for the 

DNA-GMP hydrogel, providing the best mechanical properties, is 150 

mM. The physical integrity of the hydrogel was further assessed through 

a thixotropic loop test. At a low strain of 1%, the hydrogel shows elastic 

nature (Gʹ > Gʺ), whereas, the viscous nature dominates upon increasing 

the strain to 500% (Gʺ > Gʹ). The hydrogel was reverted back 

immediately to its original elastic state when the strain was reduced to 

1% and this behaviour can be observed over several cycles (Figure 2.10 

c). This shows excellent injectability capabilities of the hydrogel. In 

addition, the self-healing properties of the DNA-GMP hydrogels were 

studied by adjoining the surfaces of two dye-doped pieces, as well as 

cut-and-rejoin experiment where a robust and healed hydrogel was 

obtained within 5 minutes, without any external energy input (Figure 

2.10 e, f, g). The stiffness and toughness of the healed hydrogel suggest 

that due to the involvement of non-specific supramolecular interactions 

such as H- bonding and π-π stacking, a quick recovery and fluidity of 

the hydrogel could be achieved. 

The DNA-GMP hydrogel was converted into a sol upon heating 

at 50 °C, which could be reverted back to a gel upon cooling to 25 °C. 

This thermo-reversible behaviour could be observed over several cycles 

without any appreciable changes in their mechanical robustness (Figure 

2.10 g, h). The gel-to-sol transition, driven by temperature, can be linked 

to the dynamic reconfigurability of the DNA-GMP condensate, 
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suggesting that dynamic morphological changes significantly impact the 

self-assembly process. Further, a pH-responsive reversible sol-gel 

transition was observed in the DNA-GMP hydrogel. When the pH was 

increased to 12, the hydrogel was converted into a sol, which could be 

reverted back upon bringing the pH back to 5.5. This pH tuneable gel-

sol transition could also be repeated over several cycles (Figure 2.10 g, 

i). In a highly basic medium, the hydrogen-bonded G-quadruplex 

network is disrupted leading to a sol, which can be reformed under 

suitable acidic environment. As the fibril network was knitted through 

only weak interactions, the gel to sol transition can be easily altered by 

external stimuli like temperature and pH.  
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Figure 2.10. Mechanical property investigations of the DNA-GMP hydrogel. (a) 

Dynamic strain-sweep rheological experiment of DNA-GMP hydrogel. (b) Angular 

frequency sweep experiment for the hydrogel at constant strain of 1%. (c) Thixotropic 

loop measurement for DNA-GMP hydrogel at a constant angular frequency of 10 rad 

s-1 with changing the strain from 1% to 500%. (d) Dynamic strain sweep 

measurements showing storage modulus (Ǵ) of DNA-GMP hydrogel at different 

concentration of GMP at a constant strain of 1%. (e) Strain sweep measurement (left) 

followed by immediate recovery from 1000% strain to 1% strain (right) of the DNA-

GMP hydrogel at 25 °C. (f, g) Self-healing ability of the DNA-GMP hydrogel upon 

close contact via adhesion and cut-and-rejoin experiment, (i) Stimuli responsiveness 

of the DNA-GMP hydrogel upon temperature and pH, (j) Cyclic thermo-reversible 

rheological study of the hydrogel and (k) Cyclic pH-reversible rheological study of 

DNA-GMP hydrogel. 
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2.2.3. Biocompatibility and Cytotoxicity of the DNA-GMP 

hydrogel 

As the constituents of the hydrogel are all nucleic acids, it is 

expected that the hydrogel will show high biocompatibility. This was 

reflected in the IC50 values of GMP, DNA and DNA-GMP hydrogel 

which was 760 μM, 1814 μM, and 1496 μM respectively using AGS 

cells. Further, cell death studies assessed by IC10 values showed that the 

DNA-GMP gel imparted no toxicity on both AGS and A549 cells. DNA-

GMP showed a significantly lesser apoptotic cells in both A549 (p < 

0.05) and AGS (p < 0.001) cells in comparison to untreated cells, 

showing its biocompatible nature (Figure 2.11 and 2.12).[47] 

 

 

Figure 2.11. Determination of cytotoxicity through MTT assay of (A) GMP, (B) DNA, 

(C) DNA-GMP, in AGS cells. Cell cytotoxicity was determined through MTT assay for 

24 hr time point. 10,000 cells were seeded in 96 well plate. After 24 hours, cells were 

treated with different concentration of the compounds to check the cell viability. 
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Figure 2.12. Effect of different biocompatible compounds on the cell death of AGS and 

A549 cells. A & E A representative image showing live, necrotic and apoptotic cells 

with green, red, yellow color respectively as detected by acridine orange 

(AO)/ethidium bromide (EB) staining by fluorescence microscope. The bar graph 

represents the quantification of B Live, C Necrotic, D Apoptotic cells in AGS cells after 

24 hours treatment, F Live, G Necrotic, H Apoptotic cells in A549 cells after 24 hours 

treatment. The experiment was performed for three biological replicates, and the 
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results are shown as the mean ± SD for two independent experiments. Data were 

statistically analysed using an unpaired t-test. p values were estimated using 

GraphPad Prism version 8, and p values of 0.05, 0.01, and 0.001 were considered 

statistically significant and represented by */#, **/##, and ***/###, denoting 

upregulation/downregulation respectively. 

2.2.4. DNA/GMP condensate hydrogel as a dense phase 

hydrotropic drug carrier  

Supramolecular hydrogels derived from biomolecules hold 

potential as a drug carrier. Especially a noncanonical nucleic acid 

conformation such as G-quadruplex is found to be overrepresented in 

cancer containing genes and has been used as a valuable tool in cancer 

therapeutics.[48-51] Although both DNA and GMP are highly water 

soluble, the G-quadruplex can act as a hydrotropic system by trapping 

water insoluble molecules in the small cavities formed by vertically 

stacked guanine tetrads (Figure 2.15 a).[52-54] Also, the dynamic 

reconfigurability and the excellent stimuli responsiveness of the 

hydrogel (Figure 2.10) provides alteration towards from fibrillar 

morphology to petal condensed microspheres which facilitates the ease 

for encapsulation and sustained release of drug molecules at 

physiological conditions. Therefore, we focused on using the DNA-

GMP hydrogel as a drug carrying agent for both water-soluble and 

sparingly water-soluble drugs (Figure 2.13).  

We have studied two vitamins: (a) Vitamin B2, riboflavin[55] 

and (b) Vitamin B12, cyanocobalamin[56] as model water soluble drugs 

to be entrapped in the DNA-GMP hydrogel. Addition of vitamins, DNA 

and GMP in an aqueous medium, under physiological conditions 

resulted in the vitamin encapsulated hydrogels and after repeated 

washing, it was found that the hydrogel could encapsulate 86% and 78% 

of vitamin B2 and B12 (Table 2.1).  

In order to establish the DNA-GMP hydrogel as a carrier for 

hydrophobic drugs, the loading of alkaloid drug molecule Piperine (with 

antimicrobial, antidepressant, anti-inflammatory, and anti-angiogenic 

and potential anti-cancer properties)[57], fluoroquinolone-based drug 
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Ciprofloxacin (used for the treatment of bone and joint infections, intra-

abdominal infections)[58,59] and Enoxacin (antibacterial agent used in 

the treatment of urinary tract infections and gonorrhea)[60,61] were 

studied. Mixing of the drug molecules, DNA and GMP in an aqueous 

medium and heating at 37 °C led to the drug loaded hydrogels. Although 

all these drug molecules were only sparingly soluble in water, however, 

they could be easily mixed in an aqueous medium containing DNA and 

GMP. After several washing cycles of the drug loaded hydrogel using 

PBS buffer, the encapsulation efficiency was estimated by UV-visible 

spectroscopy using calibration curves and was found to be 95%, 92% 

and 77% for Piperine, Ciproflaxacin and Enoxacin respectively (Table 

2.1). This in situ drug loading process in the hydrogel was highly 

efficient for different drug molecules and unbound drug molecules could 

be removed easily to avoid any side effects. 

 

 

Figure 2.13. Structure of the vitamins and drugs to study the loading and controlled 

release. 
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Table 2.1. Encapsulation Efficiencies of the Drug Molecules 

Drug λmax 

 

 

(nm) 

Linear Eq. Initial 

Concentration 

(C1) 

 

(mg mL-1) 

Unloaded 

Drug 

Concentration 

(C1) 

(mg mL-1) 

Encapsulation 

Efficiency 

𝑪𝟏 − 𝑪𝟐

𝑪𝟏

× 𝟏𝟎𝟎 

(%) 

Vitamin B2 445 y = 1.87x + 

0.08 

0.0935 0.0133 85.69 

Vitamin B12 359 y = 0.77x + 

0.05 

0.2213 0.0489 77.89 

Piperine 340 y = 0.99x + 

0.04 

0.099 0.0047 95.25 

Ciprofloxacin 320 y = 0.96x + 

0.01 

0.7030 0.0591 91.6 

Enoxacin 339 y = 0.51x + 

0.04 

0.783 0.1815 76.8 

 

 

Figure 2.14. (a) Digital photographs showing the diffusion behaviour of the drug 

(vitamin B12) loaded hydrogel and releasing of drugs to buffer medium (PBS pH 7.4) 

at various time intervals and (b) corresponding UV curve of the supernatant buffer 

solution showing the increment of absorbance value of the corresponding peak at 550 

nm for vitamin B12. Diffusion mechanism and drug release behaviour for (c) and (e) 

hydrophilic drug (Riboflavin), (d) and (f) hydrophobic drug (Ciprofloxacin) showing 

that similar drug release mechanism by the DNA-GMP hydrogel for all the drugs. 
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In a typical drug release experiment, all the drug loaded 

hydrogels (1mL) were separately covered with PBS buffer solution (3 

mL, pH 7.4) and incubated at 37 °C. To determine the release at a regular 

time interval, an aliquot of 400 μL was collected and replaced with fresh 

buffer. A time-dependent drug release experiment was conducted to 

elucidate the drug delivery mechanism (Figure 2.14 a, b). The results 

indicated a first-order, diffusion-based release, where the swelling of the 

fibrillar network enables the entrapped drug to diffuse into the buffer 

medium. Both hydrophilic and hydrophobic drugs exhibited similar 

sustained release profiles, suggesting that the hydrogel follows a 

consistent release mechanism for all drug types (Figure 2.14 c, d, e, f). 

Drug release profiles were monitored by UV-visible 

spectrophotometry at the absorption maxima of the respective drugs 

with the help of calibration curves (Figure 2.15 b, c, e, f, h, i, k, l, n and 

o). The DNA-GMP hydrogel showed a sustained release of 81% and 

91% of vitamin B2 after 12 and 48 hours respectively (Figure 2.15 d). 

On the other hand, a more sustained release of 73% after 12 hours and 

87% after 48 hours were observed in case of much bulkier vitamin B12 

(Figure 2.15 g). In case of the hydrophobic therapeutic drug piperine, a 

sustained delivery was achieved with a release rate of 78.9% at 12 hours 

and 83.7% after 48 hours with DNA-GMP hydrogel (Figure 2.15 j). 

Ciprofloxacin shows a sustained release profile of 64.3% at 12 hours and 

74.2% after 48 hours, respectively (Figure 2.15 m). Again, for the 

antibacterial drug enoxacin, a sustained release of 54% and 65% were 

obtained at 12 hours and 48 hours respectively (Figure 2.15 p).  

Drug-loaded hydrogel stability and the effect of drug molecules 

on bio-condensation were evaluated. SEM showed no significant 

morphological changes after drug loading (Figure 2.16 a), and 

mechanical properties remained comparable to the DNA-GMP hydrogel 

(Figure 2.16 b). Shelf-life and anti-leakage tests showed effective drug 

encapsulation for up to 28 days, with minimal leakage during weekly 

washes (Figure 2.16 c, d). Collectively, the hydrogel serves as an 
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efficient carrier for both water-soluble and sparingly soluble drugs via a 

diffusion mechanism, providing new impetus for sustained drug 

delivery. 

 

Figure 2.15. DNA-GMP hydrogel as a hydrotropic drug carrier. (a) Diagram 

illustrating the site-specific encapsulation of hydrophobic and hydrophilic drugs 

within the DNA-GMP hydrogel fibres. UV-vis spectra of (b) vitamin B2, (e) vitamin B12, 

(h) piperine, (k) ciprofloxacin and (n) enoxacin in simulated body fluid (pH 7.4, 
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phosphate buffer saline solution) at different concentrations. Calibration curves of (c) 

vitamin B2, (f) vitamin B12, (i) piperine, (l) ciprofloxacin and (o) enoxacin. Release 

profiles of (d) vitamin B2, (g) vitamin B12, (j) piperine, (m) ciprofloxacin and (p) 

enoxacin, from drug loaded DNA-GMP hydrogel and corresponding polynomial fitting 

curves. 

 

Figure 2.16. (a) Morphological analysis of the hydrogel before and after drug loading 

showing that the bio-condensation does not get affected by the drug entrapment and 

(b) mechanical properties of the hydrogel and drug load loaded showing similar 

storage and loss modulus value. Shelf-life and anti-leakage activity of the hydrogel 

was shown by the UV-visible absorbance value of the drugs, showing (c) hydrophilic 

drug riboflavin and (d) hydrophobic drug ciprofloxacin for a time period of 28 days. 

2.2.5. The hydrogel enhances the antibacterial activity of the 

encapsulated drug 

To demonstrate the drug-carrier capacity of the DNA-GMP 

hydrogel in real-time biological system, we conducted a systematic 

antibacterial assay using ciprofloxacin as a model drug. The 

antibacterial efficacy of ciprofloxacin (Cipro) and ciprofloxacin-loaded 
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DNA-GMP hydrogel (Cipro-gel) was tested against E. coli using a disc 

diffusion assay. Clear inhibition zones around the disks indicated that 

both formulations effectively inhibited bacterial growth. For pristine 

ciprofloxacin, the zone of inhibition increased with higher 

concentrations, with 0.5 μg showing a larger zone than the positive 

control, ampicillin. Similarly, for Cipro-gel, increasing the drug 

concentration enhanced the inhibition zone, with 0.5 μg showing greater 

inhibition than both the positive control ampicillin and ciprofloxacin 

alone (Figure 2.17). These results suggest that encapsulating the drug in 

the DNA condensate hydrogel enhances its antibacterial efficacy, 

demonstrating that the DNA-GMP hydrogel serves as an excellent drug 

carrier with improved biological activity. 

 

Figure 2.17. Anti-bacterial activity of gel compound against E. coli. A. Representative 

clear zone of inhibition of Ciprofloxacin against E. coli, B. Representative clear zone 

of inhibition of Ciprofloxacin-gel against E. coli and C. Bar graph showing the 

antibacterial activity of the Cipro and Cipro-gel compound against E. coli. Cipro-gel 

possesses the significantly more anti-bacterial activity than positive control Ampicillin 

and other compound ciprofloxacin. The experiment was performed for three biological 

replicates, and the results are shown as the mean ± SD for two independent 

experiments. Data were statistically analysed using an unpaired t-test. p values were 

estimated using GraphPad Prism version 8, and p values of 0.05, 0.01, and 0.001 were 
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considered statistically significant and represented by */#, **/##, and ***/###, 

denoting upregulation/downregulation respectively. 

 

2.3. Conclusion 

In conclusion, taking a cue from DNA condensation in 

chromatin, we have demonstrated a facile pathway for biomass DNA 

condensation through a simple mixing of DNA with a nucleotide 

guanosine monophosphate. The bio-condensate was formed through a 

synergistic effect, where the acidic nature of DNA induced the formation 

of G4 supramolecular structures. The randomly coiled DNA 

macromolecules wrapped around the stacked G-4 strands resulting in a 

helical fibrillar network. The spectroscopy and microscopy studies 

showed the concentration dependent self-assembled process leading to 

highly entangled network. At higher concentration of the nucleic acid 

constituents, a mechanically robust, stimuli-responsive and self-healable 

hydrogel could be obtained. The process can be extended to form an 

membranes, and composite hydrogels. Given the abundance of biomass 

DNA, this versatile, programmable, and biocompatible "all-nucleic" 

DNA-GMP hydrogel could serve as a sustainable alternative to 

petroleum-based polymers in the production of soft materials. The 

DNA-GMP hydrogel can function as a universal hydrotropic drug 

carrier, promoting a steady release of both hydrophobic and hydrophilic 

drugs. The bio-condensate and hydrogel formation using biomass DNA 

in the presence of GMP through non-covalent interactions paves away a 

simple methodology for soft material fabrication with application 

potential for advanced applications such as DNA switches and DNA-

based machines. Using a similar protocol, the bio-condensation process 

can be extended to RNA, which we are currently pursuing. 
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2.4. Experimental Section 

2.4.1. Synthesis and characterization of biomass DNA-GMP 

condensates 

Mixing salmon milt DNA (40 μg/mL) with 150 μM of disodium 

guanosine monophosphate (GMPNa2) in water yields a homogeneous, 

transparent solution. After incubating this solution at 37 °C for 12 hours, 

the formation of condensate is observed visually by using a simple red 

laser, which demonstrates a visible Tyndall effect. For further controlled 

experiments, condensates were prepared using the same protocol but 

with varying concentrations of GMP. These different GMP 

concentration condensates were then subjected to circular dichroism 

(CD) spectroscopy and field emission scanning electron microscopy 

(FE-SEM) imaging. For variable temperature studies, the condensate 

formed with 40 μg/mL DNA and 150 μM GMP was used. For steady-

state fluorescence (FL) measurements, DNA-GMP condensates were 

prepared with varying concentrations of GMP, and all samples were 

incubated with 10 μM Thioflavin T (ThT) dye. The ThT-labelled 

condensates were excited at 425 nm for steady-state FL measurements. 

For confocal imaging, the same ThT-labelled condensates, prepared with 

different GMP concentrations, were drop-cast onto glass cover slips, and 

confocal microscopy was performed using a laser with an excitation 

wavelength of 405 nm. The zeta potential of the condensates was 

measured at various stoichiometric ratios, maintaining constant 

concentrations of DNA and GMP during condensation. 

2.4.2. Synthesis of Biomass DNA hydrogel 

For the synthesis of the DNA-GMP hydrogel, 40 mg of salmon 

test DNA was precisely dissolved in 1 mL of Mili-Q water, with gentle 

stirring and maintaining a constant heat of 37 ℃ resulting in a 

homogeneous solution. Following 5 minutes of stirring, 61.2 mg (150 

mM) of Guanosine Monophosphate Disodium Salt was added to the 

solution. The solution promptly transformed into a transparent, light 

brown colour. Within 2-3 minutes of cooling to room temperature, a 
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transparent DNA-GMP hydrogel was obtained. The confirmation of 

hydrogel formation was obtained through the simple inverse tube 

method. 

2.4.3. Mechanical properties studies 

The rheological investigations of synthesized hydrogels were 

performed using a parallel plate geometry of diameter 25 mm. The 

dynamic strain sweep measurements were taken at a constant angular 

frequency (ω) of 10 rads-1 and frequency sweep experiments of hydrogel 

was measured at a constant strain (γ) value of 1% at 25 °C. The 

thixotropic step-strain measurements with respect to time intervals were 

carried out at variable strain values of 0.1% and 500% at a constant 10 

rads-1 of ω. 

Two different dye loaded gels each of 2 mL synthesized inside 

rectangular molds. After aging, both dye-loaded hydrogels were taken 

close to each other joined using mild mechanical press and after 5 

minutes the self-healed hydrogel could be lifted in air. The storage 

modulus (Ǵ) values of the original and self-healed gel were calculated 

at 1% constant strain. The dynamic sweep test followed by time 

dependent storage and loss modulus calculation at a constant strain at 

1% was also evaluated to confirm the self-healing ability. 

To obtain the thermo-reversibility property of the hydrogel, the 

gel was heated homogeneously at 50 ℃ to form a solution and evaluated 

the mechanical strength. Same gel was cooled down to room 

temperature to reversible formation of gel and evaluated the mechanical 

properties. To study the effect of the pH-reversibility, 5 μL of 4M NaOH 

solution was added that increases the pH of the medium to 12. The 

hydrogel was completely dissociated to sol state within 5 minutes. The 

sol was converted into a gel upon addition of 5 μL of 4M H2SO4 (pH 

5.5) and this reversible sol-gel transition could be obtained for 4 cycles. 
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2.4.4. In-Vitro biocompatibility test 

➢ Mammalian Cell Culture  

A549 (human lung adenocarcinoma) and AGS (human gastric 

adenocarcinoma) cells were cultured in Dulbecco’s minimal essential 

medium (DMEM) supplemented with 10% fetal bovine serum (FBS) 

and 1% antibiotic and antimycotic solution. Cells were cultured at 37 °C 

in a humidified incubator at 5% CO2. Compounds for treatment were 

prepared in DMEM supplemented with 10% FBS. 

➢ Cell Viability Assay 

For the MTT assay, about 10,000 cells per well were seeded in 96-well 

plates and incubated for 24 h. Further, cells were treated with different 

concentrations of GMP, DNA, and DNA-GMP for 24 h. Subsequently, 

media was extracted from the wells, and 50 μL per well of MTT dye (0.5 

mg/mL in PBS) was added and incubated for 3 h at 37 °C. Next, 100 μL 

of DMSO was added to each well, and absorbance at 570 nm was 

recorded using a microplate reader.  

➢ EB-AO staining 

The assessment of the apoptotic, necrotic, and live cells after exposure 

to compounds was done by EB/AO dual staining. The cells were stained 

with acridine orange and ethidium bromide mixture (100 μg/ml each) 

for 20 min at 37 ˚C followed by PBS washing by PBS. The analysis of 

the cell stage (apoptotic/ necrotic) was done manually by observing the 

color characteristics.  

➢ Statistical analysis 

All the experimental results were recorded from a set of triplicates.  Data 

were statistically tested using an unpaired t-test. p values were estimated 

using GraphPad Prism version 8, and p values of 0.05, 0.01, and 0.001 

were considered statistically significant and represented by */#, **/##, 

and ***/###, respectively. 
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2.4.5. Drug loading and encapsulation efficiency 

A 1 mg mL-1 aqueous solution comprising Riboflavin (vitamin 

B2), Cobalamin (vitamin B12), piperine, ciprofloxacin, and enoxacin was 

prepared through continuous stirring. To this solution containing the 

drug molecules, biomass DNA was added, followed by the gradual 

addition of GMP-Na2 at the same concentration (40 mg mL-1 for DNA 

and 150 mM for GMP), while maintaining a constant temperature of 37 

℃. After a cooling and aging period of 10 minutes, self-standing stable 

drug loaded hydrogels were successfully formed. These hydrogels were 

subsequently employed for investigating the encapsulation and 

sustained drug release behavior of the hydrogel. 1 mg mL-1 of drug-

dissolved solution was used for the preparation of the hydrogel. To 

remove the unbound drug molecules, the hydrogel was washed with 3 

mL of pH 7.4 PBS solution. The absorbance of washed supernatant was 

measured using a UV-vis spectrophotometer. The amount of vitamin or 

drug molecules encapsulated inside the hydrogel matrix was estimated 

by subtracting the vitamin or drug present in the supernatant buffer from 

the amount taken initially, and the loading percentage was calculated 

using the following equation: 

Encapsulation efficiency (%) = 
Amount of Vit/Drug present after washing 

Initial amount of Vit/Drug
 × 100 

To study the sustained release profile of vitamin and piperine-

loaded hydrogels, 1 mL of vitamin and piperine-loaded hydrogels were 

taken in three separate glass vials, and 3 mL of phosphate buffer saline 

solution (10 mM PBS, pH 7.4) was added. All three vials were incubated 

at 37 ℃. At different time intervals, a small aliquot of 400 μL was 

removed and collected separately from each vial and fresh PBS solution 

of same amount of 400 μL was added to each vial. The absorbance of 

collected samples was measured at the wavelength of 445 nm, 550 nm, 

340 nm, 320 nm and 339 nm for vitamin B2, vitamin B12, piperine, 

ciprofloxacin and enoxacin, respectively, using a UV-vis 

spectrophotometer. To ascertain the accuracy, the experiments were 

performed three times and the average value with an error bar was 
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plotted to the sustained drug release profile. The calculation for the 

cumulative release of the drug is shown below, 

The cumulative release of drug = 
𝑀𝑡

𝑀∞
 × 100 

Where Mt and M∞ are the amount of drug released at time t and 

the initial quantity of drug encapsulated inside the hydrogel, 

respectively. From the calibration curve of each vitamin and drug, we 

got a linear relation between the concentration (amount) and absorbance 

value. Therefore, for the simplicity of calculation, we have taken the 

absorbance value directly to calculate the cumulative release of the drug. 

To evaluate the shelf-life and anti-leakage properties of the drug-

loaded hydrogel, samples were stored at 4°C. At fixed intervals over a 

28-day period, the hydrogels were washed with PBS buffer, and drug 

leakage was monitored by measuring the UV-visible absorbance of the 

supernatant. 

2.4.6. Antibacterial activity  

➢ Bacterial strain 

A gram-negative bacterial strain was used to check for antibacterial 

activity of the compounds. Escherichia coli (DH5α) was used in this 

study. E. coli was cultured in Luria Broth agar (Becton, Dickinson and 

Company, New Jersey, USA) and incubated at 37 ᵒC for 12 h. Pure 

colonies were picked up and cultured in Luria broth media (Becton, 

Dickinson and Company, New Jersey, USA) overnight in a rotary shake 

of 220 rpm at 37 ᵒC.  

➢ Disc Diffusion Method 

The antimicrobial activity of gel compounds against the gram-negative 

bacterial strain was monitored with the disk diffusion method.[66,67] 

The E. coli strain was spread on the LB agar plate. The Ciprofloxacin 

compound and Ciprofloxacin loaded DNA-GMP hydrogel compound 

was dissolved in H2O. The different compound concentration was used 

0.5, 1, and 2 μg, 10 μl of each solution was impregnated into sterile, 



CHAPTER 2  

 

89 
 

blank discs of 6 mm in diameter. H2O was used as negative control. 

Ampicillin (Himedia, India) (100 μg/μl) were used as positive control in 

E. coli. The plate was incubated at 37 ᵒC for 24 h in their respective 

conditions and the zone of inhibition was measured. Antimicrobial 

activity was determined by measuring the zone of inhibition diameter 

(mm) around the discs. The assay was performed twice. 
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Chapter 3 

3. Minimalist Structural Tunability in G-

Quadruplex-Driven Biomass DNA 

Hydrogel Enables Multiple 

Programmable Drug Release Regimes for 

Anticancer Therapeutics 

3.1. Introduction 

Controlled drug delivery is a cornerstone of modern therapeutic 

design, aimed at achieving precise spatial and temporal regulation of 

drug release while maintaining effective concentrations at target sites 

and minimizing systemic exposure.[1-4] This control is vital in 

chemotherapy, where potent cytotoxic drugs have narrow therapeutic 

windows and often cause severe off-target toxicity.[5,6] Uncontrolled 

burst release can damage healthy tissues, while insufficient or 

fluctuating release compromise efficacy.[7-9] Therefore, delivery 

systems capable of predictable and sustained release are essential for 

improving both safety and therapeutic outcomes.[10] Classical drug 

release models, such as, first-order, Higuchi, and zero-order kinetics, 

establish fundamental frameworks for understanding controlled 

release.[11,12] First-order kinetics generate concentration-dependent 

release with an initial burst followed by rapid depletion, limiting 

suitability for prolonged therapy. The Higuchi model, based on diffusion 

from porous matrices, offers improved predictability but associated with 

constant diffusivity, uniform drug distribution, and minimal swelling, 

restricting its validity for long-term therapeutics. Zero-order release, on 

the other hand, provides constant, concentration-independent release 

and stable drug levels, minimizing side effects.[13,14] However, 
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achieving true zero-order kinetics requires sophisticated architectures or 

engineered diffusion barriers, posing materials design challenges.[15]  

Numerous synthetic and bio-derived carriers have been 

developed to control drug release kinetics. Despite their structural 

diversity, most of the synthetic carriers rely on a single dominant release 

mechanism, limiting tunability and predictability.[16-19] Their uniform 

microstructure makes it tedious to control the diffusion or swelling-

based release under physiological conditions. Consequently, rational 

designing of delivery systems with controllable and predictable kinetics 

remains a major challenge. A desirable goal is to develop a universal 

platform with tunable molecular architecture, where the release kinetics 

can be systematically modulated via minimalistic microstructural 

alterations.[20,21] This will facilitate a single matrix to be transformed 

into multiple states, each associated with distinct diffusion or swelling 

mechanism, offers a promising route toward programmable drug 

delivery. While synthetic polymeric materials have been extensively 

explored, issues related to long-term biocompatibility, degradation 

products, and cytotoxicity persist.[22,23] In contrast, bio-derived 

carriers such as reversible aggregates, hydrogels and liposomes etc. 

address these limitations through intrinsic biodegradability and 

physiological compatibility.[17,24] Among them, supramolecular 

nanofibrillar hydrogels have drawn particular attention as drug delivery 

platforms due to their dynamic and reconfigurable networks, tunable 

mechanics, and stimuli-responsive diffusion behavior. Their structural 

similarity to biological tissues and controllable assembly makes them 

adaptable to complex biomedical environments.[25-27] DNA, a 

naturally abundant and programmable biomolecule, serves as an 

especially attractive building block for hierarchical systems. Beyond its 

genetic role, DNA functions as a structural polymer capable of 

organizing into diverse supramolecular architectures, including 

hydrogels, hierarchical networks, and crystalline assemblies, while 

retaining intrinsic biocompatibility and scalability.[28-30] Spontaneous 

condensation of biomass-derived DNA with 5′-guanosine 
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monophosphate (5′-GMP) induces G-quadruplex formation, leading to 

helically stacked nanofibrillar assemblies that further resulted into an 

“all-nucleic” hydrogel, as demonstrated in our previous chapter.[31] 

Although this hydrogel exhibits excellent hydrotropic character, its drug 

release kinetics predominantly follow a first-order profile with limited 

tunability.[31,32]  

In this chapter, a tunable DNA-GMP hydrogel platform is 

introduced in which controlled microstructural modulation directs 

mechanical strength, degradation, and drug release kinetics. Two distinct 

hydrogel variants are engineered through simple structural 

interventions: (i) substituting water with a glycerol-water co-solvent 

enhances fibrillar alignment and network density, improving mechanical 

robustness and retarding drug diffusion; and (ii) incorporating divalent 

Ca2+ ions crosslink the nanofibers, introducing partial crystallinity and 

markedly increasing stiffness. Together, these modifications enable 

predictable tuning of release behavior spanning first-order diffusion, 

Higuchi-type slow release, and zero-order kinetics, all within a single 

biocompatible, nucleic acid-derived scaffold. The resulting hydrogels 

further exhibit broad pH stability, stimuli-responsiveness, injectability, 

and amphiphilic character, rendering them well-suited for anticancer 

drug delivery. 

Further, the versatility of these platforms is demonstrated 

through encapsulation and sustained release of both hydrophilic and 

hydrophobic anticancer drugs. Doxorubicin, a water-soluble 

topoisomerase II inhibitor, serves as the hydrophilic model,[33,34] 

while camptothecin (CPT), a potent but poorly water-soluble 

topoisomerase I inhibitor, served as a challenging hydrophobic model 

drug. While several CPT analogues have reached clinical use, improving 

delivery of the parent hydrophobic CPT molecule remains highly 

desirable.[35-37] The DNA-GMP hydrogels act as effective hydrotropic 

carriers, enabling efficient CPT encapsulation, enhanced stability, and 

prolonged release. Beyond physicochemical performance, in vitro and 
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ex vivo studies confirm sustained drug activity with reduced off-target 

toxicity, underscoring biocompatibility and physiological relevance. 

Overall, these findings establish tunable nucleic acid-based hydrogels as 

a versatile, sustainable platform for precisely regulated anticancer drug 

delivery. 

3.2. Results and Discussions 

3.2.1. Synthetic Strategy of Hydrogels 

The hydrogel systems were designed using a minimal, structure-

driven supramolecular strategy based on biomolecular condensation 

between biomass-derived DNA and 5′-guanosine monophosphate (5′-

GMP). The self-assembly of 5′-GMP proceeds through Hoogsteen 

hydrogen bonding, leading to the formation of G-quadruplex (G4) 

stacks.[38,39] As demonstrated in our previous work, biomass DNA 

promotes this condensation by providing a mildly acidic environment 

and by wrapping around the columnar G4 assemblies, yielding helically 

organized DNA-GMP nanofibers. Progressive association of these 

fibrils generates a three-dimensional, non-covalently crosslinked “all-

nucleic” hydrogel (DG) (Figure 3.1A).[31] While the pristine DG 

hydrogel exhibits excellent stability and dynamic reconfigurability, its 

swelling and diffusion behavior leads to predominantly first-order drug 

release. To introduce predictable tunability without altering the 

molecular composition, two simple physical modulation strategies were 

employed to reprogram the higher-order fibrillar organization (Figure 

3.1Bi). (a) Solvent modulation was introduced by replacing pure 

aqueous media with a glycerol-water mixture. Glycerol was selected as 

a solvent-modulating component for its hydrogen-bonding ability, its 

capacity to maintain GMP solubility, and its compatibility with aqueous 

biomolecular systems. Although glycerol is widely used in 

pharmaceutical and biomedical formulations, its biological effects 

depend on concentration and exposure conditions. The glycerol/water 

mixture was therefore chosen to maintain hydrogel integrity and 

enhance mechanical properties, not on the assumption that it is 
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biocompatible at this concentration. The cytocompatibility of the 

resulting GDG formulation was subsequently evaluated in cellular 

studies. [40,41,61,62] Its incorporation enhances intermolecular 

hydrogen bonding and solvent-polymer interactions, promoting fibrillar 

bundling and denser microstructural organization, thereby yielding a 

mechanically robust GDG hydrogel while preserving the underlying 

DNA-GMP fibrillar framework. (b) Divalent Ca2+ ions were employed 

as biologically relevant crosslinkers to further modulate the 

supramolecular architecture. Calcium ions were selected for their strong 

affinity toward phosphate groups, physiological relevance, and ability to 

induce ionic crosslinking without perturbing G4 chirality or π-π 

stacking.[42,43] Their incorporation into the DG precursor promotes 

inter-fibrillar crosslinking via phosphate coordination, resulting in 

nanofiber bundling, partial crystallinity, and the formation of a 

mechanically rigid, heterogeneous CaDG hydrogel. 
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Figure 3.1. A. Schematic of the DNA packaging into a G4-condensate leads to the 

formation of a helical fibril network followed by DG hydrogel.[31] B. (i) Synthetic 

strategy of the DG, GDG and CaDG hydrogels using a similar DNA-GMP fibrillar 

matrix. HR-TEM micrograph and digital image of hydrogel (ii) DG (100 times diluted), 

(iii) GDG (50 times diluted), (iv) CaDG (50 times diluted). FE-SEM images of 100 

times diluted hydrogels, (v) DG, (vi) GDG, (v) CaDG. C. Spectroscopic 

characterization of the hydrogels, (i) circular dichroism spectrum (1000 times diluted) 

showing the formation of anti-parallel G4 assembly in a similar extent for the 

hydrogels, (ii) FL spectra of ThT assay (ThT concentration ~ 5 μM) of hydrogels (1000 

times diluted) and (iii) comparative FL/FL0 ratio of hydrogels showing the stacking of 

G4-assembly. 
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Figure 3.2. Visual appearance of hydrogel formulations with varying compositions. 

(a) DG hydrogel. (b) GDG hydrogels illustrating progressive opacity with incremental 

glycerol content from 10% to 60% (GDG10-GDG60). (c) CaDG hydrogels 

demonstrating increasing opacity with rising Ca2+ concentration from 10 mM to 100 

mM (CaDG10-CaDG100). Optimization of gelation conditions for DNA-GMP 

hydrogel formation. (d) Gelation behavior with varying GMP concentrations. (e) 

Gelation profiles across different DNA concentrations. (f) pH-dependent gelation 

efficiency. 

Briefly, simple mixing of biomass DNA (40 mg.mL-1, extracted 

from salmon testes) and 5-GMP (150 mM) in aqueous medium under 

physiological conditions yielded a homogeneous, transparent, light-

yellow DG hydrogel (Figure 3.2a). The optimized minimum gelation 

concentrations were 30 mg.mL-1 for DNA and 70 mM for 5′-GMP 

(Figure 3.2d, 3.2e). The hydrogel exhibited excellent stability over a 

broad pH range (1.6-11) (Figure 3.2f), indicating high adaptability. To 

investigate hydrogel formation in an aqueous-organic environment, a 

water/glycerol solvent system was employed while maintaining the 

optimized DNA and GMP concentrations, resulting in a homogeneous 

GDG hydrogel with enhanced mechanical stability (Figure 3.2b, Figure 

3.4b). In contrast, control solvent systems such as DMSO/water, 
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acetonitrile/water, and ethanol/water produced precipitates due to poor 

GMP solubility, justifying the selection of glycerol for its compatibility 

with GMP. The GDG hydrogels remained stable across 10-60% (v/v) 

glycerol-water mixtures (Figure 3.2b). In a complementary approach, 

Ca2+ ions were introduced as fibrillar crosslinkers by adding 50 mM 

anhydrous CaCl2 to the DG precursor solution, followed by stirring and 

aging, yielding an opaque CaDG hydrogel with markedly enhanced 

mechanical strength. The hydrogel remained stable over Ca2+ 

concentrations ranging from 10 to 100 mM, with increasing opacity 

observed at higher ion loadings (Figure 3.2c). 

3.2.2. Morphological and Structural Interpretation 

The effects of solvent modulation and Ca2+-mediated 

crosslinking on the supramolecular architecture of the DNA-GMP 

hydrogels were evaluated using complementary microscopic and 

spectroscopic techniques. High-resolution TEM (HRTEM) and Field-

emission SEM (FESEM) images of the pristine DG hydrogel revealed a 

homogeneous, entangled network of helically organized DNA-GMP 

nanofibers formed around columnar G-quadruplex stacks, consistent 

with a diffusion-dominated and swelling-controlled network (Figure 3.1 

B(ii), (v) and inset). Upon solvent modulation with a glycerol-water 

mixture, the GDG hydrogel (50% v/v) exhibited pronounced fibrillar 

reorganization. HRTEM and FESEM images showed enhanced 

nanofiber bundling and the formation of micro-pocket-like domains, 

leading to increased network density and reduced pore accessibility 

(Figure 3.1 B(iii), (vi) and inset). This structural compaction 

rationalizes the suppressed swelling and slower, diffusion-controlled 

fibrillar assembly. In contrast, Ca2+ incorporation produced a rigid, 

highly crosslinked CaDG hydrogel (50 mM Ca2+) featuring compact, 

bundled nanofibers and localized crystalline domains arising from ion-

mediated inter-fibrillar coordination (Figure 3.1 B(iv), (vii) and inset). 

The resulting reduction in network porosity and increased stiffness 

restrict bulk swelling and favor surface-dominated erosion, providing a 

structural basis slow-release behavior. 
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Spectroscopic analyses were further conducted to probe the 

chemical arrangement and chirality of DNA-GMP condensates.[44] 

Circular dichroism spectroscopy of the diluted DG, GDG, and CaDG 

hydrogel samples revealed a negative Cotton band around 250 nm, 

accompanied by a positive signal in the longer-wavelength region. This 

spectral signature is consistent with the formation of antiparallel G-

quadruplex-like topology, as reported in previous studies. The retention 

of this characteristic feature across the three formulations suggests that 

glycerol-mediated solvent modulation and Ca2+ crosslinking does not 

substantially alter the underlying G4-associated chiroptical 

characteristics (Figure 3.1 Ci).[31,45] The Thioflavin T (ThT) assay, 

used to assess π-π stacking among G-quartet macrocycles, showed 

pronounced fluorescence enhancement in all hydrogels, confirming 

strong ThT and G4 interactions.[46] Quantitatively, DG and GDG 

hydrogels showed comparable fluorescence enhancement (FL/FL0 ≈ 

80), whereas CaDG exhibited a higher FL/FL0 ratio (~91), reflecting 

increased stacking due to Ca2+-induced higher-order assembly and 

nanofiber bundling (Figure 3.1 Cii, iii).[31] Altogether, microscopic 

and spectroscopic analyses reveal that solvent variation primarily alters 

the fibrillar organization without affecting the intrinsic DNA-GMP 

condensation mechanism, while Ca2+ crosslinking reinforces both 

morphological rigidity and nanoparticle stacking within the hydrogel 

network.[47,48]  

 Owing to Ca2+ crosslinking with the DNA-GMP fibrillar matrix, 

the DG hydrogel changed from a homogeneous transparent gel to a 

heterogeneous opaque one (Figure 3.3 a). To evaluate the chemical 

transformations induced by this crosslinking, systematic morphological 

and spectroscopic analyses were performed. The ThT-labelled confocal 

image of the diluted (x1000) CaDG hydrogel (Figure 3.3 b) revealed 

two aggregated fibrillar streams, where thick fibers align along the edges 

of the nano-fibrillar network. The corresponding green fluorescence 

confirmed extensive crosslinking and bundling of DNA-GMP 

nanofibers inside the streams. Thus, Ca2+-ion crosslinking lead the edge 
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thickening and nanofiber bundling, thus, enhancing the rigidity of the 

crosslinked morphology. The presence of Ca2+ within the fibrillar matrix 

was also verified by EDX mapping (Figure 3.3 c). FTIR and pXRD 

analysis further elucidated the interaction of Ca2+ with the DNA-GMP 

framework. In the FTIR spectra, relative to DG, the phosphate vibration 

peaks shifted while those of the sugar groups remained unchanged; the 

C=O band intensity decreased without a shift (Figure 3.3 d). These 

results indicated that Ca2+ primarily interacts with phosphate 

functionalities, leaving the G4-chirality, π-π stacking, and sugar groups 

unaffected. XRD patterns of both DG and CaDG hydrogels retained 

reflections at d = 2.2 nm (G4-structure) and d = 0.32 nm (π-π 

stacking).[49] Additionally, three distinct crystalline peaks appeared in 

CaDG in between θ = 30⁰ to 60⁰, corresponding to calcite and 

hydroxyapatite (Figure 3.3 e). Collectively, these results confirmed that 

Ca2+ ions crosslink the DNA-GMP nanofibers through phosphate 

groups, inducing fiber bundling and forming a more rigid, 

heterogeneous CaDG hydrogel network (Figure 3.3 f). 

 

Figure 3.3. (a) Digital images showing the change in the physical texture of the DG 

hydrogel upon Ca2+ crosslinking to form the CaDG hydrogel; (b) confocal laser 

microscopic images of ThT-labelled ([ThT] ~ 5 μM) CaDG hydrogel recorded in 

bright-field and green emission channels, scale bar ~ 10 μm; (c) EDX spectrum 

confirming the elemental composition of the CaDG hydrogel matrix; (d) FTIR spectra 

of DG and CaDG hydrogels highlighting the changes in functional groups upon 

crosslinking; (e) pXRD patterns of dried DG and CaDG hydrogels with reference peaks 
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of calcite (ICDD 01-072-1937) and hydroxyapatite (ICDD 09-0432)[50-51] and (f) 

schematic illustration of the plausible crosslinking pattern between DNA-GMP 

nanofibers and Ca2+ ions. 

3.2.3. Mechanical Properties  

 The mechanical properties of the hydrogels were investigated 

through oscillatory rheology. The influence of solvent modulation and 

divalent metal crosslinking on mechanical behavior was analyzed using 

amplitude and frequency sweep experiments. In all hydrogels, the 

storage modulus (G′) consistently exceeded the loss modulus (G′′) 

across the strain range, confirming their viscoelastic nature. The linear 

viscoelastic region (LVE), however, varied with strain. The strain 

threshold of the GDG hydrogel (50% v/v glycerol/water) decreased 

from 216% for DG to 68.2% upon solvent alteration. Further 

crosslinking with Ca2+ (80 mM) reduced it to 4.64% (Figure 3.4 a). 

Despite the reduced LVE threshold, both solvent modulation and metal 

crosslinking markedly enhanced the hydrogel strength. The G′ and G′′ 

values of GDG were about tenfold higher than those of DG, while in 

CaDG, both moduli increased nearly 1000-fold, indicating significant 

structural reorganization (Figure 3.4 b). Glycerol acted as a reinforcing 

agent by promoting clusterization of DNA-GMP nanofibers into dense 

micro-pockets, strengthening inter-fibrillar associations. Ca2+ further 

enhanced stacking, bundling, and rigidity of the nanofiber network, 

producing a compact structure with strengths comparable to polymeric 

fibers or thermoplastic elastomers.[52] Such high strength achieved 

through noncovalent biomolecular condensation is remarkable. 

Frequency sweep analyses (0.1-100 rad.s-1) confirmed excellent 

viscoelastic stability, with G′ consistently exceeding G′′ (Figure 3.4 c). 

Thixotropic tests demonstrated reversible gel-sol-gel transitions, 

validating the hydrogels’ injectability and printability. DG, GDG, and 

CaDG recovered their gel states after cyclic strain shifts of 1%-500%-

1% (Figure 3.4 d), 1%-300%-1% (Figure 3.4 e), and 1%-100%-1% 

(Figure 3.4 f), respectively. These behaviors affirmed their suitability as 

drug delivery systems with tunable mechanical and viscoelastic 
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properties. Figure 3.4 g illustrates the injectability, printability, and 

fibrous microstructures of the hydrogels. 

To optimize glycerol content for GDG hydrogel synthesis, 

samples prepared with varying glycerol/water ratios (up to 60% v/v) 

were tested for mechanical stability, considering DNA and GMP 

solubility limits. The 50% v/v glycerol/water mixture yielded the highest 

and most stable moduli and was therefore selected for further studies 

(Figure 3.4 h). Similarly, varying Ca2+ concentrations (10-100 mM) 

were examined, revealing 80 mM as the optimum level, providing 

maximal strength and viscoelastic integrity for subsequent applications 

(Figure 3.4 i). 

 

Figure 3.4. Rheological and mechanical characterization of DG, GDG, and CaDG 

hydrogels. (a) Amplitude-sweep measurements at a constant angular frequency of 10 

rad.s-1, (b) Comparative storage (G′) and loss (G′′) modulus values at 1% strain and 

10 rad.s-1, (c) Frequency sweep measurements at 1% strain for DG, GDG, and CaDG 

hydrogels. (d-f) Thixotropic loop tests (low-high-low strain cycles) demonstrating 

injectability and printability of (d) DG, (e) GDG, and (f) CaDG hydrogels. (g) Digital 

images illustrating fibrillar stability, injectability, and shape retention using dye-doped 

DG hydrogel, highlighting practical applicability. (h) Glycerol/water (v/v) ratio-
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dependent rheology of GDG hydrogels, with maximum G′ and G′′ observed at 50% 

glycerol. (i) Ca2+ concentration-dependent rheology of CaDG hydrogels, showing 

peak G′ and G′′ at 80 mM Ca2+. 

3.2.4. Hydrotropic Drug Encapsulation 

 In our previous study, the DG hydrogel was demonstrated to be 

an effective hydrotropic carrier capable of encapsulating and sustaining 

the release of both hydrophilic and hydrophobic drugs with comparable 

efficiency.[31] The excellent drug encapsulation arose from hydrotropic 

G4 cavities rather than passive pore trapping (Figure 3.5 a). The 

hydrotropic nature was further supported by the ThT assay, in which 

ThT molecules intercalate into the hydrophobic cavities of the stacked 

G-quartet noncovalent macrocyclic framework. These distinctive 

structural and functional features of the DG hydrogel were also retained 

in GDG and CaDG hydrogels, as their molecular packing and 

fundamental assembly characteristics remain unaffected by solvent 

modulation or crosslinking.[53,54]  

Leveraging this unique hydrotropic behavior, two anticancer 

drugs, hydrophilic doxorubicin (Dox) and camptothecin (CPT), were 

selected for sustained drug-encapsulation studies (Figure 3.5 b). Dox, a 

well-studied topoisomerase II inhibitor administered intravenously, is 

widely used in the treatment of breast, bladder, lung, stomach, ovarian, 

and thyroid cancers.[55] In contrast, CPT, a plant-derived alkaloid and 

a potent topoisomerase I inhibitor, remains less explored owing to its 

extremely poor water solubility, which limits its effective administration 

in physiological environments.[36] Given their contrasting solubility 

profiles, the hydrotropic DG-based hydrogels are well-positioned to 

encapsulate both hydrophilic (Dox) and highly hydrophobic (CPT) drug 

molecules, enabling controlled and sustained release behavior. 

Simple mixing of the drugs with the solid biomass DNA and 

GMP, followed by gentle stirring at 37 °C and subsequent cooling for 

5 minutes, resulted in the formation of drug-encapsulated hydrogels. A 

similar encapsulation approach was employed for the GDG and CaDG 
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hydrogel systems. This spontaneous encapsulation behavior, effective 

for both hydrophilic and hydrophobic drug molecules, was particularly 

remarkable and highly efficient. The encapsulation efficiencies of the 

hydrogels were evaluated by repeatedly washing the samples with PBS 

solution and measuring the absorbance of the supernatant. Detailed 

procedures and calculations for determining encapsulation efficiencies 

were provided in the Table 3.1.[31] (section 3.4) All three hydrogel 

systems exhibited excellent encapsulation efficiency for both Dox and 

CPT, highlighting their unique hydrotrope-like characteristics 

(Figure 3.5 b). The high drug loading efficiency ensured minimal 

presence of unbound drug molecules, thereby reducing potential side 

effects. The maximum drug loading capacity per milliliter of hydrogel 

was quantified, and the results are summarized in Figure 3.5 c. The 

drug-loaded hydrogels were aged under physiological conditions for 

12 hours before being utilized as soft interfaces for sustained drug 

release experiments. 
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Figure 3.5. (a) Schematic illustration depicting the site-specific encapsulation of 

hydrophobic and hydrophilic drugs within the nanofibrous hydrogel network. (b) 

Chemical structures of the encapsulated drugs, doxorubicin (Dox) and camptothecin 

(CPT), along with their respective encapsulation efficiencies. (c) Drug loading 

capacity of the 1 mL of hydrogels. Rheological characterization demonstrating 

preserved mechanical integrity of hydrogels upon drug loading. Storage (G') and loss 

(G'') moduli for hydrogels (d) loaded with Dox and (e) loaded with CPT. Shelf-life and 

anti-leakage performance of the hydrogels assessed via UV-vis absorbance of CPT 

over 28 days, (f) DG, (g) GDG, and (h) CaDG hydrogels, respectively, demonstrating 

sustained drug retention. 

The rheological analysis (Figure 3.5 d and 3.5 e) confirmed that 

the drug-loaded hydrogels exhibited mechanical properties comparable 

to their unloaded counterparts. Furthermore, shelf-life and leakage tests 

demonstrated that the hydrogels effectively retained the encapsulated 

drugs for up to 28 days, with only minimal drug release observed during 

the periodic weekly wash cycles (Figure 3.5 f-h). 
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3.2.5. Modulation in the Drug Release Kinetics 

 In this drug release study, each drug-loaded hydrogel (1 mL) was 

immersed in phosphate-buffered saline (PBS, 3 mL, pH 4) and incubated 

at 37 °C. Acidic buffer was employed in all release experiments to 

demonstrate that anticancer drug release is favored under acidic 

conditions, mimicking the mildly acidic extracellular environment 

typically found around cancer cells.[31,56] At predetermined time 

intervals, 400 μL aliquots were withdrawn and immediately replaced 

with fresh buffer to maintain sink conditions. Drug release was 

quantified by UV-visible spectrophotometry at the respective absorption 

maxima i.e. 480 nm for Dox and 375 nm for CPT. 

Notably, upon solvent exchange and introduction of metal 

crosslinking, the DG hydrogel exhibited not only modified physical and 

mechanical properties but also tunable sustained drug release behavior 

(Figure 3.6 a). The DG hydrogel displayed comparable encapsulation 

efficiencies for both Dox and CPT, which can be attributed to its 

amphiphilic character. Under sustained release conditions, the DG 

hydrogel showed cumulative releases of approximately 82% for Dox 

and 78.5% for CPT after 60 hours, indicative of efficient yet controlled 

delivery. Kinetic analysis revealed that the release of both drugs from 

the DG hydrogel was best described by a first-order model, suggesting 

that the release rate is governed by the remaining drug content within 

the matrix (Figure 3.6 d, e). The release profile for the DG hydrogel 

followed a first-order kinetic equation of the form[11,12] (Eq 1), 

log 𝐶 = log 𝐶0 −  
𝐾1𝑡

2.303
  (Eq. 1) 

where C is the amount (or % remaining) at time t, C0 is the initial 

amount, and K1 is the first-order rate constant. For the DG hydrogel, the 

K1 values were determined to be 11.36 and 9.2 for Dox and CPT, 

respectively, as obtained from fitting the release data with a Hill-type 

model. 
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In the presence of 50% glycerol-water as the solvent, the GDG 

hydrogel exhibited not only higher encapsulation efficiency but also a 

distinctly modified drug release profile. Under identical release 

conditions, the drug-loaded GDG hydrogels were immersed in PBS, 

where they displayed comparable long-term swelling behavior to the 

DG hydrogels. However, the release of both drugs from the GDG 

hydrogel was markedly slower, and the initial burst release observed at 

approximately 12-20 hours for the DG system was effectively 

suppressed in the GDG formulation. This behavior suggested a stronger 

diffusional barrier and more restricted molecular mobility within the 

micro-pocket-like fibrillar network. The superior mechanical strength of 

the GDG hydrogel relative to the DG hydrogel was also consistent with 

its slower swelling behavior in the drug-loaded state. Consequently, the 

release data for the GDG hydrogel were best described by the Higuchi 

model (Figure 3.6 b, c), showing cumulative releases of approximately 

80% for Dox and 73% for CPT after 60 hours. 

The Higuchi model describes diffusion-controlled release from 

a matrix, where release is proportional to the square root of time (Eq 2), 

and the profiles were fitted using the following equation.[11,12]  

𝑄𝑡 =  𝑘𝐻𝑡1/2  (Eq 2) 

Where Qt is the cumulative amount of drug released per unit area 

at time t and kH is the Higuchi dissolution constant. For the GDG 

hydrogel, the kH values were determined to be 10.05 and 10.14 for Dox 

and CPT, respectively, as obtained from fitting the release data with a 

linear fitting model. 

For both the DG and GDG hydrogel systems, drug release was 

primarily governed by swelling, followed by gradual matrix dissolution 

in PBS, which in turn liberates the encapsulated drug molecules over 

time. In contrast, the CaDG hydrogel did not display this swelling-

controlled dissolution behavior. Owing to its much higher stiffness and 

more opaque, robust network compared with DG and GDG, the CaDG 

hydrogel underwent extremely slow dissolution in PBS and instead 
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eroded progressively from the outer surface. This observation indicateed 

that drug release from CaDG is dominated by surface erosion rather than 

bulk swelling, creating the possibility of achieving an approximately 

zero-order release profile. To examine this, sustained release 

experiments were performed using the same overall protocol, but with 

sampling carried out at day-wise intervals instead of hourly to capture 

the slower release process more accurately. 

The sustained release profile for the CaDG hydrogel was found 

to have zero order kinetics, delivering a constant drug release within a 

similar time interval showing a maximum of 77% and 71% for Dox and 

CPT, respectively after 10 days (Figure 3.6 f, g). The drug release 

kinetics was fitted using the following zero-order kinetic equation (Eq 

3)[11,12], 

𝑄𝑡 = 𝑄0 + 𝑘0𝑡  (Eq 3) 

where Qt is the amount (or % cumulative) drug released at time 

t, Q0 is the initial amount, and k0 is the zero-order rate constant. For the 

CaDG hydrogel, the k0 values were determined to be 0.39 and 0.29 for 

Dox and CPT, respectively, as obtained from fitting the release data with 

a linear fitting model. 
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Figure 3.6. (a) Schematic representation of tunable drug release profiles in DG, GDG, 

and CaDG hydrogels. Drug release kinetics of (b-c) GDG, (d-e) DG, and (f-g) CaDG 

hydrogels following Higuchi, first-order, and zero-order models, respectively, for Dox 

and CPT. 

To evaluate the influence of pH and physiological conditions on 

drug release behavior, Dox and CPT-loaded DG hydrogels were 

subjected to sustained release studies in high-glucose DMEM cell 

culture medium. The release profile of the pristine DG hydrogel 

remained largely unchanged under these conditions, indicating that the 

hydrogel maintains structural integrity and release profile in 

physiologically relevant environments, thereby confirming its 

compatibility for biological applications (Figure 3.7 a, b). To further 

elucidate the release kinetics and validate the zero-order mechanism of 

the CaDG hydrogel, a systematic day-wise analysis was performed 

(Figure 3.7. c, d). The presence of Ca2+ ions crosslinking the negatively 

charged DNA-GMP nanofibers imparted structural rigidity and 

compactness to the network, favoring gradual surface erosion over 

swelling. In acidic environments, the enhanced drug release is likely 

triggered by superficial matrix peeling, leading to controlled, stimuli-

responsive dissolution of the hydrogel surface over time. 
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Figure 3.7. Controlled release profile of the (a) Dox and (b) CPT loaded DG-hydrogels 

in high-glucose DMEM cell culture medium. Systematic day-wise analysis of zero-

order drug release from the Dox-loaded CaDG hydrogel. (c) Digital photographs 

showing progressive erosion of the hydrogel over successive days. (d) UV-vis 

absorbance profiles at 480 nm, corresponding to Dox, demonstrating a consistent day-

wise release pattern indicative of zero-order kinetics. 

3.2.6. Programming the Drug Release Kinetics 

A central feature of the DNA-GMP hydrogel platform is its ability 

to achieve programmable drug release through controlled 

microarchitectural modulation. By varying the glycerol content in GDG 

hydrogels and the Ca2+ concentration in CaDG hydrogels, the release 

mechanism can be systematically reconfigured without altering the 

underlying molecular composition (Figure 3.8 a). Increasing glycerol 

content promotes fibrillar bundling and microdomain formation, 

resulting in a denser network with reduced swelling and minimized burst 

release. This structural reorganization resulted in a more controlled and 

sustained drug release profile, effectively suppressing the burst release 

observed in the pristine DG hydrogel, particularly during the 12-36 h 

release window (Figure 3.8 b). Consequently, the release behavior 
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progressively transitioned from first-order kinetics toward a more 

regulated Higuchi-type diffusion-controlled profile, as evidenced by the 

increasing Higuchi fitting coefficient (R2) with increasing glycerol 

content in the GDG hydrogel system (Figure 3.8 c). Similarly, 

increasing Ca2+ concentration enhances inter-fibrillar crosslinking and 

network rigidity, shifting the dominant transport mechanism from bulk 

swelling to surface erosion. This structural evolution induces the 

emergence of zero-order release behavior at relatively low Ca2+ 

concentrations and progressively extends the release duration, 

ultimately providing sustained drug release for up to 10 days (Figure 

3.8 d). Collectively, these results demonstrate that simple physical 

modulation of a common DNA-GMP nanofibrillar matrix enables 

predictable programming of drug transport pathways, allowing access to 

first-order, Higuchi-type, and zero-order release regimes within a single 

supramolecular hydrogel platform.  

 

Figure 3.8. Programmable control of drug release kinetics through structure 

modulation of Dox loaded DG, GDG and CaDG hydrogels. (a) Schematic illustration 

showing how solvent modulation and Ca2+-mediated crosslinking reconfigure the 

supramolecular architecture of a common DNA-GMP matrix, enabling transitions 

between first-order, Higuchi-type, and zero-order release regimes. (b,c) Increasing 

glycerol content suppresses burst release and progressively improves Higuchi-type 

diffusion-controlled release through enhanced fibrillar organization and reduced 

swelling. (d) Increasing Ca2+ concentration promotes inter-fibrillar crosslinking and 

network rigidity, transforming swelling-driven transport into surface erosion-

controlled release and enabling sustained zero-order kinetics for up to 10 days. 
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3.2.7. Cytotoxic Activity of Drug-loaded Hydrogels on Breast 

Cancer Cells 

 As hydrotropic drug carriers, the hydrogels efficiently 

encapsulated both Dox and CPT with comparable loading efficiencies 

and enabled sustained release with tunable kinetics. While Dox is a 

clinically established, water-soluble anticancer agent, CPT is a highly 

potent yet poorly soluble drug whose therapeutic application is limited 

by instability and systemic toxicity, despite its promise against 

aggressive cancers such as triple-negative breast cancer.[35,36,57] The 

ability of the hydrogels to solubilize and controllably deliver CPT 

highlighted their potential to enhance the efficacy of hydrophobic 

chemotherapeutics while mitigating off-target effects. Consequently, 

comprehensive cellular studies were performed using breast cancer 

models to evaluate the therapeutic efficacy and selective cytotoxicity of 

the hydrogel carriers, demonstrating pronounced anticancer activity 

with minimal toxicity toward healthy cells and establishing their 

suitability as efficient and biocompatible delivery vehicles, particularly 

for hydrophobic chemotherapeutics. 

 The developed hydrogel system enabled efficient intracellular 

delivery of the water-insoluble anticancer drug CPT, thereby improving 

its bioavailability and therapeutic efficacy. This enhanced delivery 

promoted pronounced growth inhibition and induces apoptotic cell death 

in cancer cells. To evaluate the effect of CPT-loaded hydrogels on the 

viability of MDA-MB-231 cells, three treatment groups: DG+CPT, 

GDG+CPT and CaDG+CPT, along with their corresponding unloaded 

controls (DG, GDG and CaDG), were incubated with cultured cells. The 

morphological alterations in treated cells were subsequently examined 

under a bright-field microscope. 
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Figure 3.9. Cytotoxic evaluation of MDA-MB-231 (Triple-Negative breast Cancer 

cells) in the presence of different treatment groups. (a) DG, (b) GDG, (c) CaDG alone 

and drug-loaded hydrogels, (d) DG+CPT, (e) GDG+CPT, and (f) CaDG+CPT. 

Cytotoxic evaluation of HEK-293 cells in the presence of different treatment groups. 

(g) DG, (h) GDG, (i) CaDG, (d) DG + CPT, (e) GDG + Glycerol + CPT, (f) CaDG + 

CPT. The data represents mean percentage cell viability ± standard error (S.E) (n=3). 

Statistical analysis was performed using two-way ANOVA. Significance was 

determined by comparing 200 µM and 0 µM conditions (CPT equivalent 

concentration) in each treatment group. (ns, non-significant, *p<0.05, ****p<0.0001) 

The control treatment group containing the unloaded hydrogel DG 

showed no significant change in cell viability compared to control 

(Figure 3.9 a), whereas GDG, and CaDG did show significant change 

which remained in the cytocompatibile range indicating that the 

corresponding treatments are not cytotoxic (Figure 3.9 b, c). The results 
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obtained in the unloaded hydrogel formulations reveals that the hydrogel 

matrices do not adversely affect the MDA-MB-231 cell survival under 

the observed conditions. In contrast, groups treated with CPT-loaded 

hydrogels showed distinct morphological alterations, and their cell 

viability was quantitatively evaluated using the MTT assay (Figure 3.9 

d, e and f). The effective inhibitory concentration (IC50), defined as the 

concentration required to reduce cell viability by 50%, was found to be 

relatively low, indicating a strong cytotoxic effect. Among the various 

formulations, the CaDG+CPT system demonstrated the lowest IC50 

value (1.02 μM) than that of DG+CPT (1.7 μM) and GDG+CPT (1.029 

μM). This enhanced efficacy can be attributed to its denser network 

structure, which likely restricts the rapid diffusion of CPT, assisting a 

slower and more sustained drug release that maintains prolonged 

cytotoxic activity.  

All six treatment formulations (DG, GDG, CaDG, DG+CPT, 

GDG+CPT and CaDG+CPT) were evaluated for their cytocompatibility 

using non-tumorous HEK-293 cells to assess potential cytotoxic effects. 

Among these, the unloaded treatment group (DG) exhibited no 

significant reduction in cell viability, indicating excellent 

biocompatibility (Figure 3.9 g). Whereas, GDG, and CaDG showed 

significant change in the cell viability but remained in the 

cytocompatible range (Figure 3.9 h, i). Those loaded with CPT (DG, 

GDG, and CaDG) treatment groups did not produce any marked 

decrease in cell viability, suggesting CPT-loaded formulations exhibit 

preferential cytotoxicity towards MDA-MB-231 (Triple Negative 

Breast Cancer) while maintaining compatibility with non-cancerous 

cells. (Figure 3.9 j, k and l). 

3.2.8. CPT loaded with variable hydrogel combinations 

disintegrates multicellular spheroids 

Multicellular spheroids offer significant advantages for 

evaluating drug efficacy and drug delivery performance due to their 

ability to closely mimic the native tumor microenvironment. To 
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investigate the effect of CPT encapsulated within various hydrogel 

formulations, MDA-MB-231 spheroids were treated with these 

formulations for 48 hours, and the therapeutic outcomes of all 

combinations were subsequently assessed. MDA-MB-231 spheroids 

were treated in triplicate with hydrogel-encapsulated CPT at 

concentrations of 2 µM and 5 µM, respectively. Following 48 hours of 

treatment, the spheroids were visualized under a brightfield microscope 

to assess morphological alterations induced by the formulations. 

Untreated spheroids displayed a characteristic architecture comprising a 

dense central core, indicative of hypoxia-driven compaction and 

reduced proliferation, surrounded by a lighter peripheral region 

representing actively proliferating cells with access to nutrients from the 

culture medium (Figure 3.10 a). In contrast, spheroids treated with 2 

µM and 5 µM CPT-loaded DG hydrogels exhibited a pronounced loss 

of the dense core, disrupted and irregular surfaces, and diminished 

compaction (Figure 3.10 b, c, d). The integrity of these spheroids was 

further analyzed through radial optical intensity profiling. Control 

spheroids presented a typical U-shaped intensity curve corresponding to 

the compact core and well-defined periphery, whereas treated spheroids 

displayed a flattened profile, signifying the loss of structural integrity 

resulting from cell death, apoptosis, or vacuolation (Figure 3.10 e). 

Quantitative analysis of morphological changes using the circularity 

index revealed a marked reduction in circularity for treated spheroids, 

confirming the drug-induced disruption of structural compactness and 

the emergence of irregular, fragmented boundaries consistent with 

spheroid disintegration (Figure 3.10 l). 

Similarly, the spheroids were also treated with two other 

formulations, GDG+CPT and CaDG+CPT, at the same CPT 

concentrations of 2 μM and 5 μM respectively. Both treatment groups 

exhibited comparable morphological disintegration of the spheroids 

when observed under brightfield microscopy. The treated spheroids 

showed an increase in radial optical intensity, reflected as a flattened 

curve, consistent with the loss of the dense core structure (Figure 3.10 
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f, g). Furthermore, the emergence of irregular, fragmented, and uneven 

spheroid boundaries was corroborated by a decrease in the circularity 

index, indicating a loss of structural compactness upon treatment 

(Figure 3.10 l). 

 

Figure 3.10. Effects of CPT-loaded hydrogel treatment groups on MDA-MB-231 

spheroid morphology, radial optical density, and viability after 48 hours of treatment. 

(a) Bright-field images of untreated control MDA-MB-231 spheroids. (b-d) Bright-field 

images of MDA-MB-231 spheroids treated with DG + CPT. (b), GDG + CPT (c), and 

CaDG + CPT (d) at 2 µM and 5 µM CPT. (e-g) Radial optical density profiles extracted 

from bright-field images showing spatial distribution of optical intensity across 

spheroid diameter(black-control, red-2 μM CPT treatment, green-2 μM CPT treatment) 

(e) DG + CPT, (f) GDG + CPT, and (g) CaDG + CPT. AO/PI dual-stained images of 

(h) control spheroids showing viable (acridine orange, green) and non-viable 

(propidium iodide, red) cell populations. (i-k) AO/PI-stained spheroids following 

treatment with (i) DG + CPT, (j) GDG + CPT, and (k) CaDG + CPT at 2 µM and 5 

µM CPT. (l) Quantification of spheroid circularity index under each treatment 
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condition indicating treatment-dependent loss of sphericity. (m) Quantitative analysis 

of PI fluorescence intensity for each treatment condition. Data are shown as mean ± 

S.E; (n=3). Statistical analysis was performed using two-way ANOVA. Significance is 

indicated as ****p<0.0001. The brightfield and fluorescence images were obtained in 

identical magnification and imaging condition. The scale bar (100 µm) is 

representative of all the corresponding images in the figure. 

3.2.9. Treating spheroids with CPT loaded in hydrogel induces 

apoptosis and cellular death 

To evaluate CPT-induced apoptosis and cell death, MDA-MB-231 

spheroids were treated with different formulations for 48 hours. 

Following treatment, the spheroids were incubated with acridine orange 

and propidium iodide (AO/PI) staining solution for 30 minutes and 

subsequently visualized under a fluorescence microscope to assess 

apoptotic responses. AO selectively stains live cells with intact 

membranes, emitting green fluorescence, whereas PI penetrates cells 

with compromised membranes and labels them red, indicating late 

apoptosis or necrosis. All treatment groups demonstrated a notable 

increase in red fluorescence intensity post-treatment, indicating 

enhanced membrane disruption and cell death, while the overall green 

fluorescence remained largely unaffected. This can be attributed to AO 

binding nucleic acids, where early apoptosis induced by CPT does not 

immediately alter total DNA content (Figure 3.10 h-k).[58] 

Quantitative fluorescence analysis revealed a significant, concentration-

dependent increase in red emission for spheroids treated with 2 µM and 

5 µM CPT formulations compared to untreated controls (Figure 3.10 

m). Among the treatment groups, spheroids treated with CaDG+CPT 

exhibited a relatively lower increase in red fluorescence compared to 

GDG+CPT treated spheroids. This attenuation is likely due to the 

presence of calcium ions, which are known to modulate apoptotic 

signaling, promote cell survival pathways, and regulate cellular 

processes such as autophagy.[59,60] 
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3.3. Conclusion 

This study reports a sustainable, biomass-derived DNA-GMP 

hydrogel platform that enabled precise and predictable control over 

anticancer drug release kinetics within a single supramolecular matrix. 

Unlike conventional systems that require multiple carrier compositions 

to achieve distinct release profiles, this platform exploited physical 

modulation of a single nanofibrillar DNA-GMP architecture to 

continuously tune drug release behavior. Simple alteration of the solvent 

environment or introduction of biorelevant Ca2+ crosslinking 

reprogramed the same molecular framework to access first-order, 

Higuchi-type diffusion-controlled, and zero-order erosion-dominated 

release regimes. At the molecular level, spontaneous condensation 

between biomass DNA and 5′-guanosine monophosphate induced the 

formation of helically stacked G-quadruplex nanofibers, generating a 

hydrotropic and intrinsically amphiphilic network. This hierarchical 

organization created coexisting hydrophobic cavities and inter-fibrillar 

aqueous channels, enabling efficient encapsulation of both hydrophilic 

and highly hydrophobic anticancer drugs. Importantly, solvent-induced 

fibrillar bundling and Ca2+-mediated crosslinking modulated nanofiber 

packing density, mechanical stiffness, and swelling behavior without 

perturbing the underlying G-quadruplex assembly, thereby allowing 

structure-driven regulation of drug transport mechanisms. The 

translational relevance of this platform is demonstrated through 

sustained and tunable delivery of Dox and CPT, a clinically challenging 

and poorly soluble anticancer agent. The hydrogels exhibited 

injectability, mechanical adaptability, and pH-responsive release 

behavior, supporting their suitability for localized and precision 

chemotherapy. Extensive cellular evaluations using breast cancer 

models were conducted to assess the therapeutic efficacy and selective 

cytotoxicity of the hydrogel carriers. CPT-loaded hydrogels effectively 

reduced breast cancer cell viability in monolayer cultures and 

disintegrate three-dimensional breast cancer spheroids at low drug 

concentrations (2-5 µM), as evidenced by spheroid fragmentation and 
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enhanced apoptotic activity. Integrating two-dimensional cytotoxicity 

and three-dimensional tumor spheroid outcomes, this work established 

a universal nucleic acid-based hydrogel platform in which structure-

driven microarchitectural control enabled programmable drug release 

kinetics, offering a versatile and translationally relevant strategy for 

next-generation anticancer drug delivery. 

3.4. Experimental Section 

3.4.1. Synthesis of hydrogels 

For the preparation of the DG hydrogel, 40 mg of salmon sperm 

DNA was accurately dissolved in 1 mL of Milli-Q water under gentle 

stirring at a constant temperature of 40 °C to obtain a uniform solution. 

After 5 minutes of stirring, 61.2 mg (corresponding to 150 mM) of 

guanosine monophosphate disodium salt was introduced into the 

solution. The mixture immediately turned into a transparent light-brown 

solution, which upon cooling to room temperature for 2-3 minutes, 

yielded a clear DNA-GMP hydrogel. Additionally, various DNA and 

GMP concentrations were tested to study their influence on the 

mechanical properties of hydrogel. The successful formation of the 

hydrogel was verified by the simple inverted tube method. 

For the synthesis of the GDG hydrogel, a similar procedure was 

followed, with the only modification being the use of a glycerol:water 

solvent system at varying volume ratios. The resulting hydrogels were 

designated as GDG10 to GDG60, corresponding to glycerol contents 

ranging from 10% to 60% (v/v), respectively. Similarly, Ca2+-doped 

CaDG hydrogels were synthesized using the same concentrations of 

DNA and GMP, with the addition of calcium chloride in concentrations 

ranging from 10 mM to 100 mM. The resulting hydrogels were 

designated as CaDG10 to CaDG100, corresponding to the respective 

Ca2+ concentrations. Upon Ca2+ incorporation, the initially transparent 

hydrogels became opaque, indicating ion-mediated crosslinking within 

the network. 
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3.4.2. Characterization and mechanical property evaluation of the 

hydrogels 

Microscopic analyses were performed after diluting each hydrogel 

to the desired concentration, followed by the preparation of thin films 

via uniform drop-casting onto either glass substrates or carbon film-

supported copper grids. For spectroscopic and zeta potential 

measurements, the hydrogels were similarly diluted with Milli-Q water 

to the appropriate concentrations. FT-IR spectra were recorded directly 

from the hydrogel samples using an ATR accessory, with water baseline 

correction applied to minimize solvent interference. Powder X-ray 

diffraction (pXRD) analyses were conducted on the corresponding 

freeze-dried xerogel samples of each hydrogel system. 

Dynamic strain sweep experiments were conducted at a fixed 

angular frequency (ω= 10 rad.s-1), while frequency sweep measurements 

were performed at a constant strain (γ = 1%) and temperature of 25 °C. 

Concentration-dependent rheological studies were also carried out by 

comparing the corresponding storage and loss moduli obtained from 

strain sweep measurements at a fixed strain. Thixotropic step-strain tests 

were performed over defined time intervals by alternating low and high 

strain values at a constant angular frequency of 10 rad s-1, showing the 

structural integrity and injectability of the hydrogels.  

3.4.3. Drug encapsulation and sustained release experiments 

Both doxorubicin (Dox) and camptothecin (CPT) were introduced 

into the hydrogel precursor solution at a concentration of 1 mg mL⁻¹ 

prior to gelation. Both hydrophilic (Dox) and hydrophobic (CPT) drugs 

were efficiently encapsulated within the forming hydrogel matrix, 

indicating a spontaneous and uniform entrapment mechanism across all 

hydrogel formulations. Following a cooling and aging period of 

approximately 10 minutes, self-standing and mechanically stable drug-

loaded hydrogels were obtained. These systems were subsequently 

utilized to investigate the encapsulation efficiency and sustained release 

behavior of the embedded drugs. To investigate the encapsulation 
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efficiency, the hydrogels were carefully washed with 3 mL of phosphate-

buffered saline (PBS, pH 7.4) to eliminate any unbound or loosely 

adsorbed drug molecules. The absorbance of the collected washings 

(supernatant) was recorded using a UV-visible spectrophotometer. The 

effective amount of drug encapsulated within the hydrogel matrix was 

determined by subtracting the quantity of unbound drug (measured in 

the supernatant) from the initial amount added. The percentage of drug 

loading was then calculated using the following relation: 

Encapsulation Efficiency = 
𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑑𝑟𝑢𝑔 𝑝𝑟𝑒𝑠𝑒𝑛𝑡 𝑎𝑓𝑡𝑒𝑟 𝑤𝑎𝑠ℎ𝑖𝑛𝑔

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑑𝑟𝑢𝑔 𝑙𝑜𝑎𝑑𝑒𝑑
 × 100 

Table 3.1. Encapsulation efficiency calculation for Dox 

Hydrogel DG GDG CaDG 

 

 

UV curve 

   
 

Linear Eq.* 

 

y = 4.71123x + 0.08571 

 

y = 4.71123x + 0.08571 

 

y = 4.71123x + 0.08571 

Abs# C1 

(Initial)  

 

0.19417 

 

0.12827 

 

0.12827 

Abs# C2 

(Supernatant) 

 

0.06608 

 

0.00366 

 

0.00233 

EE Eq. 𝑪𝟏  − 𝑪𝟐

𝑪𝟏

  × 𝟏𝟎𝟎 
𝑪𝟏  − 𝑪𝟐

𝑪𝟏

  × 𝟏𝟎𝟎 
𝑪𝟏  − 𝑪𝟐

𝑪𝟏

  × 𝟏𝟎𝟎 

EE (%) 65.97 97.14 98.18 

Table 3.2. Encapsulation efficiency calculation for CPT 

Hydrogel DG GDG CaDG 

 

 

UV curve 

   

 

Linear Eq.* 

 

y = 24.3422x + 0.01014 

 

y = 24.3422x + 0.01014 

 

y = 24.3422x + 0.01014 

Abs## C1 

(Initial)  

 

0.24657 

 

0.33892 

 

0.34121 

Abs## C2 

(Supernatant) 

 

0.11342 

 

0.03658 

 

0.02908 

EE Eq. 𝑪𝟏  − 𝑪𝟐

𝑪𝟏

  × 𝟏𝟎𝟎 
𝑪𝟏  − 𝑪𝟐

𝑪𝟏

  × 𝟏𝟎𝟎 
𝑪𝟏  − 𝑪𝟐

𝑪𝟏

  × 𝟏𝟎𝟎 

EE (%) 54 89.2 91.47 

* From Calibration Curve    # @ 480 nm   ## @ 375 nm 

 

To investigate the sustained drug release behavior, the drug-

loaded hydrogels were placed in separate glass vials containing 3 mL of 

phosphate-buffered saline (PBS, 10 mM, pH 4) and incubated at 37 °C. 
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At predetermined time intervals, 400 μL aliquots were withdrawn from 

each vial and replaced with an equal volume of fresh PBS to maintain a 

constant total volume and sink conditions. For CaDG hydrogels, the 

sampling was performed daily at consistent time points to preserve 

uniform interval durations across experiments. The absorbance of the 

collected samples was recorded at 480 nm and 375 nm for Dox and CPT, 

respectively. To ensure accuracy, all release experiments were conducted 

in triplicate, and the average values along with standard deviation error 

bars were used to plot the sustained release profiles. The cumulative 

percentage of drug release was calculated using the following equation: 

The cumulative release of drug (%) = 
𝑀𝑡

𝑀∞
 × 100 

Here, Mt and M∞ represent the amount of drug released at a given 

time t and the total amount of drug initially encapsulated within the 

hydrogel, respectively. A linear correlation between the drug 

concentration and absorbance was obtained from the calibration plots of 

both drugs. Hence, for simplicity, the absorbance values were directly 

utilized to determine the cumulative drug release profile. 

To assess the anti-leakage stability of the drug-loaded hydrogels, the 

samples were stored at 4 °C and periodically analyzed over a 28-day 

period. At each fixed interval, the hydrogels were gently washed with 

PBS (pH 7.4), and the extent of drug leakage was quantified by 

measuring the UV-visible absorbance of the resulting supernatant. 

3.4.4. The cellular response to the treatment groups 

The cytotoxicity of the treatment groups was evaluated using the 

MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) 

assay. MDA-MB-231 and HEK-293 cells were seeded in 96-well plates 

at a density of 2 × 104 cells per well and incubated for 24 h to allow cell 

adherence. Upon reaching approximately 70% confluency, the cells 

were exposed to six different treatment concentrations ranging from 

200 µM to 0 µM and incubated for an additional 24 h. After treatment, 

MTT solution (10 mg mL-1) was added to each well and incubated for 
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4 h to facilitate the formation of formazan crystals. The resulting crystals 

were then solubilized in 200 µL of DMSO per well, and the absorbance 

was measured at 570 nm using a microplate reader. Wells treated with 

0 µM served as the control group for calculating relative cell viability. 

The cell viability in percentage was obtained using the following 

equation. 

% 𝑣𝑖𝑎𝑏𝑙𝑒 𝑐𝑒𝑙𝑙𝑠 =
(𝐴570 − 𝐴690) 𝑜𝑓𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑐𝑒𝑙𝑙𝑠

(𝐴570 − 𝐴690) 𝑜𝑓 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 𝑐𝑒𝑙𝑙𝑠
 × 100 

3.4.5. The effect of the treatment groups on MDA-MB-231 

spheroids 

MDA-MB-231 tumor spheroids were generated by seeding 

5,000 cells per well onto an agarose-coated 96-well plate, followed by 

centrifugation at 1,200 rpm for 5 minutes to promote cell aggregation 

and facilitate spheroid formation through enhanced cell–cell 

interactions. The spheroids were then incubated in a humidified 

atmosphere containing 5% CO2 at 37 ℃. The culture medium was 

replaced every two days, and spheroid growth was maintained for 

approximately 7 days. Subsequently, the matured spheroids were treated 

with camptothecin (CPT)-loaded formulations at concentrations of 

2 µM and 5 µM for 48 hours. Post-treatment morphological alterations 

were observed using a brightfield digital inverted fluorescence 

microscope, and representative images were captured for analysis. 

3.4.6. Examining cellular apoptosis induced by the treatment 

groups in the spheroids using the AO/PI staining method  

Cellular apoptosis and necrosis were evaluated using the acridine 

orange/propidium iodide (AO/PI) dual staining method. AO and PI were 

prepared at concentrations of 15 μg mL-1 and 30 μg mL-1, respectively, 

and subsequently mixed with the cell culture medium to stain the treated 

spheroids. The spheroids were incubated in the staining solution for 

30 minutes under standard culture conditions. After incubation, the 

samples were gently washed with PBS and examined using digital 
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inverted fluorescence microscope to visualize live (green) and dead (red) 

cell populations. 

3.4.7. Statistical Analysis 

All the biological experiments were performed in three independent 

replicates (n=3). The data were represented as mean ± S.E. Statistical 

analysis were performed using GraphPad Prism 9 (GraphPad Software, 

San Diego, CA, USA). The significance was obtained by using two-way 

ANOVA followed by an appropriate multiple comparison test. 
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Chapter 4 

4. Enzyme-Mimicking “All-Nucleotide” G-

Quadruplex Hydrogel as a Dual-Function 

Microreactor for Biomimetic Cascade 

Catalysis 

4.1. Introduction 

Biological systems harness the spatial organization of 

macromolecules to create confined microenvironments that regulate 

complex chemical transformations with precision and efficiency. [1,2] 

In eukaryotic cells, such compartmentalization is achieved through two 

primary strategies: membrane-bound organelles formed by lipid bilayers 

[3], and membraneless compartments, where macromolecules 

spontaneously condense into dense phases via liquid-liquid phase 

separation (LLPS) [4]. These biomolecular condensates function as 

microreactors that enhance local substrate concentrations and facilitate 

efficient enzymatic cascade reactions through substrate and product 

enrichment. [5,6] Inspired by these strategies, significant research 

efforts have been focused on developing synthetic cell analogues as 

functional platforms for cell-like biocatalytic cascades. [7] 

Among the synthetic systems, supramolecular hydrogels have 

emerged as promising biomimetic microreactors due to their hydrated, 

tissue-like mechanical properties and tuneable architectures. These 

hydrogels recapitulate key intracellular features, such as 

macromolecular confinement, molecular crowding, and dynamic 

interactions. Their fibrillar, porous microenvironments enable seamless 

encapsulation of bioactive macromolecules like native enzymes with 

their preserved activity. [8-12] Thus, supramolecular hydrogels offer 

superior advantages over rigid porous systems like MOFs [13], 
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providing the dynamic features essential for synthetic biocatalytic 

microreactors [14]. However, most reported hydrogel systems depend 

on complex synthetic components [15], external crosslinkers [16], or 

metal ions [17] to achieve catalytic function. These limitations 

compromise their simplicity, biocompatibility, and relevance to 

primitive biological systems. Therefore, developing minimalistic, fully 

biomolecule-based hydrogels that integrate structural organization with 

catalytic activity remains a key challenge, advancing biomimetic 

catalytic systems. 

Nucleotides, as fundamental building blocks of life, offer an ideal 

platform for constructing hierarchical synthetic condensates. Their 

multiple interaction sites enable both biocatalytic functionality and the 

formation of biomimetic crowded microenvironments. [18,19] In 

particular, guanosine monophosphate (5′-GMP) exhibits a strong 

propensity to self-assemble into non-covalent superstructures, including 

G-monomer aggregates, G-dimers, and G-quadruplex (G4) motifs, 

driven by Hoogsteen hydrogen bonding and π–π stacking interactions. 

Notably, G4 assemblies further organize into higher-order columnar 

scaffolds, enabling functional materials. [20-23] Our recent study 

demonstrated that organic acid- and amino acid-induced GMP fibrillar 

condensates exhibit intrinsic peroxidase-mimetic activity by stabilizing 

reactive intermediates, elevating local substrate concentrations within 

the fibrillar matrix, and driving efficient transformations. [24,25] 

Despite these advances, nucleotide-based assemblies typically require 

external cofactors and the potential of fully nucleotide-driven, 

hierarchical condensates for integrated catalysis is largely 

underexplored. 

Herein, we report a minimalistic “all-nucleotide” condensation 

strategy that leverages cooperative interactions between guanosine 5′-

monophosphate (GMP) and adenosine phosphate derivatives (AMP, 

ADP, and ATP) to generate hierarchically organized supramolecular 

networks. While GMP serves as the primary structural unit, forming G-
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quadruplex assemblies, the adenosine phosphate derivatives act as 

modulators of the assembly process through their phosphate multiplicity 

and intrinsic acidity. While AMP is unable to proceed this condensation, 

both ADP and ATP drive hierarchical biomolecular condensation. This 

spontaneous biomolecular condensation mimics a biogenic phase 

separation pathway, enabling a concentration-dependent transition from 

liquid-like spherical intermediates to fibrillar networks. [24,26] 

Interestingly, upon higher-order self-assembly, the resulting ADP-GMP 

(ADG) and ATP-GMP (ATG) fibrillar condensates form self-standing, 

stable hydrogels, providing physical evidence of extensive organization.  

Unlike conventional hydrogel-based catalytic platforms that often 

rely on immobilized enzymes or metal cofactors [27-30], the proposed 

“all-nucleotide” ADG/ATG system derives its catalytic functionality 

directly from the G4-rich architecture. The stacked G4 domains create a 

microenvironment capable of stabilizing reactive intermediates, thereby 

enabling intrinsic peroxidase-mimicking activity in a completely metal-

free and non-proteinaceous system. [24] A key novelty of this 

condensate/hydrogel lies in its dual functionality for biocatalytic 

applications. The ADG hydrogel acts as a biomimetic 

microenvironment, providing hydrated confinement for enzyme 

encapsulation and stabilization, while simultaneously functioning as an 

active catalytic scaffold that mimics enzymatic activity.[31] To 

demonstrate this, the hydrogel efficiently hosts multiple enzymes, 

including β-galactosidase and glucose oxidase, enabling two- and three-

step cascade reactions in which enzymatic transformations are 

seamlessly coupled with hydrogel-mediated catalysis. The confined 

microenvironment enhances substrate channelling, reduces diffusion 

limitations, and improves overall reaction kinetics.[7,32] This 

integration of structural confinement and intrinsic catalysis within a 

minimalistic platform establishes a versatile route to biogenic artificial 

microreactors for complex biochemical transformations.[33,34] 

Collectively, the simplicity, modularity, and multifunctionality of the 

“all-nucleotide” hydrogel provide new opportunities for designing 
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biomimetic catalytic systems based on condensation-driven self-

assembly. 

4.2. Results and Discussions 

4.2.1. Design Concept and Biogenic Condensation 

Inspired by biomolecular condensation in cellar milieu, we 

designed a “all-nucleotide” platform that undergoes spontaneous 

condensation and hierarchical self-assembly to form structurally and 

functionally relevant architectures.[4,35] Guanosine 5'-monophosphate 

(GMP) was selected as the core building block due to its propensity for 

acid-triggered self-assembly into G-quadruplexes (G4s) via Hoogsteen 

hydrogen bonding and π-π stacking.[24,36] An all-nucleotide matrix 

was created, and assembly dynamics were modulated, using adenosine 

phosphate derivatives (AMP, ADP and ATP) as anticipated cooperative 

inducers that enhance intermolecular interactions upon integration. This 

simple two-component system enables controlled condensation and 

provides a biomimetic framework for studying structure-function 

relationships in nucleotide-based assemblies (Figure 1a). 

Based on this minimalistic design strategy, a spontaneous 

biogenic condensation occurred upon simple mixing of the two 

nucleotide constituents under aqueous physiological conditions. 

Equimolar (100 μM) solutions of GMP-Na2 were mixed with AMP-

Na2, ADP-Na2, and ATP-Na2, respectively, yielding three assembly 

systems: AMG (AMP-GMP), ADG (ADP-GMP), and ATG (ATP-

GMP). After 12 hours of incubation, the Tyndall effect was observed in 

each condensation, confirming colloidal assembly formation (Figure 

S1). No turbidity or precipitation was observed post-condensation, 

owing to the high-water solubility of the disodium nucleotide salts.  

Condensation morphology was evaluated using FE-SEM 

micrographs, revealing worm-like structures in the AMG system, 

whereas fully matured fibrillar morphologies were observed in both 

ADG and ATG systems (Figure 1b-1d). These findings indicate the 
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superior cooperative influence of ADP and ATP in promoting 

condensation. This fibrillar assembly is likely governed by the well-

established GMP self-assembly process. [24-26] Accordingly, 

increasing GMP concentration was anticipated to drive higher-order 

assembly by enhancing G4 stacking and intermolecular 

interactions.[37]  

 

Figure 4.1. Design concept and morphological outcomes of all-nucleotide assemblies. 

(a) Schematic illustration of the condensation strategy showing the interaction of 

guanosine 5′-monophosphate (5′-GMP) with adenosine phosphate derivatives (AMP, 

ADP, and ATP). While AMP-GMP (AMG) leads to the formation of worm-like 

networks, ADP-GMP (ADG) and ATP-GMP (ATG) systems undergo hierarchical 

pathway (spherical intermediates → protofibrils → fibrillar networks). (b) 

Photographs demonstrating the Tyndall effect in AMG, ADG, and ATG systems (left to 

right), confirming their colloidal nature. Assembly concentration: ~100 μM. (c-e) FE-
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SEM micrographs of AMG, ADG, and ATG assemblies showing distinct morphologies, 

where AMG exhibits disordered worm-like structures, while ADG and ATG display 

interconnected fibrillar networks. (Scale bars ~ 1 μm) 

4.2.2. Morphological Evolution of Nucleotide Assemblies 

To elucidate the origin of fibrillar matrix formation and validate 

the proposed design strategy, we systematically investigated the 

morphological evolution of each assembly system as a function of GMP 

concentration using confocal laser scanning microscopy (CLSM). Both 

ADG and ATG systems exhibited hierarchical morphological evolution 

with increasing GMP concentrations from 10-100 μM, whereas the 

AMG system showed minimal changes in self-assembly. 

In the ADG and ATG systems, growth initiated from spherical 

intermediate assemblies at low GMP concentrations of 10 μM, 

indicative of the formation of a dense nucleotide-rich phase, analogous 

to biomolecular condensates (Figure 4.2 a, 4.2 A). At 30 μM GMP, these 

droplets coalesced into larger aggregates, reflecting their dynamic 

liquid-like nature (Figure 4.2 b, 4.2 B). At intermediate GMP 

concentrations (~50 μM), the droplets transitioned to short protofibril 

structures, marking the onset of anisotropic growth driven by enhanced 

G-quadruplex stacking and π-π interactions (Figure 4.2 c, 4.2 C). 

Further increase to 70 μM produced interconnected fractal-like networks 

(Figure 4.2 d, 4.2 D), which evolved into dense, highly entangled 

fibrillar architectures at 100 μM (Figure 4.2 e, 4.2 E). These 

observations establish the spherical intermediates as transient precursors 

in the hierarchical assembly pathway leading to mature fibrillar 

condensates at higher GMP concentrations. To probe the cargo-

enrichment capability of the transient spherical intermediates, 

fluorescence colocalization experiments were performed using 

Thioflavin T (ThT) and the hydrophobic probe Nile Red. At low GMP 

concentrations, the spherical intermediates exhibited strong Nile Red 

fluorescence, indicating the presence of hydrophobic microdomains 

capable of preferential cargo partitioning (Figure 4.3 a,b), whereas at 

intermediate GMP concentrations, the mature fibrillar condensates 
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selectively stained with ThT while residual spherical intermediates 

retained Nile Red fluorescence (Figure 4.3 c,d), demonstrating a 

transition from the phase separated spherical intermediates to G4-rich 

fibrillar networks. 

 

Figure 4.2. Concentration-dependent morphological evolution of nucleotide 

condensates varying GMP concentration and keeping the adenosine monophosphate 

derivatives constant at 100 μM. (i-v) Morphological evolution of AMG system showing 

only aggregates getting denser with increasing GMP concentration. Morphological 

evolution of (a-e) for ADG system and (A-E) for ATG system to establish a 

concentration-dependent hierarchical pathway (spherical intermediates → 

protofibrils → fibrillar networks). (Scale bar ~ 5 μm) 

In contrast, the AMG system showed no such hierarchical 

condensation, even at higher concentrations. Instead, it maintained a 
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similar morphology with denser aggregate-like features throughout, 

displaying predominantly short, worm-like or sparsely distributed 

fibrillar structures without forming continuous networks (Figure 4.2 i-

v). This indicates that AMP, with a monophosphate functionality, limits 

hierarchical G-quadruplex stacking, whereas ADP and ATP, with their 

higher phosphate content, promote efficient condensation and robust 

fibrillar networks. Collectively, these findings establish a concentration-

dependent hierarchical pathway (spherical intermediates → protofibrils 

→ fibrillar networks) governed by multivalent interactions and 

nucleotide composition, closely mimicking biomolecular condensation 

in cellular systems (Figure 4.1 a). Therefore, comprehensive 

concentration-dependent spectroscopic analysis was performed to 

elucidate the underlying molecular interactions and chiroptical 

properties. 

 

Figure 4.3. Fluorescence labelling and cargo-enrichment studies of the GMP-

concentration-dependent evolution from spherical intermediates to fibrillar 

assemblies. Bright-field and confocal fluorescence images of ADG (a, c) and ATG (b, 

d) condensates prepared at low (10 μM; a, b) and intermediate (50 μM; c, d) GMP 

concentrations and stained with Thioflavin T (ThT, green) and Nile Red (red). At 10 

μM GMP, the spherical intermediates show strong ThT and Nile Red fluorescence, 

indicating hydrophobic interiors capable of cargo enrichment and supporting the 

existence of transient phase-separated spherical intermediates enriched with 

amphiphilic cargo. At 50 μM GMP, the fibrillar network shows predominantly ThT 

fluorescence, indicating the development of G-quadruplex-rich fibrillar assemblies, 

whereas residual spherical intermediates retain both ThT and Nile Red signals, 

indicating retained hydrophobic interiors. These results suggest that the spherical 

intermediates act as transient precursors that progressively reorganize into ordered 

fibrillar assemblies. Scale bars: 5 μm. Dye Concentration ~ 5μM. 
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4.2.3. Spectroscopic Characterizations and Molecular mechanism 

of Condensation 

To elucidate the molecular origin of hierarchical fibrillation and 

growth mechanism of the assemblies, spectroscopic analyses were 

performed by systematically varying the concentration of GMP, the 

primary building block of the assembly. UV-visible spectroscopy 

revealed characteristic absorption bands of GMP (~252 nm) and 

adenosine derivatives (~258 nm) in close proximity, along with a distinct 

shoulder at ~275 nm for GMP arising from secondary electronic 

transitions. Upon mixing, a hypochromic effect at ~275 nm was 

observed, indicating the onset of intermolecular interactions and early-

stage aggregation. Job’s plot analysis in this region confirmed a 1:1 

stoichiometric ratio between GMP and the adenosine phosphate 

derivatives, suggesting the formation of well-defined supramolecular 

complexes (Figure 4.3).[38]  

 

Figure 4.4. UV-visible absorption spectra and corresponding Job’s plots for (a, b) 

AMP-GMP, (c, d) ADP-GMP, and (e, f) ATP-GMP systems. Stock solutions of GMP 

and adenosine phosphate derivatives were prepared at 100 μM, and their 

stoichiometric ratios were systematically varied. ΔAbs was calculated by subtracting 

the absorbance at each stoichiometric ratio from the maximum observed absorbance 

To probe the structural organization and chiroptical properties of 

the assemblies, circular dichroism (CD) spectroscopy was employed. 

The ADG and ATG assemblies exhibited characteristic signatures of 

antiparallel G-quadruplex structures, with positive Cotton bands at ~300 
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and ~225 nm and a negative band near 260 nm, confirming the formation 

of ordered G-quartet stacking (Figure 4.4 b, c).[39,40] In contrast, the 

AMG system displayed negligible ellipticity, indicating the absence of 

significant chiral ordering (Figure 4.4 a). Concentration-dependent CD 

analysis further revealed a progressive enhancement in G4 ellipticity 

with increasing GMP concentration, establishing that GMP-driven 

stacking governs the growth of ordered supramolecular architectures, 

while adenosine derivatives primarily modulate the assembly 

environment. The maximum chiroptical response observed at a 1:1 

stoichiometric ratio highlights the cooperative nature of the interactions 

and establishes this ratio as optimal for efficient condensation and 

ordered assembly formation. 

 

Figure 4.5. Spectroscopic characterization of G-quadruplex formation and molecular 

interactions in nucleotide assemblies. (a-c) Circular dichroism (CD) spectra of AMG, 

ADG, and ATG systems, respectively, showing the chiroptical signatures of the 

assemblies. (all concentrations were 100 μM) (d-f) ATR-FTIR absorbance spectra of 

AMG, ADG, and ATG assemblies, respectively, recorded at varying GMP 

concentrations. Highlighted regions correspond to phosphate (PO3
2-) stretching 

vibrations and carbonyl (C=O) bands, illustrating progressive spectral changes and 
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enhanced intermolecular interactions in ADG and ATG systems compared to AMG. 

Resonance Raman spectra comparing pristine nucleotides and their corresponding 

condensates. (g) AMP, GMP, and AMP-GMP (AMG) system showing phosphate 

asymmetric (yellow) and symmetric (blue) stretching bands, with negligible spectral 

changes upon assembly. (h) ADP, GMP, and ADP-GMP (ADG) and (i) ATP, GMP, and 

ATP-GMP (ATG) systems exhibiting significant attenuation of the phosphate 

asymmetric stretching band (yellow) and the emergence of a new P–O–P band (grey), 

indicating enhanced intermolecular interactions and increased structural rigidity 

upon condensation. 

As this is an “all-nucleotide” condensation process accompanied 

by G-quadruplex formation, the involvement of functional groups from 

both constituents was investigated using ATR-FTIR spectroscopy 

(Figure 4.4 d-f). In the IR spectrum, the pristine GMP spectrum showed 

PO3
2- symmetric and asymmetric stretching vibrations at ~978 and 

~1086 cm-1, respectively, while adenosine derivatives exhibited distinct 

phosphate bands depending on their phosphate multiplicity.41 Upon 

increasing GMP concentration and condensate formation, significant 

perturbations in the 978 cm-1 phosphate band of GMP were observed for 

ADG and ATG systems, indicating strong intermolecular interactions 

between phosphate groups of GMP and ADP/ATP. In contrast, minimal 

spectral changes were observed for the AMG system, suggesting weaker 

interactions and limited structural reorganization. Additionally, the 

broadening of the C=O stretching band (~1642 cm-1) with increasing 

GMP concentration supports enhanced hydrogen bonding and G4 

stacking in ADG and ATG systems. To further validate the involvement 

of phosphate moieties, resonance Raman spectroscopy was performed 

with emphasis on the phosphate stretching region (Figure 4.4 g-i). The 

ADG and ATG condensates exhibited pronounced attenuation and 

broadening of the PO3
2- asymmetric stretching band relative to the 

pristine nucleotides, consistent with increased vibrational coupling 

arising from multivalent phosphate interactions during ADP/GMP and 

ATP/GMP condensation. Conversely, negligible spectral changes were 

observed for the AMG system in the same region, suggesting minimal 

interaction between the phosphate moieties upon AMP/GMP 



CHAPTER 4  

 

150 
 

condensation. Notably, the emergence of a weak band around ~870 cm-

1 in ADG and ATG condensates is attributed to P–O–P bridging 

interactions, indicative of increased structural rigidity within the ordered 

network.42 Collectively, these spectroscopic observations provide direct 

evidence for the critical role of multivalent phosphate interactions in 

driving G4-mediated condensation and hierarchical assembly. These 

observations were further corroborated by zeta potential measurements. 

Pristine nucleotides exhibited negative surface potentials in the range of 

−25 to −35 mV due to their phosphate-rich surfaces. Upon condensation, 

ADG and ATG assemblies showed a significant shift toward less 

negative values (−12.53 mV and −4.23 mV, respectively), whereas AMG 

displayed only a modest change (−22.51 mV) (Figure 4.5). This 

reduction in surface charge indicates effective masking of negatively 

charged phosphate groups through multivalent interactions, leading to 

the formation of compact and ordered supramolecular networks in ADG 

and ATG systems. 

 

Figure 4.6. Zeta potential values of the pristine nucleotides and corresponding 

condensates, illustrating changes in surface charge upon condensation. (a) AMP, 

GMP, and AMP-GMP (AMG); (b) ADP, GMP, and ADP-GMP (ADG); and (c) ATP, 

GMP, and ATP-GMP (ATG) systems. All values are reported in mV. 

The extent of π-π stacking and G-driven self-association was 

quantitatively evaluated using a Thioflavin T (ThT) fluorescence assay. 

ThT interacts with ordered supramolecular structures through end 
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stacking, groove binding, or intercalation within GMP channels, 

restricting intramolecular torsional motion and enhancing fluorescence 

(Figure 4.6 a).[43.44] The ThT-loaded condensates exhibited a 

characteristic emission at ~450 nm (λex = 350 nm).[24] At an optimal 

concentration (100 μM), the fluorescence intensity followed the order 

ADG > ATG > AMG. While ADG and ATG showed comparable FL/FL0 

ratios, AMG exhibited significantly lower enhancement, consistent with 

minimal stacking as supported by CD and FTIR results (Figure 4.6 b). 

To further establish the role of GMP in governing stacking, 

concentration-dependent fluorescence studies were carried out. The 

AMG system showed nearly constant fluorescence intensity across the 

GMP concentration range (10-100 μM) (Figure 4.6 c), whereas ADG 

and ATG systems exhibited a linear increase in fluorescence intensity 

with increasing GMP concentration, confirming that stacking and 

network formation are primarily governed by GMP (Figure 4.6 d, 4.6 

e). This also reflects the hierarchical development of ordered networks 

in ADG and ATG systems, while such ordering is absent in the AMG 

system. Temperature-dependent fluorescence studies further revealed 

differences in stacking stability. With increasing temperature, 

fluorescence intensity decreased due to disruption of weakly stacked G-

quartets. Notably, the ADG system retained relatively higher 

fluorescence intensity compared to ATG, indicating a more stable and 

higher-order stacked architecture (Figure 4.6 f). Control experiments 

varying ADP and ATP concentrations at constant GMP showed only 

marginal increases in fluorescence intensity, suggesting that adenosine 

phosphate derivatives play a secondary role in stacking. However, 

across the entire concentration range (10-100 μM), ADG consistently 

exhibited higher fluorescence intensity than ATG, indicating more 

efficient stacking and network formation. 
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Figure 4.7. Evaluation of π-π stacking and hierarchical assembly using Thioflavin T 

(ThT) fluorescence. (a) Schematic illustration of ThT interaction with G-quadruplex 

channels, (b) Corresponding FL/FL₀ ratio indicating relative fluorescence 

enhancement compared to free ThT and ThT-loaded AMG, ADG, and ATG condensates 

at optimal concentration (100 μM), (c-e) Concentration-dependent fluorescence 

response of AMG, ADG and ATG condensates respectively, with increasing GMP 

concentration, (f) Temperature-dependent fluorescence behaviour showing reduced 

intensity upon thermal disruption of G-quartet stacking, with ADG retaining higher 

stability than ATG. (g-i) Control pH titrations showing the variation in pH with 

increasing GMP concentration (10-100 μM) at a fixed concentration of adenosine 

phosphate derivatives (100 μM). The nomenclature AMG10-AMG100 denotes GMP 

concentrations from 10 to 100 μM in the AMG system, with analogous notation used 

for ADG and ATG systems. 

Given the strong pH sensitivity of G-quadruplex assembly, we 

hypothesized that the observed differences in condensation behaviour 

originate from the intrinsic acidity of the adenosine phosphate 

derivatives. Previous studies have established that mildly acidic 

conditions (pH ~3.5-4.5) favour efficient G4 formation. Accordingly, 

concentration-dependent pH titrations were performed, and the results 

are shown in Figure 4.6 g-i. ADP (pH 3.7) and ATP (pH 3.22) lie within 
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or near this optimal range, whereas AMP exhibits a near-neutral pH 

(6.32), which is unfavourable for G4 assembly. Upon addition of GMP, 

the pH of ADG and ATG systems increased to ~5.11 and ~5.06, 

respectively, indicating dynamic proton redistribution, while the AMG 

system remained at a higher pH (~6.75), maintaining an unfavourable 

environment for G4 formation. Notably, ADP exhibits a more optimal 

pH alignment than ATP, which rationalizes its ability to form more stable 

and higher-order stacked assemblies, consistent with fluorescence and 

morphological observations. 

 Collectively, these results establish a cooperative condensation 

mechanism governed by the interplay of π-π stacking, multivalent 

phosphate interactions, and pH modulation. As the primary structural 

unit, GMP forms G-quadruplex (G4) assemblies via stacking and 

Hoogsteen hydrogen bonding (Figure 4.8). ADP and ATP, with their 

higher phosphate content and intrinsic acidity, generate a favourable 

microenvironment that enhances proton-mediated interactions and 

efficient G4 stacking. Notably, ADP yields more stable, higher-order 

stacking than ATP due to better pH alignment within the optimal G4 

assembly window. The assembly follows a hierarchical pathway: phase 

separation drives spherical intermediate formation, followed by 

protofibril nucleation and interconnected fibrillar networks. 

Spectroscopic and fluorescence studies showed that the GMP 

concentration controls stacking extent, while adenosine derivatives 

modulate the assembly environment without directly participating in 

self-assembly. In contrast, AMP shows limited condensation due to its 

lower charge density and near-neutral pH, yielding less organized 

structures. Overall, this reveals a GMP-driven, pH-regulated, 

phosphate-assisted pathway to stable "all-nucleotide" supramolecular 

networks [24, 26, 45-48]  
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Figure 4.8. Proposed mechanistic illustration of GMP-driven G-quadruplex formation 

and π-π stacking, facilitated by multivalent phosphate interactions, leading to 

hierarchical fibrillar assembly and hydrogel formation. 

4.2.4. Hierarchical Fibrillation Driving Hydrogel Formation 

Prompted by the hierarchical assembly behaviour observed in 

the ADG and ATG systems, the potential for interconnected fibrillar 

networks to induce macroscopic gelation was investigated. Notably, 

both ADG and ATG systems, which exhibited dense and highly 

entangled fibrillar architectures at higher concentrations (x 1000) of 

constituents, underwent a sol-to-gel transition, forming self-supporting 

hydrogels (Figure 4.8 a). In contrast, the AMG system, characterized by 

disordered worm-like or sparsely distributed structures, failed to form a 

stable gel and remained as a weakly aggregated solution. Both ADG and 

ATG systems demonstrated robust gelation over a wide concentration 

range, with minimum gelation concentrations of 50 mM for ADP/ATP 

and 80 mM for GMP (Figure 4.8 b). This broad gelation window can be 

attributed to enhanced fibrillation at higher GMP concentrations, where 

dense and interconnected fibrillar networks facilitate hydrogel 

formation through effective network percolation. 

The mechanical stability of the hydrogels was further evaluated 

using oscillatory rheology. Solid-like viscoelastic behaviour was 

displayed by both ADG and ATG hydrogels, with storage modulus (G′′) 
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exceeding loss modulus (G′) across a broad linear viscoelastic regime 

(strain: 0.1-100%; Figure 4.8 c) and angular frequency range (0.1-100 

rad.s-1; Figure 4.8 d). Rapid reversible gel-sol-gel self-healing was also 

exhibited by the hydrogels (Figure 4.9 a,b), confirming the network 

formation via dynamic non-covalent interactions into robust, well-

developed gel architectures. Collectively, these findings provide strong 

evidence that favourable condensation in ADG and ATG systems leads 

to uniform fibrillar assembly, which transitions into mechanically robust 

hydrogels at higher concentrations. In contrast, the limited condensation 

efficiency in the AMG system results in the absence of gelation, even at 

elevated concentrations, highlighting the critical role of multivalent 

interactions and hierarchical fibrillation in driving hydrogel formation.  

 

Figure 4.9. Hydrogel formation and rheological characterization of nucleotide 

condensates. (a) Schematic illustration of concentration-dependent gelation, showing 

that GMP-driven fibrillation in ADG and ATG systems leads to the formation of self-

supporting hydrogels, whereas AMG forms only worm-like networks and remains in 

the sol state. (b) Diagram depicting gelation (✓) and non-gelation ( ) as a function 

of concentration, highlighting the critical threshold required for hydrogel formation. 

(c) Amplitude (strain) sweep measurements showing storage modulus (G′) and loss 

modulus (G″), demonstrating a wide linear viscoelastic region. (d) Frequency sweep 

measurements confirming dominant elastic behaviour (G′ > G″) over a broad 

frequency range. (e, f) GMP concentration-dependent rheological analysis indicating 

the minimum and optimal gelation concentrations for ADG and ATG systems. 
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Based on the morphological and spectroscopic analyses, GMP 

was identified as the primary structural unit driving the fibrillar 

assemblies in both ADG and ATG systems. To further validate its role in 

gelation, concentration-dependent gelation studies were performed by 

varying the GMP concentration. At lower GMP concentrations (<80 

mM), both systems remained in the sol state. A sol-to-gel cross-over 

transition was observed at ~80 mM GMP, marking the critical gelation 

threshold. Upon further increasing the GMP concentration (>80 mM), 

stable hydrogels were formed, with optimal gel strength observed at 100 

mM GMP for both ADG and ATG systems (Figure 4.8 e, f). 

 

Figure 4.10. Self-recovery behaviour of (a) ADG and (b) ATG hydrogels evaluated by 

time-dependent oscillatory rheology. The test involved a strain sweep from 1% to 

1000% (0-200 s), followed by a constant high strain of 1000% (200-300 s), and 

subsequent strain recovery from 1000% to 1% (300-500 s). pH-dependent stability of 

ADG and ATG hydrogels in buffered media. (c, e) Digital photographs showing the 

structural integrity of ADG and ATG hydrogels, respectively, across different pH 

conditions. (d, f) Corresponding rheological measurements displaying storage (G′) 

and loss (G′′) moduli at a constant strain of 1% and angular frequency of 10 rad s-1. 
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Citrate buffer was used for pH 3-5 and phosphate buffer for pH 6-8, with pH adjusted 

using 1 M HCl and 1 M NaOH. 

Furthermore, the critical role of intrinsic pH modulation by ADP 

and ATP in governing gelation was evident from controlled studies 

performed in buffered media. ADG and ATG hydrogels were prepared 

over a broad pH range (pH 3-8), and all samples remained stable with 

comparable mechanical properties (Figure 4.9 c-f). This indicates that 

the external pH of the medium does not dictate the self-assembly or 

gelation process. Instead, the local pH environment generated by the 

adenosine phosphate derivatives played a dominant role in regulating 

assembly. These findings highlight that the intrinsic acidity and 

multivalent phosphate groups of ADP and ATP facilitate proton-

mediated interactions and hydrogen bonding with G-quartet structures, 

thereby promoting and stabilizing both the condensates and the resulting 

hydrogels at higher concentrations.  

4.2.5. Intrinsic Peroxidase Mimicking Activity 

 The formation of mechanically robust hydrogels in the ADG and 

ATG systems, driven by dense and interconnected fibrillar networks, 

establishes a confined and highly organized microenvironment capable 

of hosting chemical transformations. Such hierarchical architectures, 

composed of π-π stacked G-quadruplex domains and multivalent 

phosphate interactions, provide a high local concentration of functional 

groups and facilitate efficient molecular interactions within the network. 

Importantly, these features closely resemble enzyme-like active 

environments, where structural confinement and molecular organization 

play a critical role in catalytic efficiency. Notably, G4 assemblies are 

known to exhibit intrinsic catalytic properties due to their amphiphilic 

nature and ability to stabilize radical intermediates within stacked 

channels. The extended fibrillar network further enhances substrate 

accessibility and retention, thereby promoting catalytic efficiency. 

Based on these features, we hypothesized that ADG and ATG hydrogels 

possess intrinsic peroxidase-mimicking activity (Figure 4.10 a).  
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Accordingly, the oxidation of 3,3′,5,5′-tetramethylbenzidine 

(TMB) by H2O2 was monitored in the absence and presence of the 

hydrogels. A significant increase in absorbance at λmax ~ 652 nm, 

corresponding to the formation of the oxidized TMB radical cation 

(TMB•+), was observed in the presence of both ADG and ATG hydrogels 

compared to the catalyst-free system, confirming their intrinsic 

peroxidase-like activity. As a control, the reaction kinetics were 

monitored at 652 nm in the presence of the hydrogels and their 

individual constituents (Figure 4.10 c). The hydrogels exhibited 

significantly higher reaction rates than their respective components, 

highlighting the enhanced catalytic efficiency arising from micro-

confinement within the gel matrix (Figure 4.10 b). Notably, the ADG 

hydrogel showed a higher catalytic rate than the ATG system, consistent 

with its more extensive G-quadruplex stacking and higher structural 

organization. Since GMP concentration governs the extent of G-

quadruplex (G4) formation, its influence on peroxidase-like activity was 

systematically investigated by preparing ADG hydrogels with varying 

GMP concentrations. A clear increase in kinetic reaction velocity was 

observed with increasing GMP content, indicating a direct correlation 

between G4 formation and catalytic efficiency (Figure 4.10 d). This 

trend confirms that the density of stacked G-quartet structures plays a 

critical role in governing peroxidase-like activity, with higher G4 

content providing more effective catalytic sites within the hydrogel 

matrix. 

To further quantify the intrinsic peroxidase-mimicking activity, 

detailed kinetic studies were carried out for the ADG hydrogel, 

identified as the most efficient catalytic system. The catalytic kinetics 

were evaluated by systematically varying the concentrations of TMB 

(0.05-1 mM) and H2O2 (1-12 mM), while monitoring the time-

dependent increase in absorbance at 652 nm. The reaction profiles 

followed classical Michaelis-Menten behaviour for both substrates 

(Figures 4.10 e, f), indicating enzyme-like catalytic performance. The 

corresponding Lineweaver-Burk plots (insets of Figures 4.10 e, f) were 
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used to extract the kinetic parameters, including the Michaelis constant 

(KM) and maximum reaction velocity (Vmax).[52,53] The relatively low 

KM values obtained for TMB (0.2695 mM) and H2O2 (2.7158 mM) 

indicate strong substrate affinity within the hydrogel matrix, likely 

facilitated by the confined microenvironment and efficient substrate 

accessibility. The Vmax values were determined to be 2.88 × 10-7 Ms-1 for 

TMB and 4.47 × 10-8 Ms-1 for H2O2, which are comparable to or exceed 

those reported for many metal-free peroxidase mimics (Table 4.1), 

highlighting the high catalytic efficiency of the system. Furthermore, the 

ADG hydrogel exhibited a specific activity of 1.5 U.mg-1 (Figure 4.10 

g), demonstrating its effective catalytic turnover under optimized 

conditions. Notably, despite being a noncovalently assembled system, 

the hydrogel maintained robust catalytic performance over a broad 

temperature range (278-313 K), with optimal activity observed at 303 K 

(Figure 4.10 h). This thermal resilience emphasizes the structural 

stability of the G-quadruplex-based fibrillar network and its suitability 

as an enzyme mimicking system. 

Table 4.1. Comparison of the kinetic constants of ADG hydrogel with recently 

reported metal-free peroxidase-mimicking systems and benchmark catalysts. 

Catalyst KM (mM) Vmax (10-8 M.s-1) References 

TMB H2O2 TMB H2O2 

HRP 0.434 3.7 10 8.71 [56] 

Fe3O4 0.098 154 3.44 9.78 [56] 

Boron-doped graphdiyne 

nanosheet (B-GDY) 

0.28 0.94 

 

2.97 4.55 [57] 

Graphdiyne oxide (GDYO) 0.62 2.59 0.19 0.17 [58] 

Graphene Oxide (GO) 0.02 3.99 0.34 0.38 [59] 

Multi-hydroxylated [70] 

fullerenes (MHF) 

0.597 2.95 0.297 0.143 [60] 

Modified GCN (AKCN) 0.601 0.79 4.22 6.78 [61] 

C60[C(COOH)2]2 0.23 24.58 0.035 0.04 [62] 

Aspartic Acid-GMP Hydrogel 0.3785 0.3778 3.17 19.4 [24] 

ADP-GMP (ADG) Hydrogel 0.2695 2.7158 0.288 4.47 This 

Work 
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Figure 4.11. Intrinsic peroxidase-mimicking activity and kinetic analysis of nucleotide 

hydrogels. (a) Schematic illustration of the intrinsic peroxidase-like catalytic 

mechanism. (b) Comparative kinetic analysis of ADG and ATG hydrogels relative to 

their individual nucleotide constituents, highlighting enhanced catalytic performance 

upon gelation. (c) Control experiments for peroxidase-like activity showing UV-visible 

spectra under different conditions. Significant absorption is observed only for ADG + 

TMB + H2O2 and ATG + TMB + H2O2 systems, with the ADG hydrogel exhibiting 

higher catalytic activity than ATG. (d) Concentration-dependent enhancement in 

catalytic velocity with increasing GMP content in the ADG hydrogel, highlighting the 

critical role of G-quadruplex (G-quartet) structures in governing catalytic activity. (e, 

f) Michaelis-Menten kinetic curves and corresponding Lineweaver-Burk plots (insets) 

of the ADG hydrogel with respect to varying concentrations of (e) TMB (0.05 - 1 mM) 

and (f) H2O2 (1 - 12 mM). (g) Specific activity profile of the ADG hydrogel using TMB 
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as the substrate. (h) Temperature-dependent catalytic activity demonstrating the broad 

operational stability of the ADG hydrogel as a peroxidase mimic. 

 

Figure 4.12. Hydroxyl radical (•OH)-mediated reaction pathway underlying the 

peroxidase-like activity of ADG and ATG condensates. (a) Schematic reaction showing 

5,5-dimethyl-1-pyrroline N-oxide (DMPO) as a spin-trapping agent. (b) Electron 

paramagnetic resonance (EPR) spectra obtained, showing a characteristic four-line 

signal corresponding to the DMPO–•OH adduct in the presence of ADG and ATG 

systems. (c) Schematic illustration of the conversion of terephthalic acid to fluorescent 

2-hydroxyterephthalic acid upon reaction with hydroxyl radicals (•OH). (d) Control 

experiments showing significantly enhanced •OH generation in the presence of ADG 

and ATG catalysts, with ADG exhibiting higher activity than ATG. 

To confirm the indispensable role of G4 assembly, control 

experiments were performed using nucleotide combinations incapable 

of higher-order self-assembly. Individual nucleotides and the AMP-

GMP condensate, both lacking ordered G4 formation, showed negligible 

catalytic activity (Figure 4.13 a), demonstrating that simple nucleotide 

mixing is insufficient for catalytic function. Additionally, deliberate 

disruption of the G4 network by concentrated NaOH treatment, which 

destabilizes Hoogsteen hydrogen bonding and dismantles the stacked G-

quartet framework[26], caused hydrogel collapse and a significant loss 

of catalytic activity (Figure 4.13 b,c). These results collectively confirm 

that intact G4-rich supramolecular architecture is essential for 

peroxidase-like activity, with the stacked G-quartet network serving as 

the structural basis of catalysis. 
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Figure 4.13. Control experiments demonstrating the critical role of G-quadruplex 

assembly in the intrinsic peroxidase-like activity of ADG hydrogels. (a) Comparison of 

the catalytic velocities of non G4-forming nucleotide/nucleoside mixtures. Negligible 

activity was observed for the simple nucleotide mixtures and the AMP-GMP mixture, 

whereas significantly enhanced catalytic activity was obtained for ADG and ATG 

condensates, confirming the necessity of higher-order G4 assembly. (b) Digital 

photographs showing the disruption of the ADG hydrogel (B) upon treatment with 

concentrated NaOH (4 M), which destabilizes the G-quadruplex network (A) under 

highly basic conditions. (c) Corresponding catalytic velocities before (B) and after (A) 

G4 disruption, showing a significant loss in activity upon hydrogel disassembly. These 

results establish that the integrity and density of the stacked G-quartet network are 

essential for the emergence of peroxidase-like catalytic activity. 

Peroxidase-like activity generally proceeds via either hydroxyl 

(•OH) radical generation or an electron transfer pathway.[49,50] To 

probe the catalytic mechanism, electron paramagnetic resonance (EPR) 

spectroscopy was employed using DMPO as a spin-trapping agent. A 

characteristic quartet signal with an intensity ratio of 1:2:2:1, 

corresponding to the DMPO-OH adduct, was observed for both ADG 

and ATG systems, confirming the generation and involvement of •OH 

radicals in the catalytic process (Figure 4.12 a, b).[51] The extent of 

•OH radical generation was further quantified using a terephthalic acid 

(TA) assay, where reaction with •OH produces a fluorescent adduct 

(Figure 4.12 a).[24] Under identical conditions, the ADG system 

exhibited higher fluorescence intensity than ATG, indicating a greater 
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•OH generation capability and correlating with its superior catalytic 

performance (Figure 4.12 d). Thus, the proposed mechanistic pathway 

governing the enhanced catalytic performance of the G-quartet-based 

ADG and ATG hydrogels is summarized in Figure 4.14. 

The catalytic activity of the ADG and ATG hydrogels is 

associated with their G4-rich supramolecular organization, as indicated 

by the correlation between GMP concentration, G4-associated 

spectroscopic responses, and catalytic reaction velocity. EPR 

spectroscopy and the terephthalic acid assay further demonstrate the 

generation of hydroxyl radicals. These observations suggest that radical-

mediated oxidation contributes to the peroxidase-mimicking activity of 

the nucleotide assemblies. Nevertheless, the exclusive catalytic 

contribution of G4 structures has not been conclusively established, as 

the possible involvement of other supramolecular interactions and 

nonspecific peroxide decomposition cannot be completely excluded. 

 

Figure 4.14. Schematic illustration of enhanced substrate affinity and catalytic 

efficiency within ADG/ATG fibrillar hydrogel networks. The coexistence of multivalent 

phosphate groups from GMP and ADP/ATP increases the availability of H2O2 binding 

sites, promoting efficient •OH radical generation. Concurrently, π–π stacked G-

quadruplex (G4) domains provide hydrophobic grooves that facilitate the 

encapsulation and enrichment of aromatic substrates such as TMB, increasing their 

local concentration near catalytic sites. The combined effects of multivalent 

interactions, substrate confinement, and G4-mediated stacking create a cooperative 

catalytic microenvironment, thereby enhancing intrinsic peroxidase-like activity.[24] 
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4.2.6. Enabling Biocatalytic Cascade with “All-Nucleotide” 

Hydrogel 

The hydrated and micro-confined architecture of the ADG 

hydrogel provides an ideal platform for enzyme encapsulation and 

multi-step biocatalysis, building upon its intrinsic peroxidase-like 

activity. Formed through the simple co-assembly of nucleotide 

constituents under aqueous conditions, this minimalistic matrix enables 

efficient co-encapsulation of multiple enzymes while preserving their 

native activity.[54] The confined network promotes enhanced substrate 

channelling through molecular proximity, thereby facilitating cascade 

transformations. A key distinguishing feature of the ADG hydrogel is its 

dual functionality: it acts not only as a biomimetic microenvironment 

for enzyme immobilization but also as an active catalytic scaffold that 

mimics horseradish peroxidase (HRP). This integration of structural 

confinement with intrinsic catalytic activity creates a synergistic 

platform that enhances cascade efficiency beyond conventional 

systems.[7] To validate this concept, β-galactosidase (β-Gal) and 

glucose oxidase (GOx) were co-encapsulated within the hydrogel 

matrix, enabling seamless coupling between enzymatic reactions and 

hydrogel-mediated catalysis (Figure 4.15 a). 

The cascade capability of the system was demonstrated using 

two sequential reaction designs. In the two-component cascade (Figure 

4.15 b), GOx catalyses the oxidation of glucose to gluconic acid, 

generating H2O2 in situ, which is subsequently utilized by the hydrogel 

to oxidize the chromogenic substrate TMB, producing a characteristic 

absorbance at 652 nm.[24,49] Extending this concept, a three-

component cascade (Figure 4.15 c) was constructed using lactose as the 

initial substrate, where β-Gal hydrolyses lactose into glucose and 

galactose, followed by GOx-mediated H2O2 generation and subsequent 

hydrogel-driven TMB oxidation.[32] To evaluate the effect of the 

crowded microenvironment provided by the ADG hydrogel, a controlled 

two-step cascade experiment was performed in parallel using native 

horseradish peroxidase (HRP) under identical conditions. Notably, the 
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ADG hydrogel exhibited significantly higher reaction rates compared to 

the HRP system, highlighting the critical role of the confined 

microenvironment in enhancing catalytic efficiency beyond that of the 

free enzyme (Figure 4.16). 

 

Figure 4.15. Multi-enzyme cascade catalysis within the ADG hydrogel microreactor. 

(a) Schematic illustration of enzyme encapsulation (β-galactosidase and glucose 

oxidase) within the ADG hydrogel, highlighting its dual role as a confined catalytic 

milieu and intrinsic HRP-like scaffold. (b) Two-enzyme cascade system where GOx 

catalyses glucose oxidation to generate H2O2, which is subsequently utilized by the 
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hydrogel to oxidize TMB to ox-TMB. (c) Three-enzyme cascade system involving β-

Gal-mediated hydrolysis of lactose to glucose, followed by GOx-generated H2O2 and 

hydrogel-catalysed TMB oxidation. (d,e) Photographic images showing 

concentration-dependent colorimetric response for glucose and lactose for 2-step and 

3-step cascades respectively. (f,g) Calibration plots showing the linear relationship 

between absorbance and substrate concentration (both glucose and lactose) at a fixed 

reaction time (30 min) and constant TMB concentration (1 mM) for both cascade 

systems, along with corresponding limits of detection (LOD). 

 

Figure 4.16. Control experiment highlighting the role of the confined 

microenvironment in the ADG hydrogel. A two-step cascade reaction involving GOx 

was performed under identical conditions using either native HRP or the ADG 

hydrogel as the peroxidase mimic. A significantly higher reaction rate was observed 

for the GOx-ADG hydrogel system, demonstrating the enhanced catalytic efficiency 

arising from the crowded and confined microenvironment. Experimental conditions: 

glucose (0.5 mM), GOx (0.1 mg mL-1), and HRP (0.1 mg mL-1). 

 To quantitatively assess the efficiency of the cascade systems, 

kinetic analyses were performed by monitoring the substrate 

concentration-dependent increase in the absorbance at 652 nm. In both 

the two- and three-enzyme cascades, a progressive increase in reaction 

rate was observed with increasing substrate concentration, exhibiting a 

linear response over the investigated range (Figure 4.15 f, g). For each 

measurement, the substrate was introduced into the catalytic matrix and 

incubated for a fixed duration, ensuring consistent comparison across 

concentrations. Correspondingly, a pronounced increase in the 

characteristic blue colour of oxidized TMB (ox-TMB) was observed, 

confirming effective catalytic turnover in both cascade systems (Figure 

4.15 d, e). The linear dependence of absorbance on substrate 
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concentration enables quantitative analysis, allowing estimation of the 

limits of detection (LOD) for the system. The calculated LOD values 

were 22 μM for glucose and 23 μM for lactose, demonstrating the 

potential of the cascade platform as a sensitive biocatalytic sensor. The 

enhanced catalytic performance can be attributed to the confined 

hydrogel environment, which reduces diffusion distances and facilitates 

efficient transfer of reactive intermediates, particularly H2O2, between 

sequential catalytic steps. Although the three-enzyme cascade exhibited 

slightly lower reaction rates compared to the two-enzyme system, likely 

due to the additional kinetic barrier associated with lactose hydrolysis, 

it maintained a strong linear correlation between substrate concentration 

and absorbance. This indicates efficient coupling between the enzymatic 

reactions and hydrogel-mediated catalysis. Collectively, these results 

establish the ADG hydrogel as an integrated catalytic microreactor, 

where spatial confinement and intrinsic peroxidase-like activity 

synergistically enhance cascade kinetics and enable sensitive substrate 

detection. 

The catalytic experiments were performed at pH 4.4, which 

favours the peroxidase-like activity of G4-associated assemblies but 

does not represent normal physiological extracellular or cytosolic 

conditions. Mildly acidic conditions of this kind may, however, be 

relevant to certain acidic biological compartments, such as endosomes 

and lysosomes, and to pathological microenvironments such as tumour 

tissue. Catalytic studies at pH 7.4 and under other biologically relevant 

conditions will be necessary to establish the broader biomedical 

applicability of these assemblies. 

4.3. Conclusion 

In summary, our minimalistic “all-nucleotide” platform enables 

pH-regulated biomolecular condensation, yielding hierarchically 

structured G-quadruplex (G4)-based supramolecular fibrillar assemblies 

that transition into hydrogels upon higher-order organization. By 

systematically tuning phosphate multiplicity and intrinsic acidity across 
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adenosine mono/di/triphosphate derivatives, we demonstrate that 

multivalent phosphate interactions and localized pH gradients 

orchestrate GMP-driven G4 stacking. Among these, ADP-GMP and 

ATP-GMP condensates (ADG and ATG) displayed pronounced 

hierarchical self-assembly, propelled by escalating phosphate valency. 

Kinetic morphological evolution revealed a concentration-dependent 

shift from phase-separated droplets to fibrillar networks, unveiling a 

novel “all-nucleotide” small-biomolecule condensation under 

physiological conditions. These assemblies further evolved into 

hydrogels at elevated concentrations, manifesting robust biocatalytic 

activity. Both ADG and ATG hydrogels functioned as efficient, metal-

free peroxidase mimics, with ADG exhibiting superior performance 

through elevated substrate affinity, catalytic efficiency, and a hydroxyl 

radical-generating mechanism. Crucially, G4 moieties emerged as 

pivotal for this enhanced catalysis. Furthermore, these hydrogels 

uniquely integrate dual roles as catalytic scaffolds and biomimetic 

microenvironments, facilitating seamless encapsulation of multiple 

enzymes and accelerating multi-step cascade reactions with superior 

kinetics and ultralow detection limits. We successfully implemented 

both dual- and triple-enzyme cascade systems, underscoring the “all-

nucleotide” hydrogel's prowess in biocatalysis, offering greater 

efficiency and physiological compatibility compared to harsh, rigid 

synthetic constructs reported earlier. This approach unlocks new 

pathways for programmable, metal-free catalytic materials and 

biomimetic microreactors, with broad potential in biosensing, artificial 

enzymatic systems, and protocell-inspired functional materials. 

4.4. Experimental Section 

4.4.1. Synthesis of the condensates and hydrogels 

Condensates were prepared by mixing equimolar aqueous 

solutions (100 μM each) of adenosine phosphate disodium salts (AMP-

Na2, ADP-Na2, or ATP-Na2) with guanosine monophosphate disodium 

salt (GMP-Na2). The resulting homogeneous solutions were incubated 
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at 25 °C for 12 h, after which condensate formation was confirmed by 

the appearance of a Tyndall effect under laser illumination. The samples 

were directly drop-cast onto glass slides for morphological analysis and 

used as-prepared for spectroscopic characterization. Concentration-

dependent studies were performed by varying GMP concentration while 

maintaining a constant concentration of the corresponding adenosine 

phosphate derivative. For fluorescence and confocal imaging, samples 

were stained with Thioflavin T (5 μM). For pH titration and zeta 

potential measurements, samples were prepared at 1 mM concentration 

for both components under otherwise identical conditions. 

Hydrogels were prepared by dissolving GMP-Na₂ (100 mM) and 

ADP-Na₂ or ATP-Na₂ (100 mM) in water (1 mL), followed by gentle 

heating with stirring until a clear solution was obtained. Upon standing 

undisturbed for 10 min at room temperature, self-supporting, transparent 

ADG and ATG hydrogels were formed, respectively. These hydrogels 

were used for rheological measurements, while diluted samples were 

employed for enzyme kinetics and cascade catalysis studies. 

4.4.2. Characterizations 

Microscopic Characterizations: Confocal laser scanning microscopy 

(CLSM) was performed using an Olympus IX-83 microscope equipped 

with a multiline Ar gas laser (λex = 405 nm). For imaging, condensates 

were prepared by mixing aqueous solutions of the respective nucleotide 

constituents at desired concentrations, followed by vortexing for 5 min 

to ensure homogeneous mixing. Thioflavin T (ThT, ethanolic solution) 

was then added, and the samples were incubated for 1 h to allow efficient 

dye incorporation. The samples were subsequently drop-cast onto 

thoroughly cleaned glass slides and allowed to incubate and partially dry 

at 25 °C prior to imaging. Field emission scanning electron microscopy 

(FE-SEM) was carried out using a Carl Zeiss Supra 55 microscope. 

Samples were prepared following a similar protocol, excluding the ThT 

staining step, and were dried and sputter-coated with a thin Au layer 

prior to imaging. 
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Spectroscopic Characterization: UV-visible absorption spectra (220-

320 nm) were recorded using a Varian Cary 100 Bio spectrophotometer, 

while circular dichroism (CD) spectra (190-350 nm) were obtained 

using a JASCO J-815 spectropolarimeter with a 2 mm path-length quartz 

cuvette. CD measurements were performed at a scan rate of 50 nm min-

1, and baseline correction was carried out using Milli-Q water. Steady-

state fluorescence spectra were recorded on a Horiba JobinYvon 

Fluoromax-4P spectrofluorometer (model FM-100). All measurements 

were conducted using samples at their respective condensate 

concentrations. 

Zeta Potential Measurements and pH Titration: Zeta potential 

measurements were performed using a Nanoplus Zeta Potential 

Analyzer equipped with a quartz flow cell. Samples were prepared at a 

concentration of 1 mM for each constituent, with GMP concentration 

varied accordingly, and incubated for 12 h to ensure complete 

condensation. pH measurements and titrations were carried out using a 

LABMAN LMPH10 pH meter calibrated with standard buffers. 

Rheological Measurements: Rheological properties of the hydrogels 

were measured using an Anton Paar Physica MCR 301 rheometer. 

Dynamic strain (amplitude) sweep experiments were conducted at a 

constant angular frequency of 10 rad s-1, while frequency sweep 

measurements were performed over a range of angular frequencies at a 

fixed strain of 1%, within the linear viscoelastic region. All 

measurements were carried out at 25 °C using appropriate plate 

geometry. 

4.4.3. Enzyme Kinetics and Catalytic Assays 

Enzymatic kinetics and cascade biocatalytic assays were monitored 

by recording time-dependent absorbance changes using a Varian Cary 

100 Bio UV-visible spectrophotometer with a quartz cuvette (~10 mm 

path length). Electron paramagnetic resonance (EPR) spectra were 

recorded on a JEOL JES-FA200 ESR spectrometer immediately after the 

addition of H2O2 to a pre-mixed solution of hydrogel and DMPO. The 
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terephthalic acid (TA) fluorescence assay for hydroxyl radical detection 

was performed using the same fluorometer. Hydrogel, terephthalic acid, 

and H2O2 were mixed simultaneously and incubated for 20 min to allow 

radical formation, after which fluorescence spectra were recorded. 

4.4.4. Enzyme Kinetics and Mechanism 

Peroxidase-like activity was evaluated using diluted hydrogel 

samples to ensure efficient substrate diffusion and binding. Kinetic 

measurements were performed in acetate buffer (0.01 M, pH 4.4) with a 

total reaction volume of 3 mL, containing 100 μL hydrogel and varying 

concentrations of TMB and H2O2. The reaction was initiated by the 

addition of H2O2, followed by thorough mixing and incubation for 10 

min at room temperature. The oxidation of TMB to ox-TMB was 

monitored by recording the time-dependent absorbance at 652 nm, and 

the initial reaction rates were calculated accordingly. Steady-state 

kinetic parameters were determined from two sets of experiments: (i) 

varying TMB concentration (0.05-1 mM) at fixed H2O2 concentration 

(10 mM) and constant hydrogel (100μL/3mL) content, and (ii) varying 

H2O2 concentration (1-12 mM) at fixed TMB (1 mM) and hydrogel 

concentrations (100μL/3mL). The kinetic parameters, including 

Michaelis constant (KM) and maximum reaction velocity (Vmax), were 

obtained using the Lineweaver-Burk form of the Michaelis-Menten 

equation:53 

1

𝑉
=

𝐾𝑀

𝑉𝑚𝑎𝑥[𝑆]
+

1

𝑉𝑚𝑎𝑥
 

where V is the initial reaction rate, [S] is the substrate 

concentration, KM is the Michaelis constant, and Vmax is the maximum 

reaction velocity. 

Specific activity (SA) was evaluated by varying the hydrogel 

volume while keeping TMB (1 mM) and H2O2 (5 mM) concentrations 

constant in acetate buffer (1 mL, pH 4.4). The initial rates were 

determined as described above, and SA was calculated using:55 
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𝑆𝐴 = [𝑣/(𝜀 × 𝑙) × (
∆𝐴

∆𝑡
)] /𝑚 

where V is the total reaction volume (μL), ε is the molar 

extinction coefficient of TMB (39,000 M-1 cm-1), l is the optical path 

length (cm), ΔA/Δt is the initial rate of absorbance change, and m is the 

mass of hydrogel (mg). 

Hydroxyl radical (•OH) generation was investigated using 

electron paramagnetic resonance (EPR) spectroscopy with DMPO (1 

mM) as a spin-trapping agent. The reaction conditions were identical to 

the kinetic assays, with DMPO replacing TMB. After incubation for 10 

min, the solution was transferred to a quartz capillary and immediately 

analysed using an EPR spectrometer. Quantification of •OH generation 

was further performed using a terephthalic acid (TA) fluorescence assay. 

A mixture of 0.5 mL terephthalic acid solution (1 mM in 1 M NaOH), 

4.3 mL buffer containing H2O2 (10 mM), and 100 μL hydrogel was 

incubated for 15 min. Fluorescence measurements were recorded by 

exciting at 315 nm, and emission spectra were collected at defined time 

intervals to monitor the formation of the fluorescent hydroxylated 

product. 

4.4.5. Enzymatic Cascade Synthesis and Catalytic Activity 

 Enzymatic cascade reactions were carried out under mild, 

physiologically relevant conditions. Glucose oxidase (GOx) stock 

solution (1 mg mL-1) was prepared in phosphate-buffered saline (PBS, 

0.01 M, pH 7.4) containing 150 mM NaCl. β-Galactosidase (β-Gal) 

stock solution (500 U mL-1) was prepared in Tris-HCl buffer (0.05 M, 

pH 7.0) supplemented with NaCl (100 mM) and MgCl2 (2 mM). ADG 

hydrogels were prepared as described above, and enzyme solutions were 

incorporated during gel formation to calibrate a total hydrogel volume 

of 1 mL. For the two-enzyme cascade, GOx was encapsulated at an 

optimal concentration of 0.1 mg mL-1. For the three-enzyme cascade, β-

Gal (50 U mL-1) and GOx (0.1 mg mL-1) were co-encapsulated within 
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the hydrogel matrix. The enzyme-loaded hydrogels were aged for 12 h 

to ensure efficient encapsulation and stabilization. 

Catalytic reactions were initiated by adding 100 μL of enzyme-

loaded hydrogel into acetate buffer (0.01 M, pH 4.4) (3 mL of total 

reaction volume) containing TMB (1 mM) and varying concentrations 

of substrate: glucose (0.025-0.5 mM) for the two-step cascade and 

lactose (0.025-0.5 mM) for the three-step cascade. The reaction mixtures 

were thoroughly mixed and incubated at 25 °C for 1 h. The formation of 

oxidized TMB was quantified by measuring absorbance at 652 nm. 

Calibration curves were constructed from the linear relationship 

between absorbance and substrate concentration, and the limits of 

detection (LOD) for glucose and lactose were determined accordingly.  
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Chapter 5 

5. Engineering a Nucleotide-Based Artificial 

Metalloenzyme through Supramolecular 

Confinement of a Copper-Histidine 

Cofactor 

5.1. Introduction 

Metalloenzymes achieve extraordinary catalytic efficiency and 

substrate specificity through the synergistic interplay between precisely 

organized amino acid residues and metal cofactors embedded within 

dynamic protein scaffolds. Beyond anchoring the catalytic center, the 

protein matrix establishes a well-defined secondary coordination 

environment that governs substrate recognition, electron transfer, and 

catalytic turnover. However, the structural fragility of proteins under 

non-native conditions frequently causes irreversible deactivation, 

limiting their practical utility in biotechnological and industrial 

applications.[1-3] These constraints have driven considerable interest in 

developing artificial metalloenzymes that emulate the structural and 

functional characteristics of natural enzymes while offering enhanced 

robustness and tunability.[4-8] Existing strategies have largely relied on 

rigid synthetic supports, including nanoparticles, metal-organic 

frameworks, and covalent hybrid materials to immobilize catalytic 

centers. Although such systems improve stability, they generally fail to 

reproduce the dynamic, hierarchically organized microenvironment that 

underpins the remarkable efficiency of natural metalloenzymes, 

underscoring the need for alternative biomimetic design strategies.[9-

13] 

Among metalloenzyme families, multicopper oxidases 

constitute an important class of biocatalysts that catalyze aerobic 
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oxidation reactions essential for cellular metabolism by exploiting 

cooperative electronic communication between multiple copper centers 

to activate molecular oxygen.[14] In particular, dicopper 

metalloenzymes, exemplified by catechol oxidase that have attracted 

considerable attention owing to their well-defined metal coordination 

architecture and unique oxygen activation mechanism. The catalytic 

center of catechol oxidase comprises a binuclear copper site in which 

each Cu(II) ion is coordinated by three histidine residues, forming a 

coordinatively unsaturated environment that enables reversible oxygen 

binding, efficient electron transfer, and generation of reactive copper-

oxygen intermediates that drive the selective oxidation of catechols to 

o-quinones. Critically, the surrounding protein matrix not only preserves 

the precise geometry of the dicopper center but also provides a dynamic 

secondary coordination sphere that regulates substrate accessibility, 

stabilizes reactive intermediates, and facilitates rapid catalytic 

turnover.[15-17] Inspired by this architecture, numerous synthetic 

catechol oxidase mimics based on discrete copper complexes have been 

developed.[18-22] However, although many reproduce the primary 

coordination environment of the dicopper active site, they lack the 

hierarchical organization and confined microenvironment provided by 

the protein scaffold resulting in diminished catalytic efficiency and 

limited functional resemblance to the native enzyme. 

A defining feature of natural enzymes is that catalytic activity 

arises not solely from the metal active site but from the precisely 

organized three-dimensional protein scaffold that positions functional 

groups, regulates substrate access, and stabilizes intermediates through 

an adaptive network of noncovalent interactions. Reproducing such 

tertiary architectures without proteins remains one of the central 

challenges in artificial enzyme design.[1,23-25] Biomolecular self-

assembly offers a compelling bottom-up strategy in this regard, whereby 

small molecular building blocks spontaneously organize into ordered 

supramolecular structures through reversible noncovalent interactions, 

retaining structural adaptability without requiring complex molecular 
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engineering.[26-28] Among available building blocks, nucleotides are 

particularly attractive due to their intrinsic capacity to self-assemble into 

hydrated, hierarchical networks that resemble the dynamic 

microenvironments of native enzymes.[29-30] 5′-Guanosine 

monophosphate (5′-GMP), in particular, possesses both Watson-Crick 

and Hoogsteen hydrogen-bonding motifs that enable its hierarchical 

organization into G-quartets, nanofibers, and extended supramolecular 

hydrogels.[31,32] This structural versatility, combined with the ability 

to coordinate metal ions and complexes, provides an ideal platform for 

constructing biomimetic catalytic scaffolds with tunable architectures 

and confined reaction microenvironments. Moreover, the dynamic and 

reversible nature of noncovalent interactions within GMP assemblies 

imparts structural flexibility analogous to native protein matrices, 

facilitating substrate diffusion while stabilizing catalytically active 

species. Integrating metal-based active sites within such nucleotide-

directed supramolecular frameworks therefore represents a promising 

strategy to recreate enzyme-like coordination environments using 

minimal biomolecular components.[33-36] 

Herein, we report a de novo supramolecular strategy for 

constructing a biomimetic dicopper catalytic system by integrating a 

Copper-Histidine (CuH) complex within a self-assembled 5′-GMP 

nanofibrous hydrogel through spontaneous noncovalent condensation. 

This one-pot assembly, employing only unmodified biomolecular 

building blocks, transforms a soluble CuH complex into a hierarchically 

organized supramolecular hydrogel (CuHG) that closely emulates the 

structural organization of natural dicopper metalloenzymes. Within this 

architecture, the CuH complex functions as the catalytic active center, 

while the GMP nanofibrillar network serves as a dynamic protein 

surrogate, providing a confined microenvironment that stabilizes the 

metal center and promotes efficient substrate access and electron 

transfer. Unlike conventional platforms that passively immobilize metal 

complexes on rigid supports, the supramolecular organization of CuHG 

actively modulates the copper coordination environment by stabilizing 
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both Cu(I) and Cu(II) oxidation states, facilitating reversible redox 

cycling and formation of reactive copper-oxygen intermediates essential 

for catalytic oxidation. The hydrogel consequently exhibits efficient 

catechol oxidase-like activity, selectively catalyzing the oxidation of 

3,5-di-tert-butylcatechol to the corresponding 3,5-di-tert-butyl-o-

benzoquinone with enzyme-like kinetics, enhanced catalytic efficiency, 

and remarkable thermal stability.  

Building on the nucleotide-containing supramolecular 

metalloenzymes reported by Xu et al., [49] this work introduces a 

distinct strategy in which an unmodified Cu-histidine complex is 

incorporated within a self-assembled 5′-GMP G-quadruplex hydrogel. 

Unlike earlier systems based on Fmoc-modified amino acids, the present 

platform uses only unmodified biomolecular components to build a 

hydrogel catalytic microenvironment that supports di-copper oxidase-

like activity. It thus offers a minimalist, protein-free platform for 

designing artificial metalloenzymes through biomolecular self-

assembly. 

5.2. Result and Discussion 

5.2.1. Design Strategy, Biomimetic Inspiration and Spontaneous 

Self-Assembly of the CuHG Hydrogel 

The CuHG hydrogel was designed by emulating the structural 

organization of catechol oxidase, wherein a binuclear copper active site 

embedded within a dynamic protein scaffold governs substrate 

recognition, oxygen activation, and electron transfer. Reproducing such 

functionality demands not only recreating the primary copper 

coordination environment but also establishing a secondary 

coordination sphere capable of stabilizing reactive intermediates and 

facilitating efficient catalysis.[37] We hypothesized that a self-

assembled nucleotide scaffold could serve as a protein surrogate, 

providing a confined yet dynamic microenvironment to organize and 

stabilize a biomimetic copper catalytic center through cooperative 

noncovalent interactions. 
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Accordingly, a Copper-Histidine (CuH) complex was selected as 

the catalytic motif, as histidine constitutes the primary ligand 

coordinating dicopper active sites in native catechol oxidases. 5′-GMP 

was chosen as the structural scaffold owing to its intrinsic capacity to 

hierarchically self-assemble via Hoogsteen hydrogen bonding, π-π 

stacking, and electrostatic interactions into extended G-quadruplex-rich 

nanofibrous architectures. We envisioned that spontaneous condensation 

of these two biomolecular components would spatially confine the CuH 

complex within the nucleotide network, emulating the catalytic 

microenvironment of the native enzyme.(Figure 5.1.) 

 

Figure 5.1. Structural comparison between the dicopper active site of native catechol 

oxidase (left) and the biomimetic CuHG hydrogel (right). While the natural enzyme 

employs a histidine-coordinated dicopper center embedded within a protein scaffold, 

the CuHG hydrogel recreates an analogous microenvironment via G-quadruplex 

nanofibrillar confinement of the Cu-His complex, stabilizing a hydroxide/oxygen-

bridged dicopper active site that mirrors the native catalytic architecture.37 

The CuH complex was prepared in aqueous solution under 

physiological conditions at a Cu(II):histidine stoichiometric ratio of 1:2, 

yielding a soluble coordination complex.[38] Subsequent addition of 5′-



CHAPTER 5  

 

187 
 

GMP in equimolar proportion to histidine triggered spontaneous 

supramolecular condensation, rapidly transforming the homogeneous 

precursor solution into a self-supporting CuHG hydrogel without 

requiring external crosslinkers or chemical modification of either 

component (Figure 5.2). This self-assembly process drives the 

hierarchical organization of GMP into an interconnected nanofibrous 

network while simultaneously entrapping and stabilizing the CuH 

complex within the growing scaffold. Stable hydrogel formation was 

observed only at a specific composition of Cu(II), histidine and 5′-GMP. 

In the optimized formulation, Cu(II) and histidine were combined at a 

1:2 molar ratio to form the soluble Cu-His complex, and 5′-GMP was 

then added at a concentration equimolar to histidine. This composition 

appears to be important for establishing the interconnected 

supramolecular network, although additional interactions between 

Cu(II) and GMP may also contribute to the assembly process. 

 

Figure 5.2. Schematic illustration of the spontaneous formation of the CuHG hydrogel 

through CuH complexation and nucleotide-directed self-assembly. Cu2+ ions initially 

coordinate with histidine to form a soluble CuH complex, producing a homogeneous 

deep-blue solution. Subsequent addition of 5′-guanosine monophosphate (5′-GMP) 

triggers spontaneous supramolecular self-assembly through G-quadruplex formation, 

resulting in a self-supporting CuHG hydrogel. 
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5.2.2. Structural and Coordination Environment of the Artificial 

Active Site 

Following the successful formation of the CuHG hydrogel, a 

comprehensive structural and spectroscopic investigation was 

undertaken to elucidate how supramolecular self-assembly influences 

the coordination environment of the CuH catalytic center. Since the 

catalytic efficiency of natural di-copper oxidases arises from the 

intimate interplay between the primary metal coordination sphere and 

the surrounding protein matrix, it was essential to determine whether the 

nucleotide-derived hydrogel merely immobilizes the metal complex or 

actively modulates its local electronic environment. 

To investigate whether the self-assembled 5′-GMP hydrogel 

preserves the coordination environment of the CuH complex upon 

supramolecular confinement, UV-visible absorption spectroscopy was 

performed (Figure 5.3 a). The CuH complex exhibits a characteristic 

broad d-d transition centered at approximately 630 nm, which is typical 

of Cu coordinated by nitrogen donor ligands.[39] Upon increasing the 

concentration of 5′-GMP, the absorption intensity at 630 nm 

progressively increased while the position of the absorption maximum 

remained essentially unchanged (Figure 5.3 b). The preservation of λmax 

indicates that the primary coordination geometry surrounding the copper 

center is retained during hydrogel formation, whereas the systematic 

enhancement in absorbance suggests progressively greater incorporation 

and stabilization of the CuH complex within the growing 

supramolecular network. Notably, the highest absorbance was observed 

at the optimum gelation composition, implying maximal confinement of 

the CuH complex within the hierarchically assembled GMP matrix.[40] 

The absence of any significant spectral shift or band broadening further 

suggests that the hydrogel does not perturb the intrinsic coordination 

environment of the CuH complex but instead provides a structurally 

homogeneous microenvironment. 
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Figure 5.3. UV-visible characterization of the CuHG hydrogel. (a) UV-Vis absorption 

spectra of the CuH complex upon increasing 5′-GMP concentration, showing 

progressive enhancement of the characteristic Cu(II) absorption band at ~630 nm. (b) 

Linear correlation between the absorbance at 630 nm and GMP concentration, 

indicating the preservation and stabilization of the CuH complex within the self-

assembled hydrogel matrix. 

The metal coordination micro-environment of the CuHG 

hydrogel were first examined by X-ray photoelectron spectroscopy 

(XPS). The survey spectra of histidine, the CuH complex, and CuHG 

hydrogel confirmed the successful incorporation of copper into the 

supramolecular matrix while retaining the characteristic C, N, O, and Cu 

signals expected from the constituent biomolecular components (Figure 

5.4 a). The Cu2p spectra provide direct evidence for changes in the 

copper oxidation state upon hydrogel formation (Figure 5.4 b). The 

CuH complex predominantly exhibits the characteristics peaks at 952.47 

eV (Cu+2p1/2) and 932.77 eV (Cu+2p3/2) associated with Cu(I). On the 

other hand, the CuHG hydrogel displays additional contributions with 

peaks at 953.39 eV (Cu2+2p1/2) and 934.16 eV (Cu2+2p1/2) corresponding 

to Cu(II), along with peaks at 951.96 eV (Cu+2p1/2) and 934.16 eV 

(Cu+2p3/2), demonstrating the coexistence of both oxidation states within 

the supramolecular network.[41-43] The stabilization of mixed 

Cu(I)/Cu(II) species is particularly significant because catalytic 

oxidation by catechol oxidase proceeds through continuous redox 

cycling between these oxidation states during oxygen activation and 

substrate oxidation. The ability of the hydrogel to stabilize both copper 

oxidation states therefore indicates that the nucleotide matrix actively 
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regulates the electronic structure of the catalytic center rather than acting 

as a passive support. 

To gain further insight into the coordination environment 

surrounding the catalytic center, high-resolution N1s spectra were 

analyzed (Figure 5.4 c). Free histidine exhibits two characteristic 

nitrogen environments corresponding to the imidazole nitrogen (Nπ) and 

amino/imidazole nitrogen (NH/Nτ). Upon coordination with Cu(II), the 

relative intensities and binding energies of these components change, 

confirming the participation of histidine nitrogen atoms in metal 

coordination. Interestingly, after incorporation into the CuHG hydrogel, 

the N1s spectrum undergoes a further mild shift toward lower binding 

energies accompanied by subtle changes in peak intensity, indicating 

that the surrounding nucleotide network modifies the electronic 

environment of the coordinated histidine ligands.[44] These 

observations indicate that incorporating the Cu-His complex into the 

GMP hydrogel alters the local electronic environment of the coordinated 

histidine ligands. This is consistent with additional interactions between 

the Cu-His complex and the surrounding nucleotide-rich scaffold, which 

may help stabilize the catalytic center. XPS alone cannot establish the 

structural organization of a secondary coordination sphere, but the 

observed changes in chemical state support an altered coordination 

microenvironment within the hydrogel. X-ray absorption spectroscopy 

(XAS) will be needed to determine this environment precisely. [44,49, 

50] 
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Figure 5.4. (a) XPS survey spectra of histidine, the CuH complex, and the CuHG 

hydrogel confirming the incorporation of copper into the supramolecular matrix. (b) 

High-resolution Cu2p spectra revealing the coexistence of Cu(I) and Cu(II) species in 

the CuHG hydrogel, indicative of a redox-active catalytic center stabilized by the self-

assembled GMP scaffold. (c) High-resolution N1s spectra showing modulation of the 

histidine nitrogen coordination environment upon Cu complexation and hydrogel 

formation.  

Thermogravimetric analysis (TGA) further revealed that 

incorporation of the CuH complex into the GMP network enhances the 

thermal robustness of the catalyst (Figure 5.5 a). Compared with the 

free CuH complex, the CuHG hydrogel exhibits delayed thermal 

degradation and higher residual mass, reflecting stronger intermolecular 

interactions and improved structural integrity arising from the 

hierarchical supramolecular network. This enhanced thermal stability 

demonstrates that the self-assembled fibrillar scaffold effectively 

protects the catalytic center under elevated temperatures, a characteristic 

frequently associated with robust enzyme mimics. 
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Figure 5.5. (a) TGA graphs and (b) Cyclic Voltammogram of CuH complex and CuHG 

hydrogel respectively.  

Electrochemical characterization by cyclic voltammetry (CV) 

provides additional evidence that supramolecular confinement alters the 

redox behavior of the copper center (Figure 5.5 b). Whereas the CuH 

complex displays relatively high electrochemical responses, the CuHG 

hydrogel exhibits a significantly more pronounced and quasi-reversible 

Cu(II)/Cu(I) redox couple with enhanced peak currents and reduced 

polarization. These observations indicate that incorporation of the Cu-

His complex into the GMP hydrogel modifies its electrochemical 

response and redox behavior. The enhanced peak currents and changes 

in the voltametric profile suggest altered accessibility and 

electrochemical behavior of the copper centers within the 

supramolecular matrix. However, further quantitative analysis of scan-

rate-dependent peak separation and electron-transfer kinetics would be 

required to establish whether the hydrogel directly facilitates faster 

heterogeneous electron transfer. 

Collectively, these results demonstrate that the self-assembled 

5′-GMP network not only preserves the structural integrity of the CuH 

complex but also provides a confined, protein-like coordination 

environment that enhances its stability and electronic organization. Such 

supramolecular confinement establishes the structural foundation for 

efficient Cu(I)/Cu(II) redox cycling and the enzyme-like catalytic 

behavior of the CuHG hydrogel. 
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Following the formation of the Cu-His complex, the addition of 

5′-GMP may introduce additional interactions between the nucleotide 

and the copper-containing coordination complex. Although the 

spectroscopic observations support the retention of the histidine-

associated copper environment after hydrogel formation, possible 

coordination or electrostatic interactions between GMP and Cu(II) 

cannot be ruled out. Therefore, the CuHG system is considered a 

supramolecular assembly in which the Cu-His complex is incorporated 

into a GMP-rich network, potentially accompanied by additional 

interactions between the nucleotide scaffold and the metal center. 

5.2.3. Hierarchical Organization of the Hydrogel Scaffold 

 To visualize the intrinsic architecture of the CuHG hydrogel, the 

sample was diluted 100-fold prior to FE-SEM analysis, enabling clear 

observation of the self-assembled network. The micrographs reveal a 

highly interconnected nanofibrillar morphology composed of uniformly 

distributed, branched fibers, indicative of hierarchical supramolecular 

organization (Figure 5.6 a). EDX analysis confirms the presence of C, 

N, O, P, and Cu, verifying the successful incorporation of the CuH 

complex within the GMP scaffold (Figure 5.6 b). Furthermore, the 

fibrils exhibit a narrow diameter distribution with an average diameter 

of 225.14 ± 49.9 nm, demonstrating controlled self-assembly (Figure 

5.6 c). This well-defined nanofibrous architecture provides the structural 

framework necessary to spatially confine the catalytic centers and mimic 

the protein scaffold of natural metalloenzymes. 
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Figure 5.6. Hierarchical organization of the CuHG hydrogel scaffold. (a) FE-SEM 

image of the 100-fold diluted CuHG hydrogel showing an interconnected nanofibrillar 

network. (b) EDX spectrum confirming the elemental composition (C, N, O, P, and Cu) 

of the hydrogel scaffold. (c) Diameter distribution of the nanofibers, revealing a 

uniform fibrillar architecture with an average fiber diameter of 225.14 ± 49.9 nm, 

indicative of controlled supramolecular self-assembly. 

 To investigate the supramolecular organization of the nucleotide 

scaffold, the secondary structure of the CuHG hydrogel was examined 

by circular dichroism (CD) spectroscopy. Since the intrinsic chirality of 

L-histidine contributes significantly to the CD signal, an equimolar 

mixture of D- and L-histidine was employed during these measurements 

to eliminate the chiral contribution of the amino acid and selectively 

probe the structural organization of the GMP network. As shown in 

Figure 5.7 a, pristine GMP exhibited only weak ellipticity, whereas the 

CuHG hydrogel displayed a characteristic negative Cotton effect 

centered at ~250 nm, which is a well-established spectroscopic signature 

of G-quartet/G-quadruplex assemblies.[45,46] The formation of G-

quadruplex domains was further corroborated using the Thioflavin T 

(ThT) fluorescence assay. While free ThT exhibited negligible 

fluorescence, the CuHG hydrogel produced a substantial enhancement 

in fluorescence intensity, indicating efficient binding of ThT to the 

ordered G-quartet structures present within the hydrogel network 

(Figure 5.7 b). Quantitative analysis of the fluorescence enhancement, 
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expressed as the FL/FL0 ratio, revealed values that fall well within the 

range reported for established G-quadruplex-based supramolecular 

assemblies, providing further evidence for the successful formation of a 

G-quadruplex-rich scaffold (Figure 5.7 c).[47,48] 

 

Figure 5.7. Structural characterization of the G-quadruplex framework in the CuHG 

hydrogel. (a) Circular dichroism (CD) spectra of histidine, 5′-GMP, and the CuHG 

hydrogel, showing the characteristic negative ellipticity at ~250 nm indicative of G-

quadruplex formation. (b) Thioflavin T (ThT) fluorescence spectra demonstrating 

selective binding of ThT to the G-quadruplex-rich CuHG hydrogel. (c) Relative 

fluorescence enhancement (FL/FL0) of ThT in the CuHG hydrogel compared with 

reported G-quadruplex assemblies, confirming the formation of an ordered G-

quadruplex secondary structure within the supramolecular scaffold. 

 Given the strong pH dependence of 5′-GMP self-assembly, we 

hypothesized that CuHG hydrogel formation is primarily governed by 

pH modulation induced by Copper-Histidine complexation. While free 

histidine exhibits a basic aqueous pH (~8.1) and is unable to initiate the 

self-assembly of 5′-GMP, coordination with Cu2+ markedly lowers the 

solution pH to approximately 3.75 owing to metal binding through the 

imidazole and amino functionalities. Notably, this pH lies within the 

optimal mildly acidic range (pH ~3.5-4.5) reported for efficient G-

quadruplex formation.[34] The acidic environment reduces electrostatic 

repulsion between the negatively charged phosphate groups of GMP, 

thereby facilitating intermolecular association through Hoogsteen 

hydrogen bonding and π-π stacking. This cooperative assembly 

promotes the formation of planar G-quartets, which subsequently stack 

into columnar G-quadruplex structures and further organize into an 

interconnected nanofibrillar network. Thus, the CuH complex performs 

a dual role by serving as the catalytic precursor while simultaneously 
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directing the hierarchical self-assembly of GMP into a G-quadruplex-

rich secondary structure that spatially confines and stabilizes the 

catalytic center within a protein-like supramolecular scaffold. 

5.2.4. Mechanical Properties of the CuHG hydrogel 

 To investigate the mechanical behavior of the CuHG hydrogel, 

oscillatory rheological measurements were performed. The amplitude 

sweep revealed a well-defined linear viscoelastic region (0.1-216% 

strain), where the storage modulus (G′) remained significantly higher 

than the loss modulus (G′′), confirming the predominance of elastic 

behavior and the formation of a mechanically stable nanofibrillar 

network (Figure 5.8 a). Beyond the yield strain (~300%), the crossover 

of G′ and G′′ indicated disruption of the supramolecular network. 

Similarly, the frequency sweep demonstrated the consistent dominance 

of G′ over G′′ across the investigated frequency range (0.1-100 rad s-1), 

indicating that the hydrogel retains its structural integrity under dynamic 

mechanical deformation (Figure 5.8 b). 

The dynamic nature of the CuHG network was further evaluated 

by alternating low (1%) and high (1000%) strain cycles. Under high 

strain, the hydrogel underwent reversible network disruption, whereas 

restoring the strain to 1% resulted in rapid recovery of the storage 

modulus over five consecutive cycles, demonstrating excellent 

thixotropic behavior and injectability (Figure 5.8 c). Consistent with 

these findings, the hydrogel exhibited rapid gel-sol-gel transitions and 

efficient self-healing (Figure 5.8 d), confirming that the nanofibrillar 

scaffold is stabilized by reversible non-covalent interactions. Such 

dynamic mechanical adaptability closely resembles the behavior of 

natural protein scaffolds, enabling the CuHG hydrogel to maintain a 

stable catalytic microenvironment while undergoing reversible 

structural rearrangements. 
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Figure 5.8. Rheological characterization of the CuHG hydrogel. (a) Dynamic strain 

sweep, (b) frequency sweep at 1% strain, (c) thixotropic loop measurements at an 

angular frequency of 10 rad s-1, and (d) time-dependent oscillatory rheology 

demonstrating reversible gel-sol-gel transition and rapid self-recovery of the CuHG 

hydrogel under alternating low (1%) and high (1000%) strain. 

5.2.5. Catechol Oxidase-Like Catalytic Activity 

Having established that the CuHG hydrogel recreates a 

hierarchically organized G-quadruplex nanofibrillar scaffold capable of 

stabilizing the CuH active site within a protein-like secondary 

coordination environment, we next investigated whether this biomimetic 

architecture could reproduce the catalytic function of natural catechol 

oxidase. In native catechol oxidases, a dicopper center embedded within 

a dynamic protein matrix cooperatively activates molecular oxygen and 

selectively oxidizes catechols to o-quinones, with the protein scaffold 

critically regulating substrate accessibility, intermediate stabilization, 

and electron transfer. Inspired by this structural-functional synergy, the 

CuHG hydrogel was designed such that the CuH complex mimics the 

catalytic copper center, while the self-assembled G-quadruplex-rich 

GMP network serves as a protein surrogate, generating a confined 
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microenvironment analogous to the enzyme's secondary coordination 

sphere. The oxidation of 3,5-di-tert-butylcatechol (DTBC) to 3,5-di-tert-

butyl-o-benzoquinone (DTBQ) was employed as the benchmark 

reaction to evaluate this catalytic mimicry (Figure 5.9 a).[43,49] 

Upon incubation with the hydrogel, a time-dependent increase in 

the characteristic DTBQ absorption band at ~405 nm confirmed 

continuous DTBC oxidation (Figure 5.9 b). To verify oxidase-type 

reactivity, controlled experiments under aerobic and anaerobic (N2) 

conditions were performed with all other parameters held constant. 

Negligible product formation was observed under N2 after 30 minutes, 

confirming strict O2 dependence consistent with the mechanism of 

native catechol oxidases (Figure 5.9 c). Comparative evaluation of all 

precursor components and the free CuH complex revealed negligible 

catalytic velocities relative to the intact CuHG hydrogel, demonstrating 

that supramolecular confinement within the GMP nanofibrillar scaffold 

is essential for efficient substrate oxidation (Figure 5.9 d). 

 

Figure 5.9. Catechol oxidase-like catalytic activity of the CuHG hydrogel. (a) 

Schematic representation of the CuHG hydrogel-catalyzed oxidation of 3,5-di-tert-
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butylcatechol (DTBC) to 3,5-di-tert-butyl-o-benzoquinone (DTBQ) using molecular 

oxygen. (b) Time-dependent UV-vis spectra showing DTBQ formation. (c) Control 

experiments demonstrating the catalytic activity of the CuHG hydrogel in presence of 

O2. (d) Relative catalytic activity of CuHG compared with the pristine components 

including CuH complex. (e) Michaelis-Menten kinetics and (f) corresponding 

Lineweaver-Burk plot for DTBC oxidation. (g) Catalytic activity of the CuHG hydrogel 

over a wide range of temperature. 

Catalytic efficiency was quantitatively assessed via Michaelis-

Menten kinetics by varying DTBC concentration. The system exhibited 

characteristic enzyme-like saturation behavior, and kinetic parameters 

were extracted from the corresponding Lineweaver-Burk plot (Figure 

5.9 e, f). A low KM of 1.25 mM indicates high substrate affinity, while a 

Vmax of 4.66 × 10-4 mMs-1 reflects robust catalytic turnover. The hydrogel 

further retained activity across a broad temperature range (15-60 °C) 

with minimal performance loss, underscoring the structural integrity of 

the confined active sites (Figure 5.9 g). Collectively, these results 

demonstrate that the G-quadruplex scaffold not only stabilizes the 

dicopper-inspired active center but also furnishes a protein-like 

microenvironment that facilitates efficient oxygen activation and 

substrate oxidation, faithfully reproducing the key functional hallmarks 

of natural catechol oxidase. 

5.2.6. Mechanistic Role of Supramolecular Confinement: 

Stabilizing the Active Site 

  To gain mechanistic insight into the origin of the enhanced 

catechol oxidase-like activity, in situ electrospray ionization mass 

spectrometry (ESI-MS) was performed under catalytic conditions in the 

presence of molecular oxygen to probe the nature of the active catalytic 

species. As shown in Figure 5.10, the CuH complex alone 

predominantly exhibited a signal corresponding to a (Cu-His)2 dimer, 

indicating that although the dicopper complex is formed, it lacks further 

activation by molecular oxygen. In contrast, the CuHG hydrogel 

displayed a distinct oxygen-containing dicopper species, corresponding 

to a bridging oxygen-bound Cu-His dimer, closely resembling the 
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oxygen-bridged active center reported for natural catechol oxidase. The 

emergence of this oxygen-bridged intermediate provides direct 

experimental evidence that the supramolecular hydrogel promotes the 

formation and stabilization of the catalytically active dicopper species 

during the oxidation reaction. 

The formation of this oxygen-bridged intermediate highlights 

the crucial role of supramolecular confinement provided by the 

hierarchically assembled GMP nanofibrillar scaffold. Beyond simply 

immobilizing the CuH complex, the G-quadruplex network creates a 

confined catalytic microenvironment that spatially organizes the 

dicopper centers, facilitates oxygen binding between the two copper 

ions, and stabilizes the reactive oxygen-bridged intermediate through 

secondary coordination sphere interactions. Such stabilization closely 

parallels the structural role of the protein matrix in natural catechol 

oxidase, where the surrounding residues precisely orient the dicopper 

center and promote efficient oxygen activation and electron transfer. 

Consequently, the CuHG hydrogel exhibits significantly enhanced 

catalytic efficiency compared with the free CuH complex, 

demonstrating that the improved enzyme-like activity originates not 

only from the presence of the Copper-Histidine active site but also from 

its stabilization within the nucleotide-derived supramolecular scaffold. 

These findings provide direct mechanistic evidence that the G-

quadruplex hydrogel functions as a biomimetic protein matrix, 

recreating the structural environment necessary to stabilize the 

catalytically competent oxygen-bridged dicopper intermediate 

responsible for efficient catechol oxidation. 
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Figure 5.10. Mechanistic role of supramolecular confinement in stabilizing the 

catalytically active dicopper intermediate. Comparison of the in-situ ESI-MS spectra 

of the free CuH complex and the CuHG hydrogel under aerobic catalytic conditions. 

The free CuH complex predominantly exhibits a (Cu-His)2 dimer, whereas the CuHG 

hydrogel stabilizes an oxygen-bridged dicopper intermediate, closely resembling the 

active site of natural catechol oxidase. 

5.3. Conclusion and Future Scope 

This chapter demonstrates a minimalist biomimetic strategy for 

constructing a protein-free artificial metalloenzyme through the 

spontaneous self-assembly of a Copper-Histidine (CuH) complex within 

a 5′-GMP-derived G-quadruplex hydrogel. The hierarchically organized 

nanofibrillar scaffold successfully recreates the structural and functional 

attributes of natural catechol oxidase by providing a dynamic secondary 

coordination environment that stabilizes the dicopper catalytic center. 

Structural, spectroscopic, electrochemical, and rheological 

investigations confirmed the formation of a robust G-quadruplex 

framework, stabilization of mixed Cu(I)/Cu(II) oxidation states, 

excellent mechanical resilience, and efficient self-recovery. The CuHG 

hydrogel exhibited oxygen-dependent catechol oxidase-like activity 

with high substrate affinity, broad thermal stability, and enzyme-like 

catalytic kinetics. Furthermore, in situ ESI-MS revealed the formation 

of an oxygen-bridged dicopper intermediate within the hydrogel, 
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providing direct mechanistic evidence that supramolecular confinement 

stabilizes the catalytically active species responsible for enhanced 

catalytic performance. 

Although these findings establish the CuHG hydrogel as a 

promising biomimetic catalytic platform, a comprehensive 

understanding of the relationship between the supramolecular scaffold, 

the coordination environment, and catalytic activity remains to be 

established. Ongoing investigations employing advanced structural 

characterization techniques, including X-ray absorption spectroscopy 

(EXAFS), electron paramagnetic resonance (EPR) spectroscopy, and 

molecular dynamics (MD) simulations, will provide atomic-level insight 

into the coordination geometry, electronic structure, and dynamic 

stabilization of the Cu active site within the G-quadruplex scaffold. 

These studies will establish a detailed structure–activity relationship, 

enabling a deeper mechanistic understanding of how supramolecular 

confinement governs the stability, redox behavior, and catalytic 

efficiency of the artificial metalloenzyme. 

5.4. Experimental Section 

5.4.1. Synthesis of CuHG hydrogel 

A homogeneous, transparent solution was first prepared by 

dissolving 100 mM Copper(II) sulfate pentahydrate and 200 mM L-

histidine in deionized water. The mixture was mildly heated to 45℃ for 

5 minutes, followed by the addition of 200 mM GMPNa2 under 

continuous stirring, yielding another homogeneous, transparent 

solution. The resulting solution was kept undisturbed for 5-10 minutes, 

leading to the formation of a dark blue colored transparent hydrogel. 

This hydrogel was stable and rigid, forming reproducibly within a 

defined pH range. Subsequently, the hydrogel was freeze-dried to obtain 

a xerogel suitable for solid-state characterization and catalytic studies. 

For dilute-phase spectroscopic and microscopic analyses, the hydrogel 

was dispersed in deionized water and incubated to achieve equilibrium 

swelling. 
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5.4.2. Characterizations 

5.4.2.1. Microscopic Characterizations 

For microscopic imaging, the prepared hydrogels were diluted 100-fold 

and subsequently drop-cast onto thoroughly cleaned glass slides, then 

allowed to partially dry at 25 °C prior to imaging. Field emission 

scanning electron microscopy (FE-SEM) was performed using a Carl 

Zeiss Supra 55 instruments. Fibrillar morphology, including fiber 

diameter and length distributions, was quantified from the acquired FE-

SEM micrographs using ImageJ software.  

5.4.2.2. Spectroscopic Characterization 

Spectroscopic characterizations were performed as follows. UV-visible 

absorption spectra were recorded on a Varian Cary 100 Bio 

spectrophotometer using samples diluted 100-fold with Milli-Q water. 

Circular dichroism (CD) spectra were acquired using a JASCO J-815 

spectropolarimeter with a 10 mm path-length quartz cuvette at a scan 

rate of 50 nm min-1; baseline correction was performed using Milli-Q 

water as reference. Steady-state fluorescence spectra were recorded on 

a Horiba Jobin Yvon FluoroMax-4P spectrofluorometer. For the 

Thioflavin T (ThT) fluorescence assay, ThT dye was added to the 

hydrogel samples at an appropriate concentration and allowed to 

incubate for a defined period to facilitate dye integration into the fibrillar 

network, resulting in characteristic fluorescence enhancement. 

5.4.2.3. pH Measurement 

pH measurements of the diluted (10-times) metal complex solutions and 

hydrogels were carried out using a LABMAN LMPH10 pH meter 

calibrated with standard buffers. 

5.4.2.4. Rheological Measurements 

Rheological properties of the hydrogels were measured using an Anton 

Paar Physica MCR 301 rheometer. Dynamic strain (amplitude) sweep 

experiments were conducted at a constant angular frequency of 10 rad.s-

1, while frequency sweep measurements were performed over a range of 

angular frequencies at a fixed strain of 1%, within the linear viscoelastic 
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region. All measurements were carried out at 25 °C using appropriate 

plate geometry. 

5.4.2.5. Enzyme Kinetics and Catalytic Assays 

Enzymatic kinetics and biocatalytic assays were monitored by recording 

time-dependent absorbance changes using a Varian Cary 100 Bio UV-

visible spectrophotometer with a quartz cuvette (10 mm path length). 

Initial reaction velocities were determined from the linear portion of the 

absorbance versus time profiles, and the Michaelis-Menten kinetic 

parameters (KM and Vmax) were derived by fitting the data to the 

Michaelis-Menten equation. To elucidate the mechanistic basis of the 

active catalytic center, reaction intermediates and products were 

identified using liquid chromatography-mass spectrometry (LC-MS) on 

a Waters ACQUITY H-Class Plus UPLC system coupled to a Xevo G3 

QTOF mass spectrometer. Samples were directly collected from the 

enzymatic reaction mixture under catalytic conditions and analyzed 

without further purification to capture transient intermediates. 

5.4.3. Enzyme Kinetics 

Catechol oxidase-like activity was evaluated using diluted 

hydrogel samples to ensure efficient substrate diffusion and accessibility 

to the active sites. Kinetic measurements were performed in HEPES 

buffer (10 mM, pH 6.8) with a total reaction volume of 3 mL, containing 

1.5 mg of dried hydrogel (0.5 mg mL-1) and varying concentrations of 

3,5-di-tert-butylcatechol (DTBC). The reaction was initiated by the 

addition of DTBC followed by thorough mixing, and the oxidation of 

DTBC to 3,5-di-tert-butylquinone (DTBQ) was monitored by recording 

time-dependent absorbance at 405 nm over a 10 min incubation period 

at room temperature (25 °C). Initial reaction velocities were extracted 

from the linear region of the absorbance versus time profiles. 

Steady-state kinetic parameters were determined by varying the 

DTBC concentration over the range of 0.1-3 mM while maintaining a 

constant hydrogel content (0.5 mg mL-1). The Michaelis constant (KM) 

and maximum reaction velocity (Vmax) were obtained by fitting the data 
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to the Lineweaver-Burk double-reciprocal form of the Michaelis-

Menten equation: 

1

𝑉
=

𝐾𝑀

𝑉𝑚𝑎𝑥[𝑆]
+

1

𝑉𝑚𝑎𝑥
 

where V is the initial reaction velocity, [S] is the substrate concentration, 

KM is the Michaelis constant, and Vmax is the maximum reaction velocity. 
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Chapter 6 

6. Supramolecular Self-Assembly of 

Polyaniline Embedded Enzyme 

Mimicking GMP-Condensate Hydrogel 

for Electrochromic Energy Storage 

Applications 

6.1. Introduction 

Hydrogels are three-dimensional, solid-like networks formed 

through the entanglement of supramolecular or polymeric micro- and 

nanostructures, and their soft, water-rich, tissue-like nature positions 

them as a natural interfacing material for merging human and machine 

systems.[1-3] By closely mimicking the mechanical and biochemical 

properties of the extracellular matrix, hydrogels offer the 

biocompatibility needed to establish stable, conformal contact with 

biological tissue, making them well-suited for human-machine 

interfaces and a range of biomedical applications.[2] Conductive 

hydrogels, in particular, hold great potential for flexible electronics with 

shape-morphing capabilities, making them suitable for applications like 

artificial muscles, epidermal sensors, and implantable devices.[4,5] 

These hydrogels exhibit a solid-liquid interface, high processability, and 

tissue-like properties, positioning them as promising materials for 

human-machine interfaces.[6-9] Hydrogels made from conducting 

polymers combine the high conductivity of these polymers with the 

excellent flexibility of hydrogels.[10] Conducting polymers (CPs) offer 

remarkable electrical conductivity, responsiveness to stimuli, and 

biomolecule functionalization, enabling diverse biomedical applications 

such as biosensors, drug delivery systems, and tissue engineering 

scaffolds.[11,12] However, their low mechanical stiffness limits their 
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practicality in standalone applications. To overcome this challenge, 

combining CPs with hydrogels results in conducting polymer hydrogels 

(CPHs), which are three-dimensional electrically conductive materials 

with enhanced mechanical properties. These CPHs are ideal for 

bioelectronics, biosensors, and cell-responsive medical devices.[13-15]  

Unlike covalently cross-linked polymeric hydrogels, 

supramolecular hydrogels are free from cytotoxic reagents such as 

initiators, catalysts, or oxidants, making them ideal for tissue 

regeneration and engineering applications.[16-18] Among naturally 

occurring gelators, low molecular weight compounds like short 

peptides, carbohydrates, and nucleic acid fragments stand out due to 

their inherent biocompatibility.[19-21] Nucleic acid building blocks, are 

particularly promising as supramolecular gelators as they leverage 

reversible noncovalent interactions such as hydrogen bonding and π-π 

stacking, which are fundamental to DNA and RNA assembly.[22] By 

mimicking these natural structural principles, researchers can design 

biocompatible molecular gels tailored for biomedical 

applications.[23,24]  

Conventional conductive polymer hydrogels (CPHs) for 

biomedical and flexible energy storage use insulating polymer matrices, 

forming interpenetrating networks (IPNs) that reduce conductivity and 

electrochemical performance.[25,26] Additionally, they often lack 

adequate mechanical strength for culturing soft tissues, self-healing 

capabilities, and sufficient biocompatibility. As a result, their potential 

as functional biomaterials remain constrained. To seamlessly integrate 

electronics with biological systems, electronic components must closely 

interface with internal structures of biomaterials.[10,27,28] 

Nucleotides’ natural capacity for supramolecular assembly allows them 

to form cohesive nano-fibrillar networks.[29,30] Yet to the best of our 

knowledge, no studies have reported their inherent enzyme mimetic 

properties. By harnessing these self-assembled nucleotide 

superstructures’ intrinsic enzyme-like catalytic properties, they can 
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serve as confined matrices for in-situ conductive polymer growth, 

creating functional biomaterials that bridge biomolecular self-assembly 

and bioelectronic interfaces.[4,10]  

Herein, we developed a guanosine monophosphate (GMP) 

hydrogel condensate self-assembled via camphorsulfonic acid (CSA) 

induction, which exhibited intrinsic metal-free peroxidase-like activity. 

The CSA triggered GMP to form G-duplex motifs, which stacked into 

G-wire nanoarchitectures, creating a fibrillar superstructure. This 

enzymatic matrix enabled in-situ polymerization of polyaniline (PANI) 

nanofibers along the G-wires, yielding a conductive hydrogel through 

extensive fibrillation. The resulting CSA-GMP hydrogel demonstrated 

stimuli-responsive reconfiguration, achieving a biomolecular interface 

“all-solid-state supercapacitor” with high energy storage and 

electrochromic capabilities (Scheme 6.1). To our knowledge, this was 

the first supramolecular biomolecule-based hydrogel supercapacitor. 

The system integrated conductivity with biocompatibility and tunable 

mechanics, including self-healing, shape selectivity, and printability, for 

applications in soft robotics and biomedical devices. 

 

Figure 6.1. Schematic illustration of the enzymatic GMP molecular hydrogel, which 

undergoes in situ polymerization of aniline to form a polyaniline-embedded CSA-GMP 

nanofibrous hydrogel (PCGH) scaffold, used for the fabrication of an electrochromic 

supercapacitor device.  
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6.2. Results and Discussions 

6.2.1. Organic Acid induced Self-Assembly of 5′-GMP 

Guanosine monophosphate (GMP), a key nucleotide component 

of DNA secondary structures, can self-assemble via Hoogsteen 

hydrogen bonding to form various non-covalent superstructures, 

including G-monomer aggregates, G-dimers, and G-quadruplexes.[31-

33] GMP-based macrocycles are stabilized by self-complementary 

hydrogen bonds and rely on ion-dipole interactions, dispersion forces, 

and interlayer hydrogen bonding to create columnar superstructures.[34-

36] This self-association is enhanced in mildly acidic aqueous 

environments, where acidic groups and hydration water molecules 

promote GMP self-assembly.[37-40] Water-soluble organic acids, due 

to their mild acidity and ability to form hydrogen bonds, can induce 

GMP condensation. Herein, we report the development of a 

camphorsulfonic acid (CSA)-induced fibrillar GMP assembly under 

aqueous physiological conditions (Figure 6.2 a). A simple mixing of 1 

mM CSA and 1.2 mM GMP resulted in transparent fibrillar 

assemblies.[31] Scanning electron microscopy confirmed the formation 

of homogeneous fibrils with an average diameter of 34 ± 5 nm (Figure 

6.2 b). 

 

Figure 6.2. (a) Schematic of CSA and GMP condensation and formation of G-dimers. 

(b) Scanning electron microscopic image and their respective height distribution graph 
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showing the average diameter of the CSA-GMP fibers. (c) The UV-visible absorbance 

spectrum of CSA and GMP at varying molar ratio of same concentration (1 × 10-5 M) 

to observe the hypochromicity of the absorbance peak of GMP at 252 nm due to 

addition of CSA fraction, inset showing corresponding Job’s plot obtained at 252 nm 

wavelength of maximum absorption which shows the self-assembly molar ratio is 1:1. 

To elucidate the formation mechanism and structure of the acid-

induced nucleotide self-assembly, we performed various spectroscopic 

characterizations. UV-visible spectrophotometry revealed 

hypochromicity at 252 nm, along with a shoulder at 270 nm, upon 

addition of CSA to GMP (Figure 6.2 c), indicating the formation of an 

ordered supramolecular assembly at 1:1 stoichiometry (Figure 6.2 c 

(inset), Job's plot). The formation of stacked G-self-association was 

quantitatively evaluated using a Thioflavin T (ThT) assay. The 

fluorogenic dye ThT is stabilized in a rigid, planar structure through end 

stacking, groove binding, or intercalation due to the non-covalent 

interactions between ThT and the GMP channel. This stabilization 

significantly reduces ThT's typical nonradiative torsional relaxation and 

enhances fluorescence by several folds.[41,42] This enhanced 

fluorescence observed for the CSA-GMP assembly relative to ThT 

(FL/FL0) is consistent with the formation of previously reported GMP-

stacking DNA structures[41] (Figure 6.3 a), where ThT intercalation 

stabilizes the GMP stacked moiety. Furthermore, zeta potential analysis 

revealed a significant decrease in surface charge as GMP concentration 

increased (at constant CSA concentration of 100 μM), reaching a 

minimum at 150 μM GMP (Figure 6.3 b). This suggested the interaction 

of the sulfonated groups of CSA with the phosphate functionalities of 

the self-assembled GMP fibers, facilitating supramolecular fibrillar 

network formation. A concentration-dependent pH titration was 

performed with varying GMP concentrations. The pH of CSA alone was 

measured at 1.37. Upon the addition of GMP, the pH increased linearly 

from 2.25 to 3.96 (Figure 6.3 c). This indicates that the acidic nature of 

CSA promotes the self-assembly of GMP, resulting in a mildly acidic 

pH of approximately 4 at optimal condensation. These findings also 

suggest proton exchange between the precursors, as the pH of CSA rises 
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from 1.37 to 4, while the pH of monomeric GMP decreases from 6.2 to 

4 during condensation. 

 

Figure 6.3. (a) FL-spectrum of the ThT assay, (b) zeta-potential analysis, (c) 

Concentration dependent pH titration of the CSA-GMP assembly. (d) CD spectrum of 

GMP (150 μM), CSA (100 μM) and CSA-GMP assembly showing the characteristics 

peak region (e) 1H-NMR spectrum showing the formation of G-dimers (inset: 

structural representation of G-dimer). (f) H8 region of a 1H 2D DOSY NMR spectrum 

of the CSA-GMP assembly in D2O at 298 K. 

The circular dichroism (CD) spectrum of the CSA-GMP 

assembly exhibits characteristic peaks indicative of associative GMP 

self-assembly. While the overall intensity remains similar to that of 

monomeric GMP, the single negative Cotton band observed at 243 nm 

in the monomeric form splits into two distinct negative Cotton bands 

with maxima at 240 nm and 265 nm in the assembly (Figure 6.3 d). To 
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validate this peak splitting, a systematic analysis was performed by 

varying GMP concentrations while maintaining constant CSA 

concentration. This approach revealed a pronounced evolution of the 

two peaks in the same spectral regions. The resonance of CSA-GMP 

assembly displays three negative Cotton bands at approximately 240 

nm, 265 nm, and 310 nm, respectively. This spectral pattern suggests the 

formation of an associative structure dissimilar to the conventional G-

quadruplex. The formation of an exchangeable cation-stabilized, 

hydrogen-bonded stacked G-dimer can be expected as supported by 

previous systematic studies.[43] To further validate the molecular 

interactions during self-assembly, individual 1H NMR spectra of GMP, 

CSA, and the CSA-GMP assembly were acquired and analyzed for 

structure-to-spectrum correlations. The 1H-NMR analysis of the CSA-

GMP assembly (1 mM CSA, 1.5 mM GMP) exhibited a resonance at 

8.10 ppm, corresponding to the H8 proton of guanine, showing a 

downfield shift from the 8.18 ppm signal observed in monomeric GMP, 

confirming the formation of G-dimeric aggregates (Figure 6.3 e). Minor 

peaks corresponding to G-monomers were detected, with no evidence of 

G-quadruplex formation. CSA resonances showed minor shifts of 0.5-

0.8 ppm, indicating non-covalent interactions, while the lack of 

significant peak shifts suggests no covalent bonding during 

condensation. Broadening of the bridging methyl and methyl hydrogel 

signals near the sulfonyl group was observed, likely due to molecular 

crowding and self-assembly. For GMP, no significant chemical shift 

changes were observed in the sugar moiety, but the methyl group near 

the phosphate showed a 0.1 ppm shift, reflecting changes in the 

phosphate’s electrostatic environment.[44] Diffusion-ordered 

spectroscopy (DOSY) NMR confirmed the presence of aggregates with 

a translational diffusion coefficient of 2.60064 x 10-6 m2s-1, indicating 

the formation of 5'-GMP dimers as basic building blocks (Figure 6.3 

f).[45]  

Kinetic morphological evaluation, using ThT assay to quantify 

π-π stacking, revealed a concentration-dependent fibril formation 
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mechanism (Figure 6.4).[31,46] At a low GMP concentration (30 μM), 

small aggregates with an average diameter of 1 μm were formed. These 

aggregates interconnected to create larger assemblies with an average 

size of 5-10 μm at GMP concentration of 50 μm. When the GMP 

concentration was increased to 70 μM, the onset of fibrillation began, 

producing short rod-like morphologies. At 90 μM GMP, these structures 

progressively assembled into organized flower-like arrays. At the 

optimal concentration of 120 μM, a rigid fibrillar network was formed, 

exhibiting maximum green emission, suggesting extensive π-π stacking. 

 

Figure 6.4. Kinetic morphological evolution of CSA-GMP condensation: Confocal 

fluorescence images of the progression of green fluorescence along with the fibrillation 

with the increase in GMP concentration (scale bar: 5 μm). 

The spectroscopic and kinetic morphological data collectively 

support a model wherein the condensation of GMP molecules is 

governed by non-covalent interactions, resulting in a CSA-induced, 

stacked dimeric self-assembly. The pronounced acidity of the assembly 

(with pH values ranging from approximately 2.2 to 4) facilitates the 

protonation of the phosphate groups on GMP. This protonation event 

enables the establishment of hydrogen-bonding interactions between 

CSA and GMP molecules, as well as Na+-ion binding (as the precursor 

is the disodium salt of GMP) within the dimeric stacks.[47] These 

findings are further corroborated by the observed linear reduction in 

surface charge of monomeric GMPs upon their condensation into 

stacked dimeric assemblies. In addition to hydrogen bonding, π-π 

stacking interactions between guanine dimers drive the formation of a 

fibrillar network, as confirmed by both ThT assays and kinetic 
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morphological analyses. Unlike conventional biomolecular stacking, the 

self-assembly of monomeric 5′-GMP is not predominantly dictated by 

hydrophobic interactions. Instead, the process is enthalpy-driven, with 

cation binding, hydrogen bonding, and π-π interactions playing pivotal 

roles.[48] Notably, in this acid-induced GMP self-assembly, hydration 

water significantly influences the thermodynamics of self-association, 

mediating a delicate balance among hydrophilic solvation, local 

confinement, and solute-solute interactions between CSA and GMP.[37]  

At higher concentrations, CSA and GMP molecules self-

assemble to form a dense fibrillar network, resulting in a soft, 

transparent hydrogel that forms instantly upon mixing 100 mM CSA 

with 150 mM GMP under physiological conditions, without the need of 

any external stimuli (Figure 6.5 a). This hydrogel could be generated 

across a wide range of CSA (75-175 mM) and GMP (125-200 mM) 

concentrations, while keeping the other component constant (Figure 6.5 

b). To investigate the formation mechanism and molecular interactions, 

powder X-ray Diffraction (pXRD) and Fourier Transform Infrared 

(FTIR) spectroscopy were performed using the dried hydrogel. pXRD 

patterns revealed prominent peaks at 2θ = 6.47° (d = 0.73 nm), 

corresponding to the diameter of GMP self-assemblies, and at 15.80° (d 

= 1.8 nm) and 16.94° (d = 1.9 nm), indicative of the interplanar spacings 

between π-π stacked GMP assemblies (Figure 6.5 c).[31,36] FTIR 

analysis of the CSA-GMP xerogel with respect to the percussor CSA and 

GMP reveled the interaction between the functional groups (Figure 6.5 

d). Marginal shifts of 6-12 cm⁻¹ in peaks associated with P=O (1060 

cm⁻¹) from the phosphate moiety and C=O (1687 cm⁻¹ to 1695 cm⁻¹), 

C–N (1479 cm⁻¹ to 1481 cm⁻¹), and N–H bending (1600 cm⁻¹ to 1606 

cm⁻¹) in the guanine moiety of GMP, suggesting robust hydrogen 

bonding during gelation. Notably, the S=O peak (~1395 cm⁻¹) of CSA 

disappeared in the hydrogel, indicating its involvement in hydrogen 

bonding. On the other hand, the C=O peak of CSA (1738 cm-1) remained 

unchanged, suggesting its non-involvement in the self-assembled 

supramolecular structure. Collectively, these findings demonstrate the 
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formation of G-dimeric wires that assemble into the CSA-GMP 

hydrogel. [32-35] 

 

Figure 6.5. (a) Schematic illustration depicting the concentration-driven 

transformation of CSA-GMP fibrillar assemblies into a transparent hydrogel matrix. 

(b) Phase diagram showing the formation of RhB-loaded hydrogels at varying 

concentrations of the components: CSA concentration varied from 25-200 mM at a 

fixed GMP concentration of 125 mM, and GMP concentration varied from 25-200 mM 

at a fixed CSA concentration of 100 mM. (c) Powder X-ray diffraction (pXRD) pattern 

of the dried CSA-GMP hydrogel (xerogel). (d) Fourier-transform infrared (FTIR) 

spectra of CSA, GMP, and the CSA-GMP (CG) hydrogel, highlighting intermolecular 

hydrogen-bonding interactions involving phosphate, carbonyl (C=O), amine (N–H), 

and hydroxyl (O–H) functional groups.  
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6.2.2. Metal-free intrinsic peroxidase activity of the CSA-GMP 

assemblies 

The arrangement of biocatalysts within confined cellular 

environments facilitates the directed transport of reaction intermediates 

throughout the cells. Various self-assembled microstructures, including 

liposomes, microcapsules, polymersomes, aqueous droplets, and 

fibrillar condensate hydrogels, have been investigated as organized 

microenvironments that replicate cellular structures.[49-52] Previous 

studies have demonstrated that G-quadruplex-based self-assembled 

nucleic acid fragments exhibit intrinsic peroxidase activity through the 

incorporation of a hemin cofactor.[53,54] However, a metal-free 

approach leveraging supramolecular networks without relying on 

cofactors or metal-active centers remains unexplored. By emulating 

these confined cellular environments, the synthesized CSA-GMP 

condensates were utilized as microreactors, leading to a metal-free 

biomolecular self-assembly that exhibits intrinsic peroxidase 

activity.[55]  

To investigate the peroxidase-like activity of the CSA-GMP 

condensate, we selected a model oxidation reaction utilizing 3,3′,5,5′-

Tetramethylbenzidine (TMB) in the presence of H2O2 (Figure 6.6 a). 

The enzyme-mimicking properties of the condensate were assessed 

using UV-visible spectrophotometry, where we monitored the maximum 

absorbance of oxidized TMB at 652 nm. Upon adding 1 mM TMB and 

10 mM H2O2 to a 10 mM aqueous solution of CSA-GMP fibrillar 

condensate, a distinct absorption peak appeared at 652 nm, indicating 

the formation of oxidized TMB. Additionally, the initially colorless 

solution of CSA-GMP condensate transformed into a deep blue hue 

within 60 minutes, accompanied by a linear increase in absorbance at 

652 nm (Figure 6.6 b). In contrast, in absence of the CSA-GMP 

condensate, neither TMB alone nor TMB with only H2O2 produced a 

peak at 652 nm (Figure 6.6 c), confirming the intrinsic peroxidase 

activity of the condensate. 
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Figure 6.6 d illustrates the enzyme activity rate (V0) as a function 

of time when using CSA and GMP as catalysts instead of the CSA-GMP 

condensate. Very low V0 values were observed in both cases, 

highlighting the significance of the micro-confined environment 

provided by the CSA-GMP fibrillar network. To optimize the enzyme-

like activity of the CSA-GMP condensate, we examined various reaction 

parameters, including pH and temperature. Figure 6.6 e shows that 

peroxidase-like activity varied with pH in the range of 2-12, peaking 

around pH 4. Activity sharply decreased at higher pH (>8), likely due to 

instability in the non-covalently structured CSA-GMP supramolecular 

confinement. Further investigations into temperature effects on both 

activity and morphological stability revealed that at lower temperature 

(<308 K) the enzymatic activity was enhanced, which gradually 

declined with increasing temperature (Figure 6.6 f). Maximum activity 

was observed at physiological temperature (298 K). This decrease in 

enzymatic activity with increasing temperature is likely due to the 

disruption of CSA-GMP condensation, consistent with typical behavior 

observed in biological supramolecular systems. 

The kinetic parameters associated with the peroxidase-like 

activity of CSA-GMP condensates were evaluated through kinetic 

experiments with varied concentrations of TMB (0.01-2.5 mM) and 

H2O2 (0.1-10 mM). Changes in absorbance at 652 nm were monitored 

as a function of time, revealing a typical Michaelis-Menten behavior for 

both TMB and H2O2 (Figure 6.6 g, h). The Michaelis constant (KM) and 

maximum reaction velocity (Vmax) were determined using Lineweaver-

Burk plots (Figure 6.6 i, j). A low KM value indicates a high affinity 

between the enzyme and its substrate, suggesting that the enzyme can 

achieve half of Vmax at a low substrate concentration. The estimated KM 

values for TMB and H2O2 were found to be 0.5445 mM and 0.6017 mM, 

respectively. This high substrate affinity towards a metal-free 

biomolecular self-assembly is significant and compares favorably to that 

of metal-based nanozymes and natural enzymes. Additionally, the 

estimated Vmax values for TMB and H2O2 within the CSA-GMP 
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microenvironment were 3.87 x 10-3 mMs⁻¹ and 2.48 x 10-2 mMs⁻¹, 

respectively. The strong affinity of TMB and H2O2 for the CSA-GMP 

confinement suggests effective spatial confinement within the aqueous 

fibrillar microenvironment, highlighting the high activity of the metal-

free enzyme-like nanofibers formed by CSA-induced GMP dimeric 

superstructures. 

Peroxidase-mimic catalysis typically proceeds via two primary 

catalytic pathways: the generation of hydroxyl radicals (·OH)[56,57] 

and electron transfer processes[58]. In our study, the potential formation 

of ·OH radicals were initially assessed using a fluorescence-based 

experiment. This involved employing terephthalic acid, a weakly 

fluorescent molecule, as a probe that reacts with ·OH radicals to produce 

the strongly fluorescent 2-hydroxyterephthalic acid.[56] A significant 

increase in the fluorescent intensity was observed in the presence of 

H2O2 and CSA-GMP condensates (Figure 6.7 a), indicating the 

generation of ·OH radicals within the catalytic system. Further evidence 

was obtained using Electron Spin Resonance (ESR) spectroscopy, a 

powerful technique for identifying and quantifying short-lived radicals. 

The collected spectra (Figure 6.7 b), with 5,5-dimethyl-1-pyrroline N-

oxide (DMPO) as a radical trap, showed a four-line signal, indicative of 

the DMPO-·OH adduct.[57] This signal was observed in the presence 

of CSA-GMP condensates (CG) but not in their absence. This direct 

evidence suggests that the generation of ·OH radicals play a crucial role 

in the catalytic pathway of CSA-GMP condensates. The ionic channels 

within G-dimers can stabilize the generated ·OH radicals, which 

effectively facilitate substrate oxidation within the aqueous micro-

confined environment. 
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Figure 6.6. (a) Schematic illustration showing the peroxidase enzyme-like nano-

fibrous CSA-GMP condensate, (b) UV-visible spectrum of the TMB oxidation with 

respect to time (inset photographs showing the colour change). (c) UV-visible spectra 

of the controlled experiments of the peroxidase activity of TMB, TMB + CG cond., 

TMB+H2O2 and TMB+H2O2+CG cond. (d) The relative peroxidase activity of the CG 
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condensate with respect to precursors camphor sulfonic acid (CSA) and guanosine 

monophosphate (GMP). Optimization of the peroxidase-mimicking activity under 

different conditions; (e) pH and (f) temperature. (g) and (h) Michaelis-Menten plots of 

CSA-GMP catalyzed TMB oxidations by keeping H2O2 and TMB constant, respectively, 

and (i) and (j) corresponding Lineweaver-Burk plots for TMB and H2O2, respectively. 

 

Figure 6.7. Reaction mechanism determination of the peroxidase activity of CSA-GMP 

condensate; (a) with terephthalic acid for the detection of ·OH radical and 

corresponding enhancement in the FL intensity confirming the formation of 2-

hydroxyterephthalic acid, (b) with 5,5-dimethyl-1-pyrroline N-oxide (DMPO) as a 

radical trap, showed a four-line EPR signal indicative of the DMPO-·OH adduct. 

6.2.3. In-situ polymerization of aniline inside the enzymatic CSA-

GMP hydrogel 

Classical chemical synthesis of polyaniline typically involves 

aniline, an oxidant, and a strong mineral acid dopant. Kaner et al. 

developed a method for synthesizing polyaniline nano-fibers 

(approximately 50 nm in diameter) using camphor-sulfonic acid as the 

dopant in interfacial polymerization.[59] Leveraging the presence of 

camphor-sulfonic acid (CSA) in CSA-GMP hydrogel, which has an 

inherent mildly acidic pH (~3.4), the enzyme-mimicking CSA-GMP 

hydrogel was employed for fabricating nanofibrous conductive 

materials. As illustrated schematically in Figure 6.8 a, the CSA-GMP 
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hydrogel acts as a catalytic matrix that facilitates the oxidation of aniline 

by H2O2 to form polyaniline. To initiate polymerization, the CSA-GMP 

hydrogel was gently heated to 50 ℃ until they became transparent 

solutions. Upon adding equimolar concentrations of aniline and H2O2 as 

an oxidant, interfacial polymerization of aniline started immediately, 

which upon cooling and aging led to the formation of polyaniline-

embedded CSA-GMP nanofibrous hydrogel (PCGH) scaffold. The 

polymerization of aniline occurred unidirectionally within the matrix, 

yielding uniform opaque emerald-green colored hydrogel (Figure 6.8 

b).[10] The color change from transparent CSA-GMP hydrogel to 

emerald green PCGH hydrogel was the initial visual indication of 

successful polymerization under ambient conditions facilitated by the 

matrix-assisted processes.[26] The resulting PCGH hydrogels were 

labeled PCGH1, PCGH2, and PCGH3 based on initial aniline 

concentrations of 0.05 M, 0.10 M, and 0.20 M respectively. Due to the 

simplicity and ease of processing during the in-situ polymerization 

within biomolecular condensate, the PCGH hydrogel could be molded 

in a variety of shapes, including blocks, stars, hearts, and tubes (Figure 

6.8 c). Additionally, these hydrogels exhibit self-sustaining properties 

and demonstrate an exceptional weight-bearing capacity of up to 100 g 

while maintaining a high shear stress of 9.8 kPa as shown in the Figure 

6.8 d. 

Microscopic imaging during templated growth of polyaniline 

nano-fibers revealed unidirectional polymeric growth aligned with the 

CSA-GMP fibrillar network. High-resolution Transmission Electron 

Microscopic (HRTEM) image showed the homogeneous fibrillar 

network with the nano-fibrillar polyaniline clusterization in between the 

fibrillar CSA-GMP condensate (Figure 6.8 e). Field Emission Scanning 

Electron Microscopy (FESEM) images demonstrated a homogeneous 

entangled fibril network within PCGH hydrogel, with an average 

diameter of 30 ± 5 nm (Figure 6.8 f). This size matched with the 

previously calculated dimensions of CSA-GMP fibers, suggesting the 

growth of PANI nano-fibers along the CSA-GMP matrix resulting the 
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formation of dense phase PCGH hydrogels.[60] Atomic Force 

Microscopy (AFM) images further validated the uniformity of the 

fibrillar network, showing fiber bundling with an average height of 6 ± 

2 nm (Figure 6.8 g). The observed bundling suggested non-covalent 

interactions between supramolecular self-assembled GMP templates 

and polyaniline nano-fibers.  

 

Figure 6.8. (a) Schematic illustrating the fabrication of PCGH hydrogel by applying 

CSA-GMP hydrogel as a catalytic matrix for the deposition of PANI nanofibers, (b) 

illustration showing the unidirectional formation of PANI nano-fibers within the 

template matrix. (c) Shape-morphing ability of the PCGH hydrogel. (d) Self-sustaining 

behavior of PCGH and showing the dimension of the gel upon loading stress. (e) 
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HRTEM image showing the entangled fibrillar network (scale bar: 200 nm). (f) SEM 

image with the size distribution inset. (g) AFM image showing the height distribution 

of the diluted PCGH hydrogel. (h) Fourier transform infrared spectra (FTIR), (i) 

Raman spectra and (j) X-ray diffraction (XRD) patterns of the CSA-GMP hydrogel 

(CG), PANI and PCGH hydrogel (all used as lyophilized powder form). (k) Curve 

showing crystallinity of CG and PCGH3. (l) TGA curve of the PCGH3 xerogel. (m) 

CD spectrum of the CSA-GMP condensate/hydrogel before and after aniline 

polymerization showing the structural and chiral integrity of the CSA-GMP 

condensate. 

The confirmation of the formation of polyaniline nanofibers 

around the CSA-GMP fibrillar condensate was obtained through a 

comparative study. [60] In this study, aniline polymerization was 

conducted conventionally using the same concentrations of CSA and 

H2O2, which resulted in dark green-colored precipitates where no 

nanofiber formation was observed (Figure 6.9). This suggests that the 

CSA-GMP fibrillar matrix not only provides a catalytic scaffold but may 

also guide aniline polymerization into unidirectional fibrillar growth. 

 

Figure 6.9. a. FESEM image showing PANI suspension prepared by conventional 

acidic polymerization of aniline, b. FESEM image showing PANI hydrogel inside the 

CSA-GMP fiber matrix. 

Further investigation into the conformation of PANI nanofibers 

and their interfacial interaction with CSA-GMP scaffolds was 

conducted. The presence of PANI inside the PCGH hydrogel was 

confirmed by FTIR characteristic peaks of quinoid and benzenoid forms 

at 1588 cm-1 and 1467 cm-1, respectively (Figure 6.8 h). Additionally, 

the C = O peak from the carboxylate group of CSA, along with broad 



CHAPTER 6  

 

230 
 

S=O and P=O stretching peaks, remained intact in all PCGH hydrogels. 

This indicates that the formation of PANI nano-fibers does not affect the 

CSA-GMP matrix scaffold.26,60,61 The resonance Raman spectrum of 

PCGH showed characteristic peaks of PANI networks, confirming the 

presence of PANI. The band at 1345-1354 cm-1 corresponds to the 

carrier vibration mode of C – N+ in the polaronic structure, suggesting 

the formation of the emeraldine salt form of polyaniline inside the 

PCGH matrix (Figure 6.8 i). Bands at around 1250 cm-1 and 1170 cm-1 

are assigned to C – N stretching and C – H vibrations of aromatic rings, 

respectively, further indicating polyaniline formation. Notably, the band 

at around 1375 cm-1, which is associated with less conductive forms of 

PANI in conventionally synthesized precipitates, was absent in PCGH, 

suggesting that only the conductive form of the emeraldine salt is formed 

within the fibril matrix.[62] X-ray diffraction (XRD) patterns of 

lyophilized PCGH hydrogel and conventionally synthesized PANI 

precipitate showed that PCGH samples exhibit a series of peaks from 2θ 

≈ 20-30°, characteristic of PANI (Figure 6.8 j). The crystallinity of 

PCGH samples contributes to their conductive properties. Although 

aniline polymerization within the CG matrix occurs rapidly and 

randomly, the incorporation of PANI into the CG matrix enhanced 

crystallinity from 60.89% in CG to 65.16% in PCGH. This increase 

indicates that the unidirectional in situ polymerization process 

effectively improves molecular regularity in PCGH (Figure 6.8 k). The 

aligned growth of PANI nanofibers with CG chains into the crystalline 

region enhances crystallinity, which significantly benefits the 

mechanical properties.26 Thermogravimetric analysis (TGA) of the dried 

PCGH hydrogel revealed a solid-state macrostructure (Figure 6.8 l). 

The TGA curve showed an 18.37% weight loss at approximately 200°C, 

likely due to the unfolding of hydrogen-bonded networks. At around 

300°C, all non-covalent bonds collapse, resulting in a steep weight loss 

of 13.15%. Beyond 300°C, the sharp decrease in weight indicates the 

condensation of organic moieties within the matrix. The CD spectrum 

of the PCGH3 hydrogel (diluted 1,000-fold) was analyzed to assess the 
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influence of polyaniline formation on the chiral supramolecular CSA-

GMP condensate both prior to and after polymerization. The results 

demonstrated that the chiral resonance bands of the CSA-GMP 

condensate remained unchanged before and after aniline polymerization 

within the fibrillar matrix, indicating that the structural integrity of the 

CSA-GMP fibrillar condensate was preserved (Figure 6.8 m). 

The CSA-GMP hydrogel matrix was synthesized via a 

straightforward mixing process involving bio-derived molecules, 

resulting in a hydrogel with anticipated high biocompatibility, consistent 

with previously reported GMP-based hydrogels. Polyaniline (PANI), 

recognized as one of the most extensively studied conductive polymers, 

offers significant potential for bioelectronic applications due to its 

hydrophilic character, low toxicity, environmental stability, and 

nanostructured morphology. Consequently, the synthesized PCGH 

hydrogel is expected to demonstrate excellent biocompatibility, 

rendering it highly suitable for a broad spectrum of bioelectronic 

applications. Notably, limitations such as poor processability and 

degradability commonly associated with PANI can be effectively 

addressed by its integration with various biopolymers. A comprehensive 

biodegradability assessment confirmed the facile degradability of the 

PCGH hydrogel. Owing to its formation through acid-induced non-

covalent interactions, immersion of the PCGH hydrogel in a 0.1 M 

NaOH solution resulted in complete dissolution into a homogeneous 

solution within four hours, indicating superior biodegradability (Figure 

6.10). In addition to biocompatibility and biodegradability, the synthesis 

process is facile, spontaneous, and straightforward, requiring no external 

energy input. This enables high scalability for industrial applications. 

Furthermore, the procedure does not require specialized environmental 

or energy conditions, and utilizes low-cost, industrial-grade precursors. 

Thus, the use of PCGH hydrogels in bioelectronic applications is both 

cost-effective and industrially viable. 
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Figure 6.10. Digital photographs showing the bio-degradation of the PCGH using 0.1 

M NaOH solution. 

6.2.4. Mechanical properties of the PCGH hydrogel 

To quantify the mechanical properties of the prepared hydrogels, 

rheological analyses were conducted on both the template CSA-GMP 

hydrogel and the PCGH hydrogels. The dynamic strain-sweep 

experiments, as shown in Figure 6.11 a, revealed a linear relationship 

between the storage modulus (G′) and loss modulus (G′′) at low shear 

strain levels (≤ 20%) for all hydrogels, including CSA-GMP. However, 

as the strain increased, G′ decreased, indicating a gel-to-sol transition. 

Notably, the PCGH3 hydrogel demonstrated highest tolerance to higher 

strain among all samples. Dynamic frequency sweeps were performed 

on both CSA-GMP and PCGH hydrogels with a fixed strain of 1%. The 

results, presented in Figure 6.11 b, showed a wide linear viscoelastic 

region for both hydrogels, with the G′ consistently higher than the G′′. 

This confirmed the viscoelastic nature of the hydrogels. Furthermore, 

the storage modulus for the PCGH hydrogels was approximately ~104 

Pa, indicating that the mechanical strength of the PCGH hydrogels 

increased by about 1000 times compared to the template CSA-GMP 

hydrogel after aniline polymerization (Figure 6.11 c). This enhancement 

aligns with previous spectroscopic and microscopic analyses, which 

demonstrated the uniform polymerization of polyaniline nanofibers 

around CSA-GMP scaffolds. This polymerization not only induced 

electrochemical conductivity but also facilitated the self-association of 

dense phase fibrillar networks, resulting in more rigid and viscoelastic 

hydrogels. 
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 To investigate the thixotropic loop behavior of the PCGH3 

hydrogel, which exhibited a high viscoelastic nature and strain 

tolerance, step strain measurements were conducted. At a strain of 1%, 

the hydrogel displayed elastic properties with higher G′ values than G′′ 

values. However, upon increasing the strain to 100%, the elastic 

behavior diminished, and G′′ dominated over G′, indicating a gel-to-sol 

transition. Notably, the loop test revealed that the gel could be restored 

within a short period after releasing the high strain, and the reversible 

sol-gel transition could be achieved over multiple cycles. The recovery 

time was approximately 100 seconds per cycle (Figure 6.11 d). This 

rapid switching between sol and gel states by varying the strain enables 

the PCGH hydrogel to be injected through a needle or pen and quickly 

recover its mechanical strength at low strain, facilitating rapid shaping 

and direct 3D printing. For instance, the PCGH hydrogel can be used as 

an "ink" for printing or writing into any shape and structure (Figure 6.11 

f). In addition to the thixotropic loop test, the physical self-healing 

ability of the PCGH hydrogel was evaluated. The hydrogel was 

subjected to a high strain of up to 1000%, which induced a gel-to-sol 

transition. When the strain was released to 1%, there was rapid reversal 

to a hydrogel state, demonstrating rapid self-recovery of its original 

strength within seconds (Figure 6.11 e). The self-healing ability of the 

hydrogel was further confirmed by cutting a cylindrical PCGH hydrogel 

into two pieces and rejoining them. Within 15 minutes, the pieces joined 

together suggesting excellent self-healing ability. After 4 hours of 

incubation, the hydrogel regained its original stiffness and mechanical 

integrity (Figure 6.11 g). These results highlight the rapid recovery and 

fluidity of PCGH, attributed to the non-covalent supramolecular 

interactions such as hydrogen bonding and π-π stacking. This 

demonstrates the high mechanical integrity of the biomolecular self-

assembled PCGH hydrogel along with its exceptional self-recovery and 

self-healing capabilities, which are rare among self-assembled 

supramolecular networks with such high storage moduli.[63,64]  
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Figure 6.11. Mechanical performance of the CSA-GMP (CG) and PCGH hydrogels. 

Rheological studies. (a) amplitude-sweep experiments at fixed frequency of 1 rads-1, 

(b) frequency sweeps at fixed strain of 1%, (c) comparative storage moduli (G′) of 

PCGH with respect to CG hydrogel, (d) Thixotropic loop measurement for PCGH at a 

constant angular frequency of 10 rad s-1 with changing the strain from 1% to 100%, 

(e) Self-recovery of PCGH. strain sweep measurement (left) followed by immediate 

recovery from 1000% strain to 1% strain (right) of the PCGH at 298 K, (f) photographs 

showing injectability and printability and (g) digital photographs of the PCGH 

showing the physical self-healing ability. 

Hydrogels formed via non-covalent interactions exhibit 

temperature-dependent mechanical properties. Rheological analysis at 

1% strain and 10 rad·s-1 revealed gel-sol transitions for CSA-GMP and 

PCGH hydrogels at precise transition temperatures of 52.7 °C and 

66.5 °C, respectively (Figure 6.12 a, b). The higher transition 

temperature of PCGH likely results from enhanced network strength 

following aniline polymerization. Upon heating above the transition 

temperature, both hydrogels convert to sol, but revert to gel upon cooling 

to room temperature. This reversible process is repeatable over multiple 

thermal cycles (Figure 6.12 c, d), indicating dynamic non-covalent 

cross-linking within the supramolecular network. Both CSA-GMP and 
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PCGH hydrogels were successfully utilized to produce robust, 

homogeneous films and membranes that exhibit static mechanical 

properties comparable to their hydrogel counterparts, thereby 

broadening their application scope (Figure 6.12 e-h). 

The strengthening and toughening mechanism of PCGH was 

further studied (Figure 6.13 a). The sacrificial nanofibril networks of 

PANI were entangled inside the H-bonded supramolecular network of 

self-assemble G-dimer. Thus, the PANI nanofibers were distributed 

homogeneously over the CSA-GMP fibril matrix (Figure 6.13 b). When 

an external strain (100%) is applied to PCGH, the homogeneously 

distributed PANI nanofibers were fractured from the matrix to form 

aggregates (Figure 6.13 c). Interestingly, upon increasing the external 

strain to 200%, the homogeneous fibril network was almost intact but 

the fibers were bundled together (Figure 6.13 d). Though the diameter 

of the fibers increased, no such disruption of the PANI networks over 

the CSA-GMP matrix was observed. To observe the effect of high 

external load, almost 500% strain was also applied to PCGH and from 

the SEM images, it was observed that the fibers got bundled up and 

bigger aggregates were formed inside the network (Figure 6.13 e). But 

the fibrillation did not break even after applying such high external load. 

These show the self-recovery of the non-covalently interacted fibril 

networks. Also, these results suggested the compressibility of the fibril 

network. Benefiting from all these mechanical performances, it can be 

inferred that a highly robust network interconnecting self-assembled 

GMP and PANI scaffolds was formed inside PCGH. 
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Figure 6.11. Temperature dependent rheological analysis of (a) CSA-GMP hydrogel, 

(b) PCGH3 hydrogel, at constant strain of 1% and constant angular frequency of 10 

rads-1 and Thermo-reversible storage modulus cycles for (c) CSA-GMP and (d) 

PCGH3 hydrogel. Digital photographs showing the films and membrane formation 

using (e) CSA-GMP hydrogel (dye stained) and (g) PCGH hydrogel and amplitude 

sweep rheological experiments of the (f) CSA-GMP and (h) PCGH films of width 1mm 

showing their structural integrity. 
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Figure 6.12. (a) Schematic illustration of the compressibility test of PCGH at different 

external strain ranges and ex-situ FESEM images of (b) PCGH with no load, (c) 100% 

strain, (d) 200% strain and (e) 500% strain. (Scale bars ~ 200 nm) 

6.2.5. Electrochemical performance of the biomolecular matrix 

embedded PCGH hydrogel 

6.2.5.1. As an Electrochromic Supercapacitor Electrode 

 Most conductive polymer hydrogels are fabricated within 

prefabricated polymeric structures, which can compromise 

biocompatibility and biodegradability. Forming conductive polymers 

within biomolecule-based self-assembled hydrogels enhances 

biocompatibility, making them suitable for applications like biosensing, 

wearable devices, and soft robotics.[13,14,65] Herein, the prepared 

PCGH condensate hydrogels were employed for their evaluation as 

electrochromic as well as energy storage applications via electrode 

fabrication and an “all solid-state” hydrogel supercapacitor. The 

electrochemical properties for the PCGH were evaluated by cyclic 

voltammetry (CV) and galvanostatic charge/discharge (GCD) tests. To 

evaluate the electrochromic and capacitance performance, a simple 

bilayer device was fabricated as shown in Figure 6.14 a. The indium tin 

oxide (ITO) coated glass plates were used as the conductive surface, 

where the PCGH condensate hydrogel was evenly coated using their 

excellent temperature dependent gel-sol-gel properties.[66,67]  

The surrounded areas of the CV curves of the PCGH electrodes 

at 10 mV s-1 demonstrated their capacitances following the order of 

PCGH3 < PCGH2 < PCGH1 (Figure 6.14 b), which was consistent with 
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the results based on the GCD tests (Figure 6.14 c). The Nyquist plots of 

the PCGH electrodes showed three frequency regions of high-, mid- and 

low frequency, that corresponds to the electro-transfer process, diffusion 

process and capitative behavior respectively. All the plots from the three 

electrodes of PCGH1, PCGH2 and PCGH3 were nearly vertical to the 

x-axis which suggested an ideal capacitive behavior (Figure 6.14 d). At 

the high-frequency region, the charge transfer of the electrolyte interface 

was expressed as a semicircle (Figure 6.14 d, inset), indicating 

pseudocapacitive behaviour of PCGH. This is a consequence of the 

overlapping of mid-frequency and high-frequency redox reactions 

owing to the presence of dense PANI scaffolds.[26,60] The phase angle 

started near 90° at low frequencies, indicating dominant capacitive 

behavior in the Bode plots (Figure 6.14 e) of the PCGH electrodes. As 

frequency increased, the phase angle decreased gradually and 

approached 0°, reflecting a transition to resistive behavior at high 

frequencies. This behavior suggested a combination of faradaic and non-

faradaic processes in pseudo-capacitors, which contribute to both 

pseudo-capacitance and double-layer capacitance. The CV curves of the 

PCGH3 electrode at different scan rates from 10-100 mVs-1 exhibited 

redox peaks, thus indicating dominated pseudocapacitive characteristics 

(Figure 6.14 f). The GCD curves of the PCGH3 electrodes were 

collected at different current densities, which gave the areal capacitance 

of the PCGH electrodes (Figure 6.14 g). Notably, the PCGH electrodes 

showed a comparatively high areal capacitance of 136 mFcm-2 at a 

current density of 1.25 mAcm-2 (0.5 Ag-1) (Figure 6.14 h). 

 The supercapacitance performance of the PCGH hydrogel 

device coated on ITO electrode was also accompanied by distinct 

electrochromic behavior. The redox reaction of the PANI nano-fibers 

inside PCGH was monitored using a three-electrode electrochemical 

system (Figure 6.14 i).[68] At a potential of +1 V (versus Ag/AgCl), the 

PCGH working electrode was at anion doping state (emeraldine salt) 

with dark emerald green color, where the oxidation state was 

dominating. On the other hand, when the applied external voltage was 0 
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V or -1 V (versus Ag/AgCl), a leucoemeraldine state with yellow-green 

color was observed indicating anion de-doping process. To further 

understand the color switchability and reversibility of the device in situ, 

bias (voltage) dependent absorbance spectra of the device were recorded 

(Figure 6.14 i) at 0 V, 1 V, and -1 V. The positive biased (1 V) device 

showed an absorption maximum at 660 nm and thus transmitting a dark 

blue color (a combination of green and blue). The overall absorbance of 

the device decreased under an unbiased (0 V) or at -1 V, showing light 

green color of the device, as can be understood from less absorbed red 

and black lines. This confirmed the reversibility of the bias-induced 

color switching. Reversible switching from a simple PCGH hydrogel-

based two-layered device at a small voltage of 1 V is extremely 

significant to be developed as a color sensor for various smart device 

fabrications. 
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Figure 6.14. PCGH as electrochromic supercapacitor electrode. (a) Schematic 

showing the formation and function of the PCGH electrode, (b) Cyclic voltammetry 

(CV) curves, (c) Galvanostatic charge/discharge (GCD) curves, (d) Nyquist plots 

(inset showing high-frequency region), (e) Bode plots of the PCGH-1, PCGH-2 and 

PCGH-3 electrodes, (f) CV curves of the PCGH-3 electrode at different scan rates, (g) 

GCD curves of the PCGH-3 electrodes at different current densities, (h) Areal 

capacitances of the PCGH-3 electrodes at different current densities and (i) 

electrochromic property of the PCGH-3 electrode corresponding in situ bias-

dependent absorbance spectra. 

6.2.5.2. A “All Solid-State Hydrogel Supercapacitor” device 

 The PCGH hydrogel showed very high mechanical strength with 

excellent mechanical properties like self-recovery, stimuli 

responsiveness, shape tunability etc. Taking advantage of these 

properties, the PCGH hydrogels were employed to fabricate “all-solid-

state” supercapacitor[26] using a Swagelok cell (Figure 6.15 a). 

Following the intercept of EIS with real axis in the high-frequency 

region, the equivalent series resistance of the electrode was estimated to 

be ∼ 3.3 Ω for the PCGH3 hydrogel (Figure 6.15 b). The low resistance 

could be ascribed to the interconnected conductive PANI nanofibrils 

having electric conductivity of 0.05 S cm-1, which can provide a 3D 

continuous pathway for electron transport through the ionic channels of 

G-dimers in the PCGH hydrogel. The CV curves of the PCGH3 hydrogel 

device exhibited redox peaks of PANI at different scan rates, inferring 

the pseudo-capacitance behavior of the device (Figure 6.15 c). The areal 

capacitance of the PCGH3 hydrogel at different current density was 

calculated using the GCD curves (Figure 6.15 d). The PCGH3 hydrogel 

showed a high areal capacitance of 343 mFcm-2, at a current density of 

1mAcm-2. During the device fabrication, the thickness of the hydrogel 

was maintained at 5 mm, which implies that the continuous PANI phase 

of 3D interconnected nanofibrous scaffold endows a fast electron 

transport and ion diffusion in the PCGH3 matrix (Figure 6.15 e). The 

Ragone plots of the PCGH3 solid-state device showing a high energy 

density of 93.36 Whcm-2 at a power density 0.7 mWcm-2 (inset, Figure 

6.15 e). Further, at high power density (5.5 Wcm-2), the energy density 
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was maintained (14 Whcm-2). These results are comparable to those of 

recently reported PANI-based flexible supercapacitors; however, the 

integration of a biomolecular framework exhibits slightly lower cycling 

stability due to its non-covalent nature (Table 6.1). 

A solid-state symmetric supercapacitor device was fabricated in 

a two-electrode configuration, utilizing a PCGH electrode as the 

supercapacitor layer, Whatman filter paper as the separator, and 

PEO/LiClO4 as the gel electrolyte (Figure 6.15 g). To demonstrate its 

practical applicability, two identical supercapacitor devices were 

connected in series to expand the potential window. The device was 

initially charged for one minute at a constant voltage of 3.0 V. 

Subsequently, the charged device was connected to a clock via wires 

(Figure 6.15 h, OFF state). When switched to the ON state, the device 

successfully powered the clock, illustrating its real-world functionality 

(Figure 6.15 i). Furthermore, the device exhibited outstanding 

durability, maintaining 80% of its maximum capacitance even after 1000 

cycles, with the cycle shapes remaining consistent throughout the initial, 

middle, and final cycles. Since the cyclic performance tests were 

conducted using the PCGH symmetric supercapacitor device, this high 

level of cyclic stability highlights the robust performance of PCGH 

electrodes under real-world environmental conditions (Figure 6.15 f). 

Due to presence of a bi-continuous electrically active PANI nano-

fibrillar scaffold along with an ionic conductive G-dimeric fibrillar 

network, the solid-state PCGH device demonstrated good capacitance 

along with high energy density and cyclic stability. Thus, by using the 

enzymatically active GMP hydrogels, a biomolecular self-assembly can 

be easily and reproducibly fabricated into a highly active energy storage 

device, which has the potential of replacing synthetic polymeric 

frameworks for designing bio-electronic interfaces with better 

biocompatibility.[4] 
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Figure 6.14. (a) Fabrication strategy of device using PCGH hydrogel, (b) Cyclic 

voltammetry (CV) of all-solid-state device of PCGH-3 at different scan rates, (c) The 

galvanostatic charge/discharge plots of PCGH-3 at different current densities of 0.1 

mA cm-2 to mA cm-2, (d) Nyquist plots of the device and EIS plot showing the high 

frequency region (inset), (e) Areal capacitances of the PCGH electrodes at different 

current densities (inset showing the corresponding Ragone plots), (f) Cycling 

performance of the PCGH3 symmetric device for 1000 cycles (Inset showing GCD 

curves during the initial, middle and last four cycles), (g) Schematic illustration of the 

assembly of the device PCGH symmetric supercapacitor device on carbon fiber fabric 

substrate and PCGH3 condensate hydrogel symmetric device in (h) OFF state and (i) 

ON state while lighting a clock. 

Table 6.1. Comparison of electrochemical performances of PANI-based flexible 

supercapacitors. 

Electrode Material Specific 

Capacitance 

Energy 

Density 

Cycling 

Stability 

Mechanical 

Properties 

Ref. 

PANI/CNT/PVA 15.8 mF cm-

2 @0.044 

mAcm-2 

0.9 µWh 

cm-2 

~85% 

@2500 

Bendable [69] 

PANI/CNT/PMMA 44.13 mF 

cm-2 

@0.2 mA 

cm-2 

4 µWh 

cm-2 

87% 

@20000 
Stretchable 

[70] 
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PANI/PAM/HA/Ag-

lignin NP 

364 mF cm-2 

@0.3 mA 

cm-2 

16.4 

µWh cm-

2 

100% 

@6000  
All flexible 

[71] 

PANI/PVA 

(Cryopolymerization) 

260 Fg-1 

@0.5 A g-1  

 

27.5Wh 

kg−1 

90% 

@2000  

stretchable,  

compressible, 

bendable  

[72] 

PANI/V2O5 nanowire 76 F g−1  

@0.58 A 

g−1  

- 83.3% 

@10,000 

- [73] 

PANI/PVA/PHEA 98 mFcm-2 

@0.2 

mA/cm2 

8.48 

μwh/cm2 

99% 

@8000 

High strength, 

toughness, fatigue 

resistance, self-

healing 

[74] 

Schiff base crosslinked 

PANI hydrogel 

912 Fg-1 

@1 Ag-1 

54 

µWhcm-2 

74% 

@1,000 

- [75] 

PANI/PVA hydrogel 306 mF cm-2 13.6 

Wh kg-1 

100% 

@1000 

- [76] 

PANI/GMP hydrogel 

(Enzyme-catalyzed 

polymerization) 

343 mFcm-2, 

@1mAcm-2 

93.36 

Whcm-2 

81% 

@1000 

High Strength, 

Self-healable, 

Thermo-

reversible, 

Injectable,  

Bio-degradable 

This 

Work 

6.3. Conclusion 

 This study unveils a bioinspired pathway for fabricating 

multifunctional hydrogels through the organic acid-triggered self-

assembly of guanosine monophosphate (GMP). The resulting dimeric 

nanofibers form mechanically robust hydrogels via a simple, metal-free 

supramolecular condensation process. Crucially, these nanostructures 

exhibit intrinsic peroxidase-mimetic activity, governed by Michaelis-

Menten kinetics with low KM values (0.5445 mM for TMB; 0.6017 mM 

for H2O2), rivaling natural enzymes. The enhanced catalytic efficiency 

arises from efficient substrate channeling within the aqueous 

nanofibrous architecture, establishing these metal-free nano assemblies 

as potent enzyme mimics. By leveraging the hydrogel as a dynamic 

template, we engineered a semiconducting polyaniline composite 

(PCGH) with exceptional injectability, printability, and stimuli-

responsive behavior. These traits enable precise spatial patterning for 
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advanced devices, as demonstrated by high-performance electrochromic 

supercapacitor electrodes and solid-state energy-storage systems (high 

capacitance 343 mFcm-2 and energy density 93.36 Whcm-2). The 

PCGH’s synergy of mechanical adaptability and electrical conductivity 

positions it as a transformative material for wearable bioelectronics and 

shape-morphing interfaces. This work establishes a universal blueprint 

for designing enzyme-mimetic hydrogels with hierarchical control, 

bridging molecular self-assembly and macroscopic functionality. The 

use of small biomolecules to form supramolecular polymerized 

products, which can be used as templates for the fabrication of 

conductive polymer hydrogels and soft material devices, will open new 

avenues for the development of bio-derivable and biocompatible 

functional materials. 

6.4. Experimental Section 

6.4.1. Preparation of CSA-GMP condensate and matrix hydrogel 

CSA-GMP condensation was performed under physiological conditions 

by mixing equimolar (1 mM) aqueous solutions of CSA and GMP, 

followed by 1-hour incubation. Tyndall effect confirmed liquid-liquid 

phase separation. Spectroscopic and microscopic analysis were 

employed varying CSA/GMP ratios. For hydrogel preparation, 100 mM 

CSA and 150 mM GMP aqueous solutions were stirred at moderate 

temperature for 10-15 min, yielding a colorless transparent hydrogel 

validated by vial inversion. Post-formation characterization utilized 

diluted condensates or lyophilized hydrogel powder. 

6.4.2. Characterization of Enzymatic Activity 

Catalyzed reactions were conducted using 100 μL of CSA-GMP 

hydrogel within a 10 mM acetate buffer solution (pH ~4.4). Initial trials-

maintained substrate concentrations at 1 mM TMB and 10 mM H2O2. 

UV-visible spectroscopy tracked absorbance at 652 nm to quantify TMB 

oxidation rates. Kinetic analyses involved systematically altering TMB 

concentrations with fixed H2O2 levels (and vice versa) under optimized 
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reaction conditions. The Lineweaver-Burk equation ( 
1

𝑉
 = 

𝐾𝑀

𝑉𝑚𝑎𝑥 ×[𝑆]
 + 

1

𝑉𝑚𝑎𝑥
 

) derived kinetic constants KM (Michaelis constant) and Vmax (maximum 

reaction rate) from initial reaction velocities (V0). These velocities were 

calculated using absorbance changes within the first 600 seconds for: 

TMB: 0.01-2.5 mM and H2O2: 0.1-10 mM.  

6.4.3. Preparation of Polyaniline Incorporated CSA-GMP 

Hydrogel (PCGH) 

The PCGH hydrogel was synthesized via in-situ polymerization of 

aniline within the hydrogel matrix. Initially, the CSA-GMP hydrogel 

was dissolved and thoroughly mixed on a magnetic stirrer. Aniline (0.05 

M) was then added, resulting in a color change from colorless to light-

yellow. Subsequent addition of an equimolar amount of H2O2 led to a 

rapid transition to emerald green. After cooling at room temperature, a 

dark green opaque hydrogel formed. This procedure was replicated to 

create PANI hydrogels with varying aniline and H2O2 concentrations 

(0.1 M and 0.2 M). Following synthesis, the PANI hydrogels were 

characterized in either their native or lyophilized forms. 

6.4.4. Methods 

➢ Calculation of crystallinity (𝝌𝒄):  

the 𝜒𝑐 is calculated from XRD patterns as follows: 

The 𝜒𝑐1, obtained from XRD patterns through an interactive peak-fit 

procedure, can be estimated by Equation 1: 

𝜒𝑐1 =
𝛴𝐴𝑐𝑟𝑦𝑠

𝛴𝐴𝑐𝑟𝑦𝑠+ 𝛴𝐴𝑎𝑚𝑜𝑟
 (1) 

Where Acrys and Aamor are the fitted areas of crystals and amorphous 

phases. 

➢ Rheological Measurements: 

The dynamic strain sweep measurements were taken at a constant 

angular frequency (ω) of 10 rads-1 and frequency sweep experiments of 

hydrogel were measured at a constant strain (γ) value of 1% at 25 °C. 
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The thixotropic step-strain measurements with respect to time intervals 

were carried out at variable strain values of 1% and 500% at a constant 

10 rads-1 of ω. Temperature dependent storage modulus values were 

collected using variable temperature extension on the parallel plate. 

➢ Electrochemical measurement:  

All the electrochemical tests were performed on Metrohm Autolab 

M204 potentiostat electrochemical workstation at room temperature. 

For all the in-situ bias-dependent UV-visible measurements, the 

PerkinElmer make lambda 365 spectrometer was used. 

CV tests were performed in the potential range of -0.5 to 2 V 

under a scan rate of 10-100 mV s-1. GCD tests were performed by 

scanning from 0 to 1.4 V at the current density from 0.5 to 2 A g-1 for 

the PCGH electrode and 1-10 mAcm-2 for the solid-state PCGH device. 

EIS measurements were conducted with a frequency range of 104 Hz to 

0.1 Hz with a 10 mV amplitude at open circuit potential for both 

electrode and device. Cycling stability of electrodes was carried out by 

repeating the GCD tests at 0.5 mA cm-2, for the device. 

The conductivity of APPH samples was determined by EIS 

measurements and calculated by Equation 2: 

σ = t / (R × A) (2) 

Where, t, A, and R are the height, area and bulk resistance of 

hydrogel samples inside the device respectively. 

Areal capacitances of PCGH electrodes as well as the PCGH 

device were calculated from GCD curves according to Equation 3: 

Cs = I × t / (A × V) (3) 

where I is the discharge current; t is the discharge time; A is the 

area of the PCGH electrodes on the ITO or the area of the PCGH 

hydrogel inside the device within two electrodes; and V is the voltage 

change upon discharging. 
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Energy density and power density of PCGH device were 

obtained based on Equations 4 and 5, respectively: 

E = (1/2) × Cs × V2 (4) 

P = E / t (5) 

where E, Cs, V, P, and t are the energy density, areal capacitance 

of PCGH, voltage change upon discharging, power density and 

discharge time, respectively. 
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Chapter 7 

7. Conclusion and Future Prospects 

7.1. Summary 

This thesis demonstrates that the remarkable self-assembly of 

biomolecules can be harnessed to transform them into sophisticated 

functional materials through rational supramolecular design. By 

establishing 5′-guanosine monophosphate (5′-GMP) as a versatile 

molecular building block for engineering multifunctional hydrogels, this 

work shows how simple, low-molecular-weight biomolecules 

assembled exclusively through reversible non-covalent interactions can 

generate dynamic soft materials with structural precision and diverse 

functions. Collectively, the studies presented in this thesis expand the 

fundamental understanding of nucleotide self-assembly while providing 

a unified platform for biomedical, catalytic, and bioelectronic 

applications. 

At the molecular level, all the developed systems rely on the 

intrinsic self-assembly capability of 5′-GMP through cooperative 

Hoogsteen hydrogen bonding, π–π stacking and electrostatic 

interactions. These interactions drive the formation of G-quadruplexes, 

and G-dimers, which subsequently organize into one-dimensional 

fibrillar networks and finally macroscopic hydrogels. More importantly, 

this work demonstrates that the self-assembly pathway is highly 

programmable. By introducing complementary biomolecules such as 

biomass-derived DNA, adenosine phosphates (ADP and ATP), amino 

acid-metal complexes, solvent engineering, or ionic crosslinking, the 

molecular packing and supramolecular architecture can be precisely 

regulated without disrupting the fundamental nucleotide assembly 

mechanism. This molecular-level tunability provides direct control over 

network morphology, mechanical properties, molecular transport, 

catalytic microenvironments, and electronic behaviour, illustrating how 
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subtle intermolecular interactions can dictate macroscopic material 

function. 

The biomedical potential of this platform was first demonstrated 

through the development of "all-nucleic" DNA-GMP hydrogels capable 

of acting as universal hydrotropic drug carriers. By exploiting the 

intrinsic biocompatibility of biomass DNA and the programmable 

assembly of GMP, sustained encapsulation and controlled release of 

chemically diverse anticancer drugs were achieved. Furthermore, 

minimalist modulation through glycerol incorporation and calcium-ion 

crosslinking enabled precise switching between different drug release 

mechanisms, highlighting how physical interactions alone can regulate 

the kinetics of therapeutic delivery without requiring complex chemical 

modification. 

Beyond drug delivery, the thesis establishes nucleotide hydrogels as 

functional catalytic materials. The ADP/ATP-GMP supramolecular 

hydrogel exhibited intrinsic peroxidase-like activity while 

simultaneously serving as a compatible scaffold for native enzymes, 

enabling efficient enzyme cascade reactions. This dual functionality 

demonstrates that supramolecular nucleotide assemblies can mimic both 

catalytic activity and cellular compartmentalization, providing 

simplified biomimetic systems for artificial metabolic networks. 

The work further advances the field of artificial metalloenzymes by 

demonstrating that native enzyme active centers can be stabilized within 

a completely non-proteinaceous supramolecular scaffold. The copper-

histidine-GMP hydrogel successfully reproduced the structural and 

functional characteristics of catechol oxidase, illustrating how rational 

confinement of metal coordination complexes inside dynamic 

nucleotide fibrillar networks generates biomimetic catalytic 

environments. This strategy bridges supramolecular chemistry and 

metalloenzyme engineering, providing a general pathway for 

constructing artificial enzymes from minimal biological components. 
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Finally, the versatility of the nucleotide scaffold was extended 

beyond biology through its transformation into electrically active 

functional materials. The supramolecular hydrogel served as a template 

for in situ polymerization of conductive polymers, producing 

electrochromic supercapacitor materials that integrate ionic transport 

with electronic conductivity. This demonstrates that biomolecular self-

assembly can provide sustainable pathways toward multifunctional 

bioelectronic materials. 

Collectively, this thesis establishes a comprehensive molecular 

design framework in which a single nucleotide building block can be 

programmed into multiple functional materials spanning drug delivery, 

biomimetic catalysis, enzyme engineering, and bioelectronics. The work 

highlights that hierarchical self-assembly, rather than synthetic 

complexity, is the key determinant of function. This minimalist design 

philosophy not only deepens the understanding of supramolecular 

nucleotide assembly but also provides a versatile and sustainable 

platform for the next generation of adaptive biomaterials, artificial 

enzymes, and multifunctional soft matter. 

 

Figure 7.1. Schematic overview of the thesis highlighting the versatile functional 

landscape of 5′-GMP-based supramolecular self-assembly.  
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7.2. Future Scopes 

The findings presented in this thesis provide a strong foundation 

for the continued development of multifunctional supramolecular 

nucleotide hydrogels. A key future direction is the in vivo evaluation of 

the developed drug-delivery systems to comprehensively investigate 

their pharmacokinetics, biodistribution, therapeutic efficacy, 

biodegradation, long-term biocompatibility, and translational potential. 

Such studies will be essential for validating their clinical relevance and 

advancing these materials toward preclinical development. Compared 

with conventional drug carriers, the pristine nucleotide-based hydrogels 

developed in this work offer a unique biomolecular platform with 

intrinsically programmable drug encapsulation and tunable release 

kinetics through simple physical modulation, eliminating the need for 

complex chemical modifications. While lipid nanoparticles have 

revolutionized drug delivery and have demonstrated remarkable clinical 

success, their large-scale manufacturing, formulation complexity, and 

associated production costs remain important considerations. In 

contrast, the minimalist design of the nucleotide hydrogels, composed 

entirely of naturally occurring biomolecules, presents a simple, 

biocompatible, and potentially cost-effective alternative for sustained 

drug delivery. With comprehensive in vivo validation and optimization, 

these hydrotropic nucleotide-based hydrogels hold significant promise 

as a versatile platform for the next generation of programmable 

therapeutic delivery systems.  

Further understanding of the developed artificial enzymes can be 

achieved through molecular dynamics simulations and complementary 

computational studies to elucidate their structural flexibility, catalytic 

pathways, and structure-activity relationships. These investigations will 

provide molecular-level insights into the feasibility of 5′-GMP-based 

supramolecular assemblies as functional surrogates for natural protein 

scaffolds and guide the rational design of next-generation biomimetic 

catalysts. 
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The conductive hydrogels developed in this work also offer 

significant opportunities for bioelectronic and biomedical applications, 

including wearable health-monitoring systems, flexible biosensors, 

implantable electronics, soft robotics, and electrochemical energy-

storage devices. Future efforts may focus on improving their 

conductivity, mechanical robustness, and long-term operational stability 

under physiological conditions. 

Overall, this work is expected to inspire further research into 

functional, adaptive, and sustainable supramolecular hydrogel systems, 

accelerating the development of next-generation biomimetic materials 

that seamlessly integrate molecular self-assembly with advanced 

biomedical, catalytic, and bioelectronic technologies.
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