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SYNOPSIS 

1. Introduction 

  Supramolecular chemistry forms the foundation of self-assembly, 

where the structural motifs of individual molecules encode instructions 

for assembling into larger entities. Molecular self-assembly is the 

spontaneous organization of molecules into ordered hierarchical 

structures directed by noncovalent interactions such as hydrogen 

bonding, π-π stacking, electrostatic interactions, Van-der-Waal forces, 

and hydrophobic interactions etc. Self-assembly is a widespread 

phenomenon in nature, where a high degree of sophistication is achieved 

through the ensemble of the various components into a well-defined 

pattern, such as in protein folding, lipid bilayer formation, and 

hybridization of the DNA double helix etc.1,2 Gels are distinguished soft 

colloidal states of matter embraced with viscoelastic properties which 

comprised of a continuous 3D cross-linked network with entrapped 

solvent inside. The formation of the highly entangled fibril network is a 

direct consequence of the self-assembly process, where macro or small 

molecules are integrated into well-defined fibrillar structures through 

noncovalent interactions.  If the solvent trapped inside the fibrillar matrix 

is water, they are termed as hydrogels, which are ubiquitous soft solids 

laying foundation of a living organism.3 The extracellular matrix (ECM) 

of most soft tissues in our body such as cartilage, cornea, heart vessels, 

and skin tissue are essentially fibrous hydrogel composites.4 Given that 

hydrogel is the basic functional material in nature, it is vital to continue 

exploring the development of hydrogels for the creation of smart 

materials for various applications. 

The self-organization of small biomolecules, such as amino acids, 

nucleic acids, and monosaccharides, serves as the foundation of life. 

These building blocks self-assemble and integrate into complex 

superstructures like proteins, DNA, and carbohydrates. Their inherent 

ability to self-assemble and high biocompatibility make small 

biomolecules excellent candidates for the formation of low molecular 

weight gels (LMWG). In water, the self-assembly of these fundamental 
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biological units forms a basis for mimicking the structural and functional 

characteristics of biomacromolecules. The straightforward self-assembly 

process eliminates the need for complex synthetic routes while 

preserving the essential properties of the precursors in their pristine form. 

The reversible non-covalent crosslinking responds to external energy 

making them stimuli-responsive materials. Furthermore, LMWGs offer 

consistency and avoid the batch-to-batch variations commonly 

associated with polymeric gels. Owing to their advantages, self-

assembled small biomolecule hydrogels have found a broad field of 

applications such as in water purification and other industrial 

applications, controlled drug delivery, cell culture, tissue engineering, 

sensing, green catalysis, optoelectronic devices, etc. Nucleotides are 

gaining recognition as precursors for low molecular weight gels 

(LMWGs) due to their numerous sites for non-covalent interactions. The 

aromatic base groups in nucleotides provide π-π stacking and 

hydrophobic interaction sites, while the nitrogen, oxygen, and ribose 

moieties facilitate hydrogen bonding. Additionally, the phosphate groups 

enable further crosslinking, resulting in the formation of entangled fiber 

networks. Nucleotides are highly water soluble, allowing them to form 

hydrogels without requiring further derivatization. Among nucleotides, 

guanosine monophosphate (GMP) is of particular interest as a low 

molecular weight gelator (LMWG) due to its ability to form various types 

of supramolecular assemblies such as G-Quartets, dimers, ribbons, and 

sheets, owing to the presence of a higher number of hydrogen-bonding 

sites in guanine as compared to other nucleobases.5-9 

In this thesis, we focused on the development of mechanically robust 

hydrogels using low-cost, commercially available, and highly 

biocompatible GMP as a low molecular weight gelator. A range of 

multifunctional properties, such as self-healing, self-supporting, 

injectable, stimuli-responsive, biomimetic, and ion-conducting abilities 

were demonstrated by the hydrogels. We aimed to establish a 

straightforward, efficient, and environmentally sustainable synthetic 

approach for developing supramolecular hydrogels of GMP with varied 
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moieties to tailor specific characteristics. We examined the interactions 

driving the growth of the fibrillar network to gain deeper insights into the 

biological self-assembly of biomolecules. Finally, we explored the wide-

ranging potential of these self-assembled hydrogels for applications in 

enzyme mimetics, optoelectronics, drug delivery, and biomineralization. 

2. Summary of the Thesis 

The thesis comprises of total 6 chapters and the contents of each chapter 

included in the thesis are discussed in brief as follows: 

2.1 Chapter 1. General Introduction and Background 

The first chapter of the thesis is devoted to the general background and 

introduction to the supramolecular self-assembled gel. It addresses the 

basic understanding of gels and their classifications. Self-assembled 

hydrogels of biomolecules are also grazed on, to move on to the studies 

on the development of guanosine monophosphate hydrogels. We discuss 

the factors leading to their gelation, and also their functional properties 

further used for various applications, and their recent advancements. 

2.2. Chapter 2. Polyoxometalate-Guanosine Monophosphate 

Hydrogel with Haloperoxidase-like Activity for Antibacterial 

Performance   

In this chapter, we fabricated two supramolecular hydrogels through a 

simple self-assembly strategy by mixing polyoxometalates (POM), 

phosphotungstic acid (PTA), and silicotungstic acid (STA) with 

guanosine monophosphate (GMP) as a low molecular-weight 

hydrogelator. The hydrogels were stimuli-responsive, mechanically 

robust, thixotropic, and showed enhanced biocompatibility compared to 

bare POM. Intrinsic haloperoxidase activity of the POMs was retained in 

the hydrogel, with PTA showing much higher activity than STA. Kinetic 

studies for the haloperoxidase activities showed that the hydrogel was 

more specific towards the oxidation of iodide than bromide, thus showing 

specific iodoperoxidase activity. The iodoperoxidase activity of the PTA-

GMP gel was further exploited as an antifouling agent towards both 
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gram-positive and gram-negative bacteria by disrupting the quorum 

sensing process, where the HOI formed during iodoperoxidase process 

catalyzes the oxidative iodination of bacterial signaling molecules such 

as homoserine lactones (HSL) leading to its inactivation. The ability of 

the PTA-GMP hydrogel to form a uniform film on the surface resulted in 

better antibacterial activity in comparison to only PTA solution, thus 

making it more suitable to be used as paint or coating compared to bare 

POM. The polyoxometalate-GMP hydrogel with haloperoxidase 

mimicking activity can be a biocompatible, sustainable, and easy 

approach to substitute conventional toxic antifouling coatings or 

expensive and inconvenient enzyme-embedded systems.  

              

Figure 1. Schematic representation of POM-GMP hydrogel formation 

exhibiting haloperoxidase activity further employed for antibacterial 

purposes. 

2.3. Chapter 3. A multi-stimuli responsive polyoxometalate-

guanosine monophosphate hybrid chromogenic smart hydrogel  

In Chapter 3, we discuss about developing a chromogenic 

supramolecular hydrogel system, developed via a simple self-assembly 

of Keggin-structured polyoxometalate, phosphomolybdic acid with 

guanosine monophosphate in an aqueous medium. The mechanically 

robust, flexible, and thermo-reversible hydrogel not only exhibited a 

stimuli-triggered visible change in its optical property, from yellow to 

blue upon exposure to multiple stimuli, such as visible light, stress, 

electricity, temperature, and metals but also showed enhanced stimuli 
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responsiveness as compared to its bare counterpart. The hydrogel also 

exhibits chemochromism towards biologically relevant thiols, such as 

cysteine and glutathione along with iodide selectively among all halides. 

Further, phosphomolybdic acid induced self-assembly of the guanosine 

monophosphate molecules into a G-Quartet structure makes the hydrogel 

conductive owing to the ion-conducting property of the supramolecular 

assembly. This enables in designing of a 2-layered electrochromic device 

(ECD) as a simpler alternative to the traditional 5-layered setup. The 

simplicity of fabrication of the hydrogel, biocompatibility, and 

responsiveness to multi-stimuli make it highly appealing for smart device 

applications. 

    

 

Figure 2. Schematic representation of POM-GMP hydrogel displaying 

multi-stimuli responsive chromism. 

2.4 Chapter 4. A supramolecular approach to structurally mimic 

carbonic anhydrase enzyme 

In Chapter 4, we designed a hydrogel that could structurally mimic the 

active site of the natural carbonic anhydrase enzyme by applying a simple 

self-assembly strategy of the small molecule precursors. The fibrillar 

structure of GMP provides a crowded environment similar to the protein 

chain in enzymes leading to the stability of the tetrahedral Zn(His)3H2O 

complex. The Zn-His-GMP hydrogel also functionally mimicked the 

carbonic anhydrase enzyme, which was confirmed by studying the 
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kinetics of the esterase and CO2 hydration activity. The hydrogel showed 

excellent enzymatic activity and better affinity towards the substrate than 

the natural enzyme. CO2 sequestration was performed via 

biomineralization with different metals which provided us with 

interesting complex architectural structures. Biomineralization of 

calcium in phosphate buffer resulted in the formation of carbonated 

hydroxyapatite which is a very crucial mineral from the biological point 

of view since it’s close to the chemical composition of bone and shows 

better resorption than pure hydroxyapatite making it suitable for bone 

tissue engineering. The biomineralization technique was further applied 

for the removal of heavy toxic metal ions such as Pb2+ and Cd2+. While 

the structural replication of the natural enzyme generally requires a 

tedious synthetic route, this simple self-assembly technique provided us 

with a very facile strategy to structurally and functionally mimic natural 

enzymes thus providing a significant step towards the direction of 

synthesizing various artificial enzymes.     

          

 

Figure 3. Schematic illustration of Zn-Histidine-GMP hydrogel 

formation that structurally and functionally mimics carbonic anhydrase 

enzyme. The hydrogel was further exploited for biomineralization of 

metals. 



xiii 
 

2.5 Chapter 5. Guanosine-monophosphate Induced Solubilization of 

Folic Acid Leading to Hydrogel Formation for Targeted Delivery of 

Hydrophilic and Hydrophobic Drugs 

 In Chapter 5, we proposed a straightforward method for preparing a 

hydrogel of highly water-insoluble folic acid, by enhancing its solubility 

through self-assembly with amphiphilic LMWG guanosine 

monophosphate (GMP) for targeted drug delivery. The gelation process 

was spontaneous and the FA-GMP hydrogel was thermoreversible, 

injectable, thixotropic, self-healing, self-adhesive, and highly 

biocompatible. The FA-GMP hydrogel was then employed as a drug 

carrier that could encapsulate and show sustained release for both 

hydrophilic (Dox) and hydrophobic (curcumin) drugs. Both the drugs 

showed elevated cytotoxicity and cellular uptake in the MCF-7 cancer 

cells when loaded in the FA-GMP hydrogel than its free form. Hydrogel-

encapsulated drugs demonstrated improved therapeutic efficacy 

compared to free drugs by significantly upregulating the expression of 

tumor suppressor and apoptotic genes, while also inhibiting cell 

proliferation markers to a greater extent than free drugs. Loading Dox 

and curcumin in FA-GMP hydrogel demonstrated improved targeted 

delivery and overall anticancer activity. Thus, the folic acid hydrogel 

with GMP represents a simple, economical, and biocompatible approach 

that can be an effective drug carrier for targeted delivery, aiding in the 

fight against cancer. 
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Figure 4. Schematic illustration of GMP-induced solubilization of folic 

acid through self-assembly ultimately leading to hydrogel formation. The 

hydrogel is further used for targeted drug delivery to cancer cells. 

2.6. Chapter 6. Conclusion and Future Outlook 

 The final chapter highlights the significance of the research 

presented in this thesis and explores its potential for future applications. 

The studies primarily focus on the synthesis and applications of 

nucleotide-based supramolecular hybrid hydrogels of guanosine 

monophosphate across various fields. These investigations reveal 

exceptional self-assembly properties, forming self-assembled fibrillar 

structures of guanosine monophosphate in the presence of different 

crosslinkers, whether it is inorganic materials such as polyoxometalates, 

and Zn-Histidine complex or an insoluble organic molecule such as folic 

acid. The different properties of the hydrogels obtained based on the 

precursors used have been further utilized to develop enzyme mimetic 

systems, chromogenic material, biocompatible systems for controlled 

drug release, and structural mimics of enzymes. Looking ahead, these 

advancements are anticipated to open new avenues for nucleotide-based 

nanohybrid hydrogels in multifunctional applications. 
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Chapter 1 

Introduction and General Background 

1.1 Gels: An Introduction 

Gels are quasi-solid materials comprising three-dimensional 

crosslinked networks and can immobilize large amounts of solvent in 

their matrix. According to the IUPAC Gold Book, a gel is defined as a 

non-fluid colloidal or polymer network that is expanded throughout its 

whole volume by a fluid.1–3 An elementary identification test to 

determine the formation of a gel is an “inversion test”, i.e., when a vial 

containing gel matrix is inverted upside down it does not flow under the 

gravitational pull (Figure 1.1). The gel matrix arises from the coexistence 

of two distinct phases: an abundant 'liquid-like' phase and a 'solid-like' 

network thus making it a viscoelastic material where the elastic property 

is dominant over the viscous property.4–6 A gelator is the basic unit of a 

gel that forms a three-dimensional network and sometimes there may be 

more than one type of gelator component in a gel that can be either 

covalently crosslinked (chemical gels) or non-covalently crosslinked 

(physical gels) to each other.7 Gels, such as cosmetic creams, toothpaste, 

facewash, jam jelly, etc., have become an integral part of our daily lives.8 

 

Figure 1.1. Representation of a gel and the presence of two phases within the gel 
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1.1.1 Classification of gels 

 Gels can be categorized in various ways based on their 

composition, the type of cross-linking that forms their 3D structure, and 

the solvent medium (Figure 1.2). They are classified into 

macromolecular (polymer) gels and supramolecular gels, with the latter 

originating from small molecule precursors. If the gelation process 

involves permanent covalent cross-linking, the gel is considered a 

chemical gel. In contrast, physical gels are formed through dynamic non-

covalent interactions. The gelation of macromolecular compounds can 

occur through either chemical cross-linking or physical interactions. Gels 

are classified as hydrogels when the solvent is water and organogels 

when an organic solvent is used.7,9,10 

  

Figure 1.2. Classification of gels. 
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Gels derived from low molecular weight gelator (LMWG) 

compounds are strictly considered supramolecular, as they are formed 

through the self-aggregation of small gelator molecules. This process 

creates entangled self-assembled fibrillar networks (SAFINs) via a 

combination of non-covalent interactions such as hydrogen bonding, π-π 

stacking, metal coordination, solvophobic forces (or hydrophobic forces 

in water-based gels), and van der Waals interactions.7,11 

1.2. Hydrogel 

 Hydrogels are integral to the structure and function of living 

organisms (Figure 1.3). The cytoplasm, the gelatinous fluid that fills the 

cellular matrix, is a hydrogel.12,13 Likewise, the extracellular matrix 

(ECM) of many soft tissues - such as cartilage, the cornea, blood vessels, 

and skin is made up of fibrous hydrogel composites. Vitreous humor in 

eyes is a hydrogel with a viscous gelatinous consistency.14 These 

composites comprise a hydrated proteoglycan gel reinforced with 

biopolymer fibers, such as collagen or elastin. Yuk et al. developed a 

hydrogel that could perform as joints for mechanical and robotic 

structures. The group later stated that ‘the human body is a hydrogel soft 

robot’.15 Gelatin, agar, collagen, chitosan, and alginate are some naturally 

occurring biopolymers that comprise most of the hydrogels in nature.16,17  

 

Figure 1.3. Hydrogels in biological systems. 
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 As hydrogels serve as a fundamental functional material in 

nature, it is essential to continue advancing their development and 

understanding their self-assembled mechanism. Their high water-

retention, soft tissue-like properties, biocompatibility, and 

biodegradability make hydrogels particularly well-suited for creating 

biomimetic materials.18–20 They play a crucial role in various biomedical 

applications, including contact lenses,21,22 drug delivery systems,23–25 

tissue engineering26–29, wound care and closure,30–33 and tumor 

treatment,34 etc. Consequently, hydrogels hold significant promise, 

surpassing organogels, which face limitations in biomedical fields. It is 

important to note that early research about hydrogels addressed polymer-

based gels such as poly (ethylene glycol) diacrylate, poly (acryl amide), 

poly (vinyl alcohol) as synthetic polymers, and gelatin, agar, chitosan, 

and alginate as natural polymers. These are still the most commonly 

found in commercial use and supermarkets. However, since the 1990s, 

an essential and highly encouraging field of research has developed, 

emphasizing the use of low molecular weight gelators (LMWG) for 

creating gels guided by supramolecular protocols.35 

1.3. Supramolecular Hydrogel 

1.3.1. Self-Assembly Inspiration from Nature 

Supramolecular chemistry forms the foundation of self-assembly, 

where the structural motifs of individual molecules encode instructions 

for assembling into larger entities.36 This is a spontaneous process 

occurring with the help of several non-covalent interactions such as 

hydrogen bonding, hydrophobic effect, stacking interactions, Van der 

Waals force, electrostatic interactions, etc. Self-assembly is a widespread 

phenomenon in nature that is crucial for the emergence, sustenance, and 

evolution of life.37,38 Through the self-assembly of small molecules, a 

higher degree of sophistication is achieved through the ensemble of the 

various components into a well-defined pattern. Some examples of 

naturally occurring self-assemblies found in biological systems are the 

lipid bilayer membrane of cells,39 RNA40, and DNA complexes.41 These 



Chapter 1 

 

5 
 

organized assemblies are crucial for important physiological roles and 

life functions, such as amyloid fibril formation42, chromatin 

organization43, antigen-antibody recognition44,45, and membrane 

construction.46 Since these self-assembled structures are also indicators 

of several diseases, such as amyloid fibrillation in the case of Alzheimer's 

or Parkinson's, understanding the pathway for self-assembly in the bio-

world is crucial for diagnosis and therapeutics.47   

 

Figure 1.4. Non-covalent interactions are involved in a self-assembled system. 

These nature-inspired architectures have served as a blueprint for 

the development of innovative synthetic and strategic counterparts, 

designed to mimic their organization and functionality. Since the 

formation of gel is one of the common consequences of self-assembly, 

this approach has paved the way for the creation of a new generation of 

porous, intelligent, and adaptive materials for a wide range of 

applications such as in the biomedical field48, optics49, energy field50,51, 

catalysis52, electronic materials,53,54 etc. 
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1.3.2. Low Molecular Weight Gelator (LMWG) 

 Low molecular weight gelators (LMWG) are small compounds 

with a molecular weight of ≤ 3000 Daltons.55 The formation of gels 

occurs as small molecules self-assemble into long, anisotropic structures, 

usually fibers. At higher concentrations of the gelator, sometimes in the 

presence of a trigger, these fibers interconnect or cross-link, creating a 

network that traps the solvent.55,56 During the 1930s, the first molecular 

gelators were introduced, serving as thickeners in lubricants, printing 

inks, and napalm. However, research in this area remained at a standstill 

for decades until it was revived in the mid-1990s, by Hanabusa, Shinkai, 

Hamilton, van Eshch, and a few other groups.57 Hanabusa, a Japanese 

researcher and his coworkers, accidentally discovered that while 

synthesizing amphiphilic amino acid derivatives, gelation of methanol or 

cyclohexane took place in the presence of a small quantity (less than 1% 

by weight) of N-benzyloxycarbonyl-L-alanine 4-hexadecanoyl-2-

nitrophenyl ester was present.57  Since then, a wide range of low 

molecular weight (LMW) structures has been identified as capable of 

forming gels. Initially, many of these discoveries were made by chance. 

With a deeper understanding of structural motifs that encourage 

aggregation, deliberate design approaches have become more achievable. 

As noted by Du et al., “One can (almost) make any small molecule a 

supramolecular hydrogelator, providing proper derivatization.”11 Despite 

this progress, one cannot certainly predict whether a specific molecule 

will gel based solely on its structure. LMWGs that lead to the formation 

of hydrogels usually consist of hydrophilic components, which ensure 

compatibility with water, and hydrophobic components that promote the 

self-assembly of the LMWG in water.58 Supramolecular hydrogels 

formed from LMWG tend to have different properties to those of 

polymeric gels which endow the supramolecular gels with an upper hand 

in some aspects.59 Since the crosslinking occurs via dynamic non-

covalent interactions in LMWG, they often show stimuli-responsive 

reversible gel-to-solution transition. This dynamic nature of interaction 

also renders the hydrogel with self-healing properties.55,60 The absence 

of covalent interactions keeps the precursors in their original form 
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without any modification, thereby preserving their properties. 

Furthermore, LMWGs offer consistency and avoid the batch-to-batch 

variations commonly associated with polymeric gels. The connection 

between self-assembly and hydrogel formation is not yet fully 

understood. Not all substances that self-assemble in water contribute to 

the gelation of the medium. Some self-assembled materials form fibers 

that simply precipitate out of the solution, likely due to suboptimal 

interactions between the supramolecular fiber network and water. In 

cases where self-assembled materials do promote hydrogelation, the rate 

of assembly does not always correspond directly with the development 

of hydrogel properties. Hydrogels of low molecular mass gelators are 

generally fabricated by dissolving the gelator in water through heating, 

followed by cooling the isotropic supersaturated solution to room 

temperature. Upon cooling, the molecules begin to condense, which can 

lead to three possible outcomes: (1) orderly aggregation that forms 

crystals, known as crystallization, (2) disordered aggregation producing 

an amorphous precipitate, or (3) an intermediate aggregation process that 

results in the formation of a gel (Figure 1.5 a).7 For gelation to occur, a 

network of fibers must be formed. This process involves multiple levels 

of hierarchical assembly, from individual molecules to the overall 

network (Figure 1.5 b). As previously mentioned, molecular interactions 

are essential for driving self-assembly, which in turn governs the 

formation of the nanostructures. This nanostructure must favor the 

formation of one-dimensional fibers rather than other possible 

configurations. The self-assembly of these one-dimensional structures, 

as opposed to crystallization, is influenced by a balance of forces. Non-

covalent interactions, such as hydrogen bonding and π-stacking, facilitate 

the assembly. In an aqueous environment, hydrophobic forces are the 

primary drivers of assembly. The mechanical properties of a hydrogel are 

influenced by factors such as the average thickness and mechanical 

properties of the fibers, the degree of branching (i.e., the spacing between 

cross-linking points), the type of cross-link, and the microstructure (i.e., 

the arrangement of fibers at a larger scale).61 These characteristics are, to 

some extent, determined by the molecular structure, as the primary 
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assembly is driven by the intermolecular interactions encoded within the 

molecules.  

    

Figure 1.5. Schematic representation of (a) molecular aggregation with three 

possibilities of product: (i) crystal, (ii) amorphous precipitate, and (iii) gel,[7] 

(copyright 2005 RSC) (b) different stages of self-assembly leading to gelation.[59] 

(copyright 2013 RSC) 

 The formation of a supramolecular hydrogel is a multi-step 

process involving different interactive sites for various non-covalent 

interactions and to explore the process of hydrogelation, a diverse range 

of skills and instrumentation techniques is necessary (Figure 1.6). 

Understanding the supramolecular interactions and molecular self-

assembly/packing involves employing several spectroscopic methods, 

such as Fourier Transform Infrared Spectroscopy (FTIR), Nuclear 

Magnetic Resonance (NMR), Circular Dichroism (CD), X-ray 

Diffraction, and Fluorescence Spectroscopy. The viscoelastic property 

and the mechanical strength of the hydrogel are determined by 
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rheological studies where elastic modulus (G') is dominant over the 

viscous modulus (G").62,63 

          

Figure 1.6. Various characterization techniques to understand the mechanism of 

supramolecular hydrogel formation [55] (Copyright 2017 Elsevier) 

1.3.3. Properties of Supramolecular Hydrogel 

1.3.3.1. Self-Healing 

One of the standout characteristics of biological tissues is their 

capacity to heal and regenerate after physical injury. The similarity 

between supramolecular hydrogels and biological tissues has driven 

significant scientific advancements in creating smart hydrogels with 

distinctive self-healing capabilities. In these hydrogels, self-healing 

involves the reformation of broken bonds within the network owing to 

the dynamic and reversible nature of the noncovalent interactions.64,65 It 

is a process by which they regain their gel state after facing external 

disturbances such as mechanical force, cutting, heat, or other 

interactions.66 The recovery from sol to gel state under mechanical stress 

is called thixotropic behavior, whereas recovery from heat stress is 

termed thermoreversible. Sarma and his coworkers reported several 

works on supramolecular hydrogel with self-healing, thermoreversible, 

thixotropic, and shape-sustaining properties.67 Self-healing properties 

enable the hydrogels to be used in a plethora of applications such as in 

tissue engineering68, the thixotropic property is associated with the 

injectability of the material, and thermoreversible property aids in the 

encapsulation of drugs thus making them ideal for drug delivery.69 The 
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thermoreversible nature of the hydrogel can also be utilized to mold the 

hydrogel into different shapes.70 

 

Figure 1.7. (a) self-healing property of the hydrogel, (b) images showing the dynamic 

nature of the hydrogel where two dye-loaded pieces of hydrogel when kept close to each 

other, exchange dye molecules across the fusion interface upon self-healing, (c,d) 

thixotropy and injectability of the hydrogel, [67] (Copyright 2018 ACS) (e) 

thermoreversible property of the hydrogel, and (f) thermoreversible nature of the 

hydrogel exploited to mold it into different shapes[70] (Copyright 2024 ACS). 

1.3.3.2. Stimuli-responsive behavior 

Supramolecular hydrogels possess stimuli-responsive 

characteristics, enabling them to undergo reversible transitions between 

gel and sol states in response to various external triggers due to the 

dynamic nature of their intermolecular forces.71,72 Physical stimuli such 

as temperature,73–75 electromagnetic fields,76,77 light,78–81 and mechanical 

forces,82,83 as well as chemical stimuli including pH changes,84–86 small 

molecules, redox agents, enzymes, and ions, can prompt phase transitions 

in these hydrogels.67,87–90 Their versatility makes them suitable for 

numerous applications, such as drug delivery, cell culture, tissue 
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engineering, sensing, and optical devices.91–94 For example, hydrogels 

derived from low-molecular-weight gelators can release therapeutic 

agents at specific sites, responding to physiological stimuli like pH or 

redox shifts. Saha et al. synthesized Zn2+ - amino acid hydrogel with 

multi-stimuli responsive properties.95 

 

Figure 1.8. Thermal, mechanical, pH, and chemical stimuli-triggered gel-to-sol 

transitions of the ZAVP hydrogel. ZA = zinc acetate dihydrate [95] (Copyright 2014 

RSC)  

1.3.3.3. Facile Synthetic Process 

  Covalent crosslinking in chemical gels often alters the 

characteristic properties of the gelator.96,97 Since supramolecular 

hydrogels are obtained via non-covalent interactions between the gelator 

molecules, the precursors remain in their unmodified pristine form thus 

preserving the original characteristic of the gelator. Another added 

advantage of supramolecular hydrogel is the straightforward fabrication 

process.  

➢ With a correctly chosen gelator or combination of gelators and 

crosslinkers, a hydrogel can be obtained through a one-pot 

synthesis method simply by mixing the precursors in a solvent. 

This approach eliminates the need for a lengthy synthetic process, 
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thereby conserving resources and energy, and serves as an eco-

friendly method for synthesizing smart materials.98–100 

➢  Besides, the LMWHs do not possess the batch-to-batch 

variations that are generally found in polymeric hydrogel 

systems. This discrepancy in polymeric hydrogels could be 

attributed to the fact that they are highly influenced by 

polymerization conditions, highlighting the necessity of strict 

oversight of the preparation procedure, particularly regarding 

temperature and environmental factors.101 Despite the intricate 

molecular interactions in LMWG supramolecular hydrogels, the 

synthesis process is straightforward, requiring minimal 

maintenance and no stringent reaction conditions. 

This aspect is also one of the primary focal points in this thesis work 

where we proposed a facile synthetic approach to fabricate smart 

supramolecular hydrogels.  

Hydrogels without metal exhibit applications in areas such as 

sensing, drug delivery, and medicinal therapy.102,103 However, 

incorporating metal ions into the gel matrix enhances these soft materials, 

expanding their potential into advanced fields like catalysis, redox 

optoelectronics, magnetism, sensing, drug delivery, nanoparticle 

synthesis, stabilization, and environmental remediation.67,104–111 

1.3.4. Hybrid Organic-Inorganic Hydrogels 

 Organic small-molecule gelators can also interact with metal 

ions112,113 or other inorganic moieties such as metal clusters,114–116 

nanoparticles,117,118 or metal-organic frameworks (MOF)119 to form 

hybrid organic-inorganic supramolecular hydrogels. Additionally, the 

diverse metal-ligand interactions within the supramolecular gel matrix 

can result in intriguing features, including color, redox responsiveness, 

and electronic, optical, and magnetic properties. These hybrid hydrogels 

provide a simple pathway to combine the properties of inorganic moiety 

with the benefits of the supramolecular hydrogel. Contemplating all the 

discussed properties of hydrogel along with the scope of synthesizing a 
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wide range of materials, it’s gaining popularity in various fields of 

applications such as catalysis, biomimetics, enzyme mimetic, tissue 

engineering, drug delivery, sensing, actuators, conductive materials, 

photoluminescence, gas adsorption, etc.120–127  

 If the gelator is directly crosslinked to the metal ions through 

various non-covalent interactions such as electrostatic interaction and 

weak coordinate bonds, they are classified as metallogels.  Coordination 

polymer hydrogel is a subset of metallogel, where metal ions act as nodes 

and LMWGs act as linkers. Contrary to its name, coordination polymer 

hydrogels are LMW gels. In other words, they can be described as 

polymeric strands crosslinked through coordination bonds between metal 

centers and gelator molecules, forming various structures where the 

fibers or helices are composed of interconnected coordination 

linkages.128,129  

However, when the hydrogel formation takes place via the interaction 

of the organic gelator with other inorganic moieties such as nanoparticles, 

metaloxo clusters, or inorganic complexes, they are given an umbrella 

term of hybrid organic-inorganic hydrogels. Based on the interaction 

between the organic molecule gelator with the inorganic moiety, hybrid 

materials are classified into two categories:130 

➢ Class I hybrid hydrogel – In this category, the organic molecule 

interacts with inorganic moiety through reversible non-covalent 

interactions to develop the crosslinked fibrillar network. This is a 

purely self-assembled system.  

➢ Class II hybrid hydrogel – The organic gelator covalently links 

with the inorganic moiety to form a discrete gelator. The discrete 

gelator can further self-assemble to form hydrogels.131  

1.4 Small Biomolecules as LMWG 

In the quest for biocompatible and bioavailable low molecular 

weight gelators with ample non-covalent interaction sites, researchers 

have taken a keen interest in fundamental biological building blocks to 

create hydrogels.132,133 Biological systems often utilize the self-assembly 
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of three main types of biomolecules: nucleic acids, proteins, and 

polysaccharides, building blocks, that self-assemble and integrate into 

complex superstructures such as proteins, DNA, and carbohydrates, with 

functions that form the basis of life to carry out various functions (Figure 

1.9).  

Amino acids, peptides, and nucleic acids possess functional groups such 

as amines, thiols, carboxyl, hydroxyl, and phosphates, which serve as 

effective sites for hydrogel bonding accompanied by the occasional 

presence of aromatic groups promoting π-π stacking and synergy of these 

non-covalent interactions ultimately leading to the formation of 

supramolecular hydrogels.134–138 Furthermore, they can also coordinate 

with metal ions to produce functional metallogels.139,140 Mimicking this 

natural process, the self-assembly of small molecules derived from 

fundamental biological building blocks in aqueous environments 

provides a promising approach for replicating the structures and 

functions of biomacromolecules.  

The inherent self-assembly characteristics of these biomolecules 

give rise to larger ordered and functional structures with remarkable 

attributes, such as adjustable conformations, precise recognition 

capabilities, diverse sequencing, biocompatibility, regulated 

biodegradability, binding, and catalytic enhancements. The easy and 

natural accessibility of these biomolecules at a low cost makes them 

suitable for large-scale synthesis. As a result, supramolecular hydrogel 

networks composed of fundamental biological motifs could eventually 

lead to the development of soft materials with either intentional or novel 

biological functions.  
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Figure 1.9. Small biomolecules and their self-assembled macrostructure in nature. 

[133] (Copyright 2014 Wiley) 

 1.4.1 Nucleobases, Nucleosides, and Nucleotides as LMWG 

Nucleobases are the basic units of nucleosides, nucleotides, and 

nucleic acids that further self-assemble to form RNA/DNA. The 

nucleobases are nitrogen-containing heterocycles that are classified into 

two categories: purines (adenine A and guanine G) and pyrimidines 

(uracil U, thymine T, and cytosine C).141,142 The helical structures of DNA 

and RNA are formed when these five nucleobases (ATGC in DNA and 

AUGC in RNA) pair through hydrogen bonds, with their aromatic rings 

also stacking on top of one another via π-π interactions. While the 

pyrimidine ring features a single edge with three hydrogen bond donors 

and acceptors, the purine’s bicyclic structure offers multiple faces for 

hydrogen bonding. While a pyrimidine ring has a single edge of three 

hydrogen bond donors and acceptors, the purine’s bicyclic structure 

results in multiple faces for hydrogen bonding interactions. The most 

significant of these noncovalent interactions is Watson-Crick base 

pairing, a key motif in double-stranded nucleic acids. In this 
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arrangement, complementary base pairs - adenine with uracil (or thymine 

in DNA) and guanine with cytosine - form two and three hydrogen bonds 

along the Watson-Crick edge. While this hydrogen bonding pattern is the 

most well-known, it is not the only possible configuration. Other 

hydrogen bonding patterns include reverse Hoogsteen and alternate 

Watson-Crick base pairs.  

 

Figure 1.10. (a) H-bonding sites in nucleobases, (b) π-π stacking of nucleobases, and 

(c) additional non-covalent interactions in nucleosides and nucleotides.[143] 

(Copyright 2016 RSC)  

Nucleosides are created when a nucleobase covalently attaches to a 

ribose via an N-glycosidic bond, and this ribose ring becomes 

phosphorylated in a nucleotide. The anionic phosphate group of the 

nucleotide contributes to electrostatic interactions and acts as a hydrogen 

bond acceptor. At acidic pH, the phosphate group can protonate from 

PO3
2- to PO3H

-, allowing it to function also as a hydrogen bond donor, 

which further facilitates the cross-linking process.143  
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1.5 Supramolecular Assembly of Guanosine and 

Derivatives 

 As we can see in Figure 1.10a, guanosine has three H-bond 

acceptor groups (N3, N7, and O6) and two hydrogen bond donor groups 

(N1 amide and N2 amino), which is higher compared to other 

nucleobases. This provides guanosine with an upper hand to self-

assemble into unique architectural aggregates through both Watson-Crick 

and Hoogsteen faces.143,144 When both faces are involved, the 

supramolecular assembly is influenced by the experimental conditions. 

In the presence of cations such as Na+, K+, Li+, Ca2+, or Pb2+, etc., the 

formation of guanosine (G) quartets is favored. This occurs because 

alkali metals can neutralize the electrostatic repulsion between the 

carbonyl groups of guanine base that point inward within the quartet's 

inner cavity. The stability of the macrocyclic structure is therefore due to 

a combination of eight hydrogen bonds, cation-mediated electronic 

stabilization, and the delocalization of nucleobase electrons (resonance), 

which can involve either π-electrons, σ-electrons, or both.144–146 Even 

though the G-quartet is the most commonly observed assembly of 

guanosine, however, various other G-assemblies such as G-ribbons,147 

duplexes,131 planar sheets,148 etc. are also known (Figure 1.11). The G-

quadruplex structure of guanosine and its derivatives plays vital 

biological roles in vivo and serves as a flexible and versatile template for 

creating ordered functional materials. Due to its inherent 

biocompatibility and biodegradability, the self-assembly of small-

molecule guanine has garnered significant interest in biomedical 

applications, nanotechnology, material sciences, and supramolecular 

chemistry.146 

 The ribose sugar in guanosine can also play a vital role in 

supporting the supramolecular structure and function. Many scientists 

working in this field have exploited the cis-1,2-diols of the sugar group 

in guanosine to covalently react with B(OH)3 or B(OH)4
− to form 

guanosine-borate (GB) esters. The formation of the GB esters aids in 

dissolving guanosine which is typically water-insoluble, leading to the 
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creation of GB hydrogels with improved stability.149,150 However, 

guanosine 5’ monophosphate (GMP) is the natural phosphorylated 

derivative of guanosine that is water-soluble in its pristine form. Also, 

additional electrostatic and non-covalent interactions from the phosphate 

group enable them to stabilize hydrogels without the need for any further 

modification.151,152  

 

Figure 1.11. Guanine, along with its related compounds guanosine and 

deoxyguanosine, exhibits hydrogen bond donating and accepting capabilities through 

three acceptor (A) sites and three donor (D) sites. This allows both the Watson-Crick 

and Hoogsteen faces to participate in the formation of a wide variety of hydrogen-

bonded networks, including the well-known guanine/cytosine (G≡C) base pair, the 

formation of G-quartet structures in the presence of cations, and the development of G-

ribbons. [146] 

1.5.1 History of Guanosine-Based Assembly 

 The first report on G-assembly based hydrogel was reported by 

Ivar Christain Bang. He observed that at lower pH, guanylic acid can 

form a hydrogel at higher concentrations.153 About fifty years in 1962, 

Martin Gellert et al. followed up on this work and published the first 

structure of a G-tetrad that we know today.154 They examined the x-ray 

fiber diffraction pattern for 5’-Guanosine monophosphate (5’-GMP) gel, 

which suggested four guanine molecules in proximity stabilized by 
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hydrogen bonds, where the N1-H and N2-H donor atoms of one guanine 

molecule pair with the N7 and O6 atoms of adjacent guanine molecules. 

They also observed that the spatial distance between stacked G-quartets 

was found to be 0.33 nm and it formed a helix pattern. However, at that 

time, guanosine tetramer was considered to be an in vitro process so 

research in the area of DNA-G4 was not much prioritized for a long time. 

However, in the late 1980s, an increasing amount of evidence has 

demonstrated that G4 DNA structures are highly prevalent, 

evolutionarily conserved, and appear to play significant roles in the 

processing of genetic information. Subsequently, biophysical studies of 

G4-rich DNA were focused upon (Figure 1.12b). Thereafter several 

research on G-tetramers in nature have been reported by scientists. 

Drawing inspiration from nature, the ease of in vitro hydrogel formation 

has motivated contemporary researchers to harness these spontaneously 

self-assembled systems for the development of smart materials. 155,156 

 

Figure 1.12. Crystal Structure of DHX36 Bound to the c-Myc G4 [156] (Copyright 

2020 Elsevier) 

1.5.2. Characterization of G-Quartet Motif 

 G-quartet formation occurs through the self-assembly of four 

guanosine or GMP molecules via Watson-Crick and Hoogsteen hydrogen 

bonding, creating a stable cation-rich G-quartet structure. These quartets 
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further stack over each other to form quadruplex fibrils, that crosslink to 

form a dense fibril network ultimately forming a gel. Gelation is driven 

by hierarchical multi-step nucleation, physical crosslinking, branching, 

and aggregation processes. When exposed to suitable external stimuli, 

the gel network can be easily broken down due to the disruption of 

molecular hydrogen-bonded assemblies. The reversible nature of G-

quadruplex-based hydrogels has made them attractive as smart 

biomaterials, owing to their stimuli-responsive properties. The 

mechanistic understanding of gelation and the remarkable properties of 

G-quadruplex-based hydrogels have been elucidated through various 

spectroscopic characterization techniques. 

X-ray diffraction 

Powder X-ray diffraction (PXRD) investigation aids in 

characterizing the presence of G-quartet and further supramolecular 

architecture formation through π-π stacking of G-quartets to form the 

fibrillar strand. The peaks observed at 2θ ~ 4.5° correspond to the lattice 

spacing (d) of 2.2 nm which is the diameter of a Quartet. Another peak is 

observed at 2θ ~ 27° corresponding to the lattice spacing of 0.33 nm 

which is the interplanar distance between two layers of G-quartets 

stacked together due to π-π stacking (Figure 1.13a).157 

Thioflavin T (ThT) Assay 

G-quartet formation could also be analyzed by loading thioflavin 

T into the hydrogel matrix. ThT is a fluorogenic dye that shows multifold 

enhancement in emission intensity at around 490 nm when trapped in 

between the G-quartet fibrils. The binding of ThT to G-assembly restricts 

the intermolecular rotation which causes the increment in the emission, 

which otherwise shows quenching in bare form (Figure 1.13b).158–160  
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Figure 1.13. The characterization for G-quadruplex (a) PXRD spectra showing G-

quartet assembly,[157] (b) ThT assay for G-quartet-based hydrogel,[157] (Copyright 

2021 ACS) (c) CD spectra for three different conformations of G-quadruplex assembly: 

parallel, anti-parallel, and hybrid,[161] (Copyright 2017 ACS) (c) 1H NMR of a G-

quartet assembly,[162] (Copyright 2000 ACS) and (d) 23Na NMR showing sodium ions 

present in two different environments: free or surface sodium ion and sodium ion 

trapped in the channel of G-quartet.[165] (Copyright 2007 RSC) 
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Circular Dichroism (CD) 

Circular dichroism (CD) spectroscopy is essential for 

understanding the stereostructure and self-assembly behavior of 

supramolecular formations in a G-quadruplex hydrogel matrix. In the CD 

spectrum, the peaks between 250-320 nm reflect the stacking patterns of 

cation-stabilized G4-quartets in a helical arrangement, with positive 

peaks indicating head-to-tail stacking and negative peaks indicating 

head-to-head stacking. G-quadruplex structures are classified as parallel, 

antiparallel, or hybrid, based on the orientation of the nucleic acid strands 

that compose the G4 motif. The CD spectrum of an antiparallel G4 

structure shows a strong positive peak at 290-295 nm and a weaker 

negative peak at 260-265 nm. In contrast, the parallel G4 conformation 

exhibits a positive peak at 260-265 nm and a negative peak at 240-245 

nm. The hybrid conformation displays a positive peak at 290 nm, a 

shoulder at 270 nm, and a negative peak around 240 nm (Figure 1.13c).161 

Nuclear Magnetic Resonance (NMR) Spectroscopy 

(i) Proton (1H) NMR 

1H NMR for supramolecular G-assembly may show an 

overall downfield shift due to H-bonding. The emergence of 

a peak near 9.5 ppm is the characteristic sign of G-quartet 

formation. This peak corresponds to the H of the amine group 

that participates in the quartet formation. The appearance of 

more than one peak at that position suggests the presence of 

more than two G-quartet layers, where one peak refers to the 

outer layer and the other refers to the inner layer. If both the 

peaks are of equal intensity then it indicates the presence of 4 

G-quartet layers, that is G-hexadecamer (G16) 

Similarly, new peaks emerge in the region of 11-13 ppm 

that correspond to the N1H proton participating in the G-

quartet formation. (Figure 1.13d)162,163 
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(ii) Sodium (23Na) NMR 

In 23Na NMR, for a G-quartet system, two peaks are 

generally observed. One at near 0 ppm corresponding to 

the free/surface sodium ions that are bound to the 

phosphate group and a low intense peak near -17 ppm 

which is due to the sodium ions inside the G-quadruplex 

channel. (Figure 1.13e)164,165 

1.5.3. Recent Advances in G-Assembly-Based Hydrogels 

 Even though G-assembly based supramolecular hydrogels are 

turning the eyes of many researchers, it’s still relatively a new field. It 

holds vast potential in the field of biocompatible and biomimetic smart 

materials, moreover, it can also interact with inorganic moiety to harness 

their properties into a soft hybrid material for a wide range of 

applications.   

G-quadruplex in Biomedical Field 

G-assembly based hydrogel is highly desirable in the biomedical field. 

Cheng et al. recently developed a guanosine 5’-monophosphate (GMP) 

G-quartet-based hydrogel with the antibacterial drug tobramycin (TOB) 

which is used in the clinical treatment of keratitis (Figure 1.14a). 

Gelation of TOB with GMP rendered it with biocompatibility, 

injectability, transparency, and sustained drug release. On treating mice 

with pristine drug, an opaque layer was observed on the cornea but not 

for the hydrogel, thus the hydrogel enhanced the therapeutic efficacy of 

the drug.166 Li and his co-workers developed Ag-isoguanosine (Ag-isoG) 

hydrogel with outstanding antibacterial activity, saline-clearable 

characteristics, and high-temperature resistance (Figure 1.14b). Its strong 

antibacterial effectiveness against E. faecalis and low cytotoxicity 

highlight its significant potential as an alternative intracanal disinfectant 

for effective root canal therapy.167 Multicomponent G-quadruplex of 

guanosine (Guo) and GMP has been shown to form stable hydrogels and 

has gained popularity in bio applications. Gallardo et al. reported a 

Guo/GMP system for tissue reconstruction and wound healing by 3D 
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bioprinting (Figure 1.14c). They combined Guo and GMP with boronic 

acid (BA) and K+ ions, where the cross-association between Guo and 

GMP in the presence of K+ and BA enhanced hydrogel formation and 

stability. This approach improved the printability while supporting cell 

survival and preserving cell functionality.168  

 

Figure 1.14. (a) GMP-TOB hydrogel used for the treatment of keratitis[166], (b) Ag-

IsoG hydrogel with antibacterial property to be used as a disinfectant in root canal 

therapy,[167] (Copyright 2023 ACS) (c) Guo/GMP hydrogel for tissue healing through 

bioprinting,[168] (Copyright 2023 ACS) (d) Guanosine Boronic acid hydrogel for 

sustained release of anti-inflammatory natural products(Que, DMB, and Den),[169] 

(Copyright 2024 ACS) (e) DNA-GMP bio-condensate led hydrogel as hydrotropic 

carrier for both hydrophilic and hydrotropic drugs,[170] and (d) Bimetal crosslinked 

5′-GMP self-assembled hydrogel demonstrating pH-responsive zero-order drug 

release.[171] (Copyright 2019 ACS) 

The G-quadruplex systems are used in the field of drug delivery 

due to their stimuli-responsive reversible sol-gel transition. Hydrogels 

can entrap drugs in their fibrillar matrix and release them by transitioning 

into sol in response to various stimuli such as pH, enzymes, etc. Gao et 

al. synthesized a simple guanosine and boronic acid-based G-quartet GB 

hydrogel which was used to co-deliver three natural products quercetin 
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(Que), demethyleneberberine (DMB), and dencichine (Den) with anti-

inflammatory property for the treatment of irritable bowel syndrome 

(Figure 1.14d).169 Sarma et al. recently reported a DNA-GMP bio-

condensation led G-quadruplex hydrogel (Figure 1.14e).170 The hydrogel 

functioned as a hydrotropic drug delivery vehicle and could release both 

hydrophobic and hydrophilic drugs. Thakur et al. proposed a bimetallic 

Ca-Fe-GMP hydrogel (Figure 1.14f). Crosslinking F-GMP hydrogel with 

Ca2+ enhanced their biocompatibility and mechanical strength and it 

exhibited a pH-responsive zero-order release of drug.171 

G-quadruplex Systems in Catalysis 

Catalysis of organic reactions is still not a very explored field for 

guanosine hydrogels, but hydrophobic pockets in G-assembly can 

facilitate organic reactions in water. Bai et al. developed guanosine 

diester hydrogel in the presence of borate anion (GBG) and this gave 

enantioselective Friedel-Craft alkylation in water medium in the 

presence of Cu2+.172 Recently Chen et al. also reported another guanosine 

borate hydrogel that enantioselectively catalyzes aldol reaction in 

water.173 Lala et al. macrocyclic ligand within the G-quadruplex hydrogel 

matrix by click reaction of bisalkyne and bisazide. This study highlights 

G-quadruplex hydrogel as a versatile platform for complex reactions 

such as macrocyclization by bringing reactive fragments into proximity. 

The hydrogel's high viscosity reduces the mobility of the reactive 

fragments thus facilitating the reaction by aligning them in proximity.174 

G-Assembly Motif in Enzyme Mimetic Activity 

Enzymes are the most specific and efficient biocatalysts for 

several chemical reactions in living organisms. However, they show 

significant drawbacks in in vitro conditions, such as the high cost of 

synthesis or isolation, thermal instability, and sensitivity to the 

environment limiting its application outside physiological conditions. 

Thus, we need to design enzyme mimetic systems that can mimic the 

enzyme activity but are also more economical and stable to external 

stimuli. Like protein macrostructure, guanosine supramolecular 
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assembly is also an amphiphilic system, it can be explored in the field of 

enzyme mimic activity. Chakraborty et al. recently reported a GMP-

based hydrogel with an inorganic metal cluster (polyoxometalate). The 

hydrogel showed haloperoxidase-like activity which was further 

exploited for antibacterial activity by disrupting the quorum-sensing 

process of bacteria.70 Hu et al. synthesized iron-tetra (4-carboxyphenyl) 

porphine (Fe-TCPP) based MOF and it was trapped in the hydrogel 

matrix of GMP. The Fe-TCPP complex showed peroxidase activity 

which was used for glucose sensing. The hydrogel matrix rendered the 

system with efficient portability and shape molding ability.175 Dash and 

colleagues developed a supramolecular hydrogel through G-quartet-like 

self-assembly, involving phenyl-boronic acid crosslinking the diol 

functional group of guanosine in the presence of K+ and Pb2+ ions. The 

K+-stabilized hydrogel successfully incorporated Fe(III)-hemin, 

demonstrating peroxidase-like activity, whereas the Pb2+ stabilized 

hydrogel failed to bind hemin and did not exhibit activity. These findings 

led to the creation of a molecular logic gate for sensing toxic Pb2+ ions.176  

Conductivity of G-Quadruplex System 

G-quadruplex hydrogels are also known to conduct cations within 

the quartet channel. This endows the G-quadruplex hydrogel with ion-

conductivity. Thakur et al. proposed a self-healing hydrogel of GMP with 

phytic acid through G-quadruplex formation. The hydrogel showed a 

high conductivity of 46.4 mScm-1.177 Li et al. also reported a conductive 

hydrogel of guanosine with pyridine-4-boronic acid (PyB) in the 

presence of KCl with conductivity of 43.2 mS cm-1.178 Taking advantage 

of the conductivity of G-quadruplex assembly, Chakraborty and her co-

workers recently designed a 2-layered electrochromic device (ECD) 

compared to the traditional 5-layered device.163 The GMP hydrogel with 

phosphomolybdic acid showed electrochromic properties and was used 

as the replacement for the electrode.  

Collectively, these studies underscore the functional diversity of 

G-quadruplex hydrogels, emphasizing their potential as innovative soft 
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biomaterials. This opens the door to developing a variety of 

supramolecular hybrid nanostructured hydrogels by leveraging the stable 

self-assemblies formed by fundamental biological units upon interaction 

with metal ions or other biological/chemical agents. These hydrogels 

exhibit appealing biological and biochemical properties, including self-

healing and responsiveness to stimuli. 

1.6. Thesis Objective 

 The primary objective of this thesis is to propose a facile strategy 

for developing smart hydrogel materials with diverse applications. We 

proposed hydrogel formation simply by one-pot mixing of precursors in 

their pristine form, without requiring covalent modifications or tedious 

synthetic routes. In this thesis work, guanosine monophosphate (5’-

GMP) was explored as the LMWG. GMP has an additional interactive 

site than guanosine, the phosphate group. Unlike guanine or guanosine, 

GMP is water-soluble in its native form. Additionally, the electrostatic 

interactions and hydrogen bonding facilitated by the phosphate group 

allow GMP to form a hydrogel in its unmodified state, unlike guanosine 

which usually requires some form of derivatization. In this thesis, we 

developed functional GMP hydrogels by physically crosslinking them 

with various materials. These included inorganic moieties like 

polyoxometalates for haloperoxidase-induced antibacterial and 

chromogenic activities, metal-amino acid complexes to structurally and 

functionally mimic the carbonic anhydrase enzyme and the water-

insoluble organic molecule folic acid for targeted drug delivery.  
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1.7. Organization of The Thesis 

This thesis work is divided into two categories: 

Category 1: In the first three working chapters, GMP forms Class I 

hybrid organic-inorganic hydrogel. Class I hybrid materials are when the 

organic material interacts with the inorganic moiety through only non-

covalent interactions. In the first two working chapters, GMP forms 

hydrogel with metal oxo clusters, polyoxometalates (POM), and in the 

third working chapter GMP forms hydrogel by interacting with an 

inorganic metal complex.  

Category 2: In the fourth working chapter, GMP hydrogel formation 

occurs by self-assembling with another small molecule, folic acid. 

The following sections provide a brief discussion of the thesis contents: 

Chapter 2. discusses the synthesis of two supramolecular hydrogels of 

GMP with polyoxometalates (POMs), phosphotungstic acid (PTA), and 

silicotungstic acid (STA). These hydrogels are mechanically robust, 

stimuli-responsive, and more biocompatible than bare POMs. They 

showed haloperoxidase activity, with PTA-GMP hydrogel showing 

higher activity. The PTA-GMP hydrogel demonstrated specific 

iodoperoxidase activity, which was harnessed for antibacterial activity by 

disrupting bacterial quorum sensing  

In Chapter 3, we discuss the development of chromogenic hydrogel by 

self-assembly of a POM, phosphomolybdic acid (PMA), and GMP. The 

hydrogel is mechanically strong, thermo-reversible, and changes color 

from yellow to blue under physical (light, electricity, stress, heat) and 

chemical (metal, thiols, iodide) stimuli. It features ion conductivity, 

enabling its use in a simplified electrochromic device, highlighting its 

potential for smart devices.  

In Chapter 4, we design a hydrogel mimicking the active site of carbonic 

anhydrase through simple self-assembly of small molecules. The GMP 

fibrillar structure provides a similar hydrophobic environment to the 

protein chain and also stabilizes the Zn(His)3H2O complex, enabling the 
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hydrogel to replicate enzyme functions, showing high esterase and CO2 

hydration activity. The hydrogel also facilitated biomineralization, 

producing carbonated hydroxyapatite for bone tissue engineering and 

removing toxic metals like Pb2+ and Cd2+. 

Chapter 5. proposes a simple method to prepare a hydrogel from water-

insoluble folic acid by enhancing its solubility through self-assembly 

with amphiphilic GMP for targeted drug delivery. The thermoreversible, 

injectable, thixotropic, and biocompatible FA-GMP hydrogel effectively 

encapsulated and sustained the release of both hydrophilic (Dox) and 

hydrophobic (curcumin) drugs. These hydrogel-encapsulated drugs 

showed higher cytotoxicity and cellular uptake in MCF-7 cancer cells, 

improving therapeutic efficacy by enhancing tumor suppressor gene 

expression and inhibiting proliferation markers. The FA-GMP hydrogel 

offers a simple, cost-effective, and biocompatible solution for targeted 

anticancer drug delivery. 

Chapter 6 is the last, and it summarizes the significance of overall 

research works included in the thesis with the future scope of the 

developed hydrogel materials. 
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Chapter 2 

Polyoxometalate-Guanosine Monophosphate 

Hydrogel with Haloperoxidase-like Activity for 

Antibacterial Performance 

2.1 Introduction 

Biofouling takes place due to the gradual growth of 

microorganism colonies on different surfaces.1 These microorganisms 

irreversibly grow on a surface by producing extracellular 

polysaccharides, resulting in attachment and matrix formation on the 

surface, thus developing a biofilm.2 The omnipresence of these biofilms 

causes heaps of complications in biofouling-prone surfaces, such as ships 

or submarines, industrial equipment, pipes, water bodies, etc. along with 

causing serious threats to public health due to a significant decrease in 

antimicrobial susceptibility on medical devices.2–5 Therefore, a huge 

effort is dedicated to developing biocides that can prevent biofouling in 

an ecologically sound approach. Although several antifouling coatings 

and paints based on metal complexes are available to coat external 

surfaces, they come at the risk of environmental damage through metal 

leaching.6 One of the approaches that natural systems such as marine 

algae adopt is to secrete an enzyme known as haloperoxidase, through 

which they develop a defense mechanism against microorganisms. Based 

on differences in prosthetic groups, haloperoxidases are classified into 

two types: (i) heme dependent haloperoxidase and (ii) vanadium-

dependent haloperoxidase. This class of enzymes catalyzes the oxidation 

of halide ions (Cl
-
, Br

-
, I

-
) to hypohalous acids (HOX). The HOX 

produced in this process deactivates the intercellular communication in 

microorganisms responsible for biofilm formation.7,8 Thus, 

haloperoxidases provide an applicable pathway for developing non-toxic 

antifouling paints and coatings. However, natural enzymes have their 

limitations, as they function under highly specific conditions (optimal 
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pH, temperature, and ionic strength) and get denatured in extreme 

conditions. Also, their production is quite expensive, thus making them 

unsuitable for large-scale use. Therefore, much attention is being given 

to enzyme mimetic systems, which are artificial enzymes that can 

emulate natural enzymes, and are biocompatible, cost-effective, have 

better stability, and have good catalytic activity.9–14 

Based on the fact that the natural haloperoxidases contain 

vanadium metal in its active site, most of the functional haloperoxidase 

mimicking systems are based on vanadium such as vanadium Schiff base 

complexes and peroxovanadium complexes.15,16 Tremel et al. first 

demonstrated the activity of vanadium pentoxide nanoparticles as 

haloperoxidase mimics that showed high activity to prevent marine 

biofouling.17 CeO2-x based nanorods also show high haloperoxidase 

mimicking activity that has been used to combat biofouling.18–20 

Polyoxometalates (POM) are complexes of early transition metal-oxygen 

clusters and have emerged as an attractive functional material due to their 

interesting physicochemical properties such as high electronegativity, 

controllable morphology, oxo-enriched surface, tunable acid-base 

character, and redox property.21 Most POMs have a small surface area 

and are highly soluble in aqueous medium but they can also interact with 

various substrates via electrostatic forces, hydrogen bonding, and non-

covalent interactions to provide multifunctional POM hybrid materials. 

Subsequently, POM-based functional materials show potential in a wide 

range of applications such as photochromic or electrochromic devices22, 

magnetic materials23, organic and photocatalysis24–26, artificial 

enzymes27–31, environmental remediations32 along with biological 

activities such as anticancer, antibacterial, and antiviral properties.33–36 

Most of these applications are attributed to their high proficiency in 

receiving and liberating electrons without any structural change or 

decomposition.21,37 Despite all the advantages associated with POMs, 

their unspecified interactions with biomolecules and toxicity generated 

after prolonged use limits their biological applications.33,38 Further, 

developing uniform coating with these nanocrystalline solids is a major 
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issue since they form non-homogeneous films with accumulated 

particles.39 Hydrogels are three-dimensional networks that can absorb a 

large amount of water and have structural properties similar to tissues. 

Further, depending on their chemical composition, they show 

responsiveness to various stimuli such as temperature, pH, or 

chemicals.40,41 Therefore, incorporating POMs into a hydrogel matrix can 

provide solutions to the inherent drawbacks of POMs in the solution 

state.38,42 Most focus in this direction has been devoted to covalently 

attaching organic functionalities onto the POM surface.38 However, the 

anionic nature of the surface and the presence of metal-oxo bonds also 

provide opportunities for supramolecular formulations via non-covalent 

interactions. Anionic POM can electrostatically interact with cationic 

surfactants to form organic gels. POM-loaded hydrogels have been 

reported by incorporating POM in a gel matrix or using biomolecules 

such as peptides as the organic component.38,43–47  

Among the commonly available biomolecules, the ability of 

nucleotides to function as a low molecular weight gelator (LMWG) is 

well documented.48 Various binding sites in a nucleotide can induce 

different interactions such as coordination bonds with metal ions, 

hydrogen bonding, π-π stacking, and electrostatic interaction that leads 

to the formation of macromolecular superstructures.48,49 Guanosine 

monophosphate is of particular interest as various types of 

supramolecular assemblies such as G-Quartet,49–51 dimer,52,53 ribbon,54 

sheet55, etc. are formed due to the participation of both Watson-Crick and 

Hoogsteen faces in hydrogen bonding. Cronin et al. reported the 

formation of a well-defined Z-DNA double helix structure obtained 

through the condensation reaction of GMP and sodium molybdate. The 

resultant POM-nucleotide complex formed through covalent interaction 

could act as a gelator to form an organogel.53 However, there is no report 

of POM-nucleotide hydrogel formed through non-covalent interactions 

which might be advantageous from the fabrication point of view that 

brings additional properties. 
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Herein, we report the formation of POM-GMP hybrid hydrogels 

through a simple mixing of two commercially available tungsten-based 

Keggin polyoxometalates, phosphotungstic acid (PTA) and tungstosilicic 

acid (STA) with GMP in aqueous medium at room temperature. The 

hydrogels thus obtained were mechanically robust, shape-sustaining, and 

showed thixotropic properties. Further, the hydrogels showed reversible 

thermoresponsive sol-gel transition. The POM-GMP hydrogels showed 

better biocompatibility as compared to the bare POMs dispersed in an 

aqueous medium. Both the hydrogels showed efficient haloperoxidase 

activity, although the enzyme mimetic activity of PTA-GMP hydrogel 

was found to be significantly higher as compared to STA-GMP hydrogel. 

The PTA-GMP hydrogel showed significant antibacterial activity against 

both gram-positive and gram-negative bacteria. The simplicity in the 

synthesis, high biocompatibility, thixotropic properties, ability to form 

uniform film, and efficient antibacterial activity make the POM-GMP 

hydrogel a potent anti-biofouling agent.56 

2.2 . RESULTS AND DISCUSSION 

2.2.1 Synthesis of the hydrogels  

A simple mixture of POMs (60 mM) and GMP (180 mM) at a 1:3 molar 

ratio in an aqueous medium was slightly heated to 50 °C to get a 

homogeneous mixture, which upon cooling to room temperature resulted 

in the spontaneous formation of a self-assembled hydrogel. The 

formation of POM-GMP hydrogel was confirmed physically by a ‘vial-

inversion’ test (Figure 2.1).  
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Figure 2.1. Formation PTA and STA hydrogels with GMP 

The concentration ratio (POM and GMP) dependent formation of 

the hydrogel was observed visually (Figures 2.2 a-d). Experiments were 

performed by initially keeping the concentration of POM constant (60 

mM) and varying GMP concentration from 90 mM to 360 mM. No 

gelation was observed at a 1:1.5 ratio of POM: GMP. From a POM: GMP 

concentration ratio of 1:2, stable gels were observed with no solvent flow 

under gravity when the vial was inverted. Stronger gels were obtained as 

the concentration of GMP was increased. Next, the concentration of GMP 

was kept constant (180 mM) and the concentration of POM was varied 

from 30 to 120 mM. It was observed that the color of the system gets 

more intense with an increase in the amount of POM. As the 

concentration of POM was increased a weak and opaque gel was 

obtained in the case of PTA. However, in the case of STA, a clear 

homogeneous orange solution was obtained. Based on these results, a 

POM:GMP ratio of 1:3 was used for gel formation in all subsequent 

studies.  
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Figure 2.2. Digital images of POM-GMP system with different concentrations (a, b) 

varying the concentration of GMP with respect to (a) PTA and (b) STA, respectively, (c, 

d) varying the concentration of (c) PTA and (d) STA with respect to GMP, respectively. 

  Both PTA-GMP and STA-GMP showed thermo-reversible 

properties enabling them to convert to sol at an elevated temperature of 

50 °C and 48 °C respectively (Figure 2.3a, b). The sol can be converted 

back to hydrogel upon cooling. This property of the gels was utilized to 

mold them into different shapes (Figure 2.3c, d). Stimuli responsiveness 

of both the gels was studied by treating them with 100 mM of histidine, 

aspartic acid, urea, and ammonium hydroxide (Figures 2.3e, f). Urea and 

aspartic acid did not affect the stability of the hydrogel. Upon exposure 

to histidine and ammonium hydroxide, the gel was converted into a sol 

initially but hydrogels were again reformed after two days. We also 

observed the formation of thin films when a layer of PTA-GMP and STA-

GMP hydrogels were left to dry for 3-4 hours. PTA-GMP thin film 
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obtained was transparent, where we could see the word gel written on 

paper through it. (Figure 2.3 g-l) 

 

Figure 2.3. (a,b) Thermoreversibility of the PTA-GMP and STA-GMP hydrogels 

respectively, (c,d) PTA-GMP and STA-GMP hydrogel molded into different shapes, (e,f) 

stimuli-responsive behavior of PTA-GMP and STA-GMP hydrogel with respect to 

histidine, aspartic acid, urea, NH4OH, (g-l) thin films of PTA-GMP and STA-GMP 

obtained on drying the hydrogel and (k,l) transparency of PTA-GMP film where we can 

see the word gel written on paper. 

 

2.2.2 Morphological Evaluation  

Morphological analysis of the hydrogel was carried out using various 

microscopic techniques. Scanning electron microscopy (SEM) images of 

PTA-GMP and STA-GMP showed highly entangled fibrillar structures 

(Figure 2.4a, b). The average diameter of the fibers were calculated to be 

130-160 nm in the case of PTA-GMP and 90-120 nm in the case of STA-

GMP and were several micrometers in length in both cases. Transmission 
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electron microscopy (TEM) further reinforced the observation of web-

like fiber formation (Figure 2.4c, d). The fiber diameter calculated from 

the TEM images was in the range of 10 to 15 nm in the case of STA-GMP 

and 30-50 nm in the case of PTA-GMP gel. From the microscopic images 

it could be observed that the POM-GMP strands were bundled up to form 

the nanofibers and cross-linking of the fibers effectively resulted in the 

dense entangled network. 

 

Figure 2.4. (a, b) FESEM images of PTA-GMP and STA-GMP hydrogel respectively, (c, 

d) TEM images of PTA-GMP and STA-GMP hydrogel respectively 

2.2.3 Spectroscopic Characterization.  

The UV-visible spectrum of GMP showed an absorption maximum at 252 

nm and a shoulder band at 272 nm. On the other hand, absorption maxima 

were obtained at 254 and 262 nm for PTA and STA solutions respectively 

(Figure 2.5a, b). A hypsochromic shift in both the POM solutions was 

observed upon the addition of GMP solution, which indicates the 

interaction of GMP with POM to form a metal-organic composite and the 

absorbance spectra of the hydrogels are a hybrid of both precursors. From 

the Job’s plot, the most suitable stoichiometry for POM-GMP interaction 

was found to be at the ratio of 2:3 (Figure 2.5 c-f). However, at this 

concentration ratio, a very weak heterogeneous gel was obtained in the 



Chapter 2 

 

61 
 

case of PTA-GMP, whereas a clear orange solution was obtained for 

STA-GMP. Based on the experimental studies, a 1:3 concentration ratio 

of the POM and GMP was used for gel formation considering the 

robustness and stability of the gel. 

   

Figure 2.5. (a, b) UV-Visible spectra of aqueous solutions of 0.025 mM GMP, 0.025 

mM POM (PTA and STA), and 0.025 mM POM-GMP system, (c,e) UV spectra upon 

addition of an equimolar solution of GMP to PTA and STA solutions respectively at 

different ratios, (d,f) their respective Job’s plot calculated at 252 nm from absorption 

maxima.  

Circular dichroism (CD) analysis was performed to study the 

chirality of the hydrogels (Figure 2.6a, b). An aqueous solution of GMP 

shows a positive band at 213 nm that corresponds to an n-π* transition of 

purine base and a negative Cotton band at about 250 nm, which suggests 

the presence of the β-anomeric form of sugar moieties in the GMP 
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solution.50,57,58 In the CD spectra of the hydrogels, we obtained similar 

trends as monomeric GMP suggesting that the GMP was present in its 

monomeric form in the composite.58 Compared to GMP, positive cotton 

effects for both the gels appeared slightly weaker, which could be 

attributed to the non-covalent interactions of the purine base with the 

polyoxometalates.59 Thus, it can be implied from CD studies that the 

chirality of GMP was well preserved in the supramolecular POM-GMP 

assembly. CD spectra were recorded for both the POMs by varying POM 

to GMP concentration ratios (Figure 2.6c, d).  

 

Figure 2.6. (a, b) CD Spectra of 0.25 mM GMP, 0.25 mM POM (PTA and STA), and 

0.25 mM POM-GMP hydrogel, (c,d) Circular dichroism spectra of PTA-GMP and STA-

GMP complex recorded with decreasing mole fraction of GMP respectively. 

FTIR spectroscopy was performed to assess the interactions 

between GMP and POM responsible for gelation (Figure 2.7a, b). The 

characteristic peaks of PTA and STA appear in the range of 1100 to 700 

cm-1. The four characteristic peaks of a Keggin structure for PTA around 

1072 cm-1, 971 cm-1, 913 cm-1, and 782 cm-1 are attributed to the 

stretching vibrations of P-O, W-Ot, W-Oc-W, and W-Oe-W respectively 

(where Ot is terminal oxygen, Oc is centered oxygen and Oe is edge 

oxygen). Similar characteristic peaks for STA at 1020 cm-1, 975 cm-1, 904 
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cm-1, and 735 cm-1 are observed corresponding to Si-O, W-Ot, W-Oc-W, 

and W-Oe-W respectively.60–62 The FTIR traits for both POMs are 

retained in the gels with a slight shift in their stretching frequency, thus 

indicating that the basic Keggin structure of the polyoxometalates was 

preserved in the gel. N7 of the purine base is one of the well-known 

interacting sites that induce the formation of supramolecular assembly 

and its role in gelation is evident through the shift observed in the 

stretching vibration of the C(8)-N(7) bond. The peak at 1481 cm-1 in 

GMP assigned to the C(8)-N(7) stretching frequency was slightly shifted 

to 1473 and 1470 cm-1 in PTA-GMP and STA-GMP, respectively. This 

slight shift without any characteristic change in the spectra is indicative 

of non-covalent interactions such as hydrogen bonding.63 A shift was also 

observed in the C=O peak towards a higher frequency from 1668 cm-1 to 

1690 cm-1 for both PTA-GMP and STA-GMP. A shift in the C=O 

stretching frequency was observed from 1668 cm-1 to 1690 cm-1 in both 

PTA-GMP and STA-GMP systems. This shift can be attributed to the 

electron-rich, anionic nature of PTA and STA, whose proximity to the 

carbonyl group influenced its vibrational characteristics.64 Moreover, the 

shoulder peak at 1633 cm-1 corresponding to the bending vibration of the 

-NH2 group of GMP, showed a shift to 1643 and 1644 cm-1 for PTA-GMP 

and STA-GMP, respectively. This indicates that the -NH2 group is also 

interacting with the POMs through H-bonding to one of the oxygens 

present on the POM shell. To confirm, gelation experiments were carried 

out by adding POMs to an aqueous solution of Inosine monophosphate 

(IMP), which is structurally similar to GMP except for the -NH2 group. 

No gelation was observed in this case confirming the involvement of the 

-NH2 group in gel formation (Figure 2.7c).  
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Figure 2.7. (a) FTIR spectra of (a) GMP, PTA, and PTA-GMP xerogel (b) FTIR spectra 

of GMP, STA, and STA-GMP xerogel, and (c) Digital image of PTA-IMP system showing 

the inability of POM to form a hydrogel with IMP. 

 Further 1H NMR studies were performed for GMP and both the 

POM-GMP hydrogels (Figure 2.8a). The 1H NMR of GMP showed 

resonance spectra at 8.13 ppm for H8, 5.85 ppm for H1ʹ, 4.69 ppm and 

4.44 ppm for H2ʹ and H3ʹ respectively, 4.27 ppm for H4ʹ and 3.96 ppm 

for H5ʹ,5ʹʹ. All the protons exhibited a slight downfield shift indicating a 

non-covalent interactive environment, except for H2ʹ and H3ʹ which 

means the -OH group of the sugar had no role in the gelation. 31P NMR 

spectra showed an upfield shift from 3.8 ppm corresponding to the -PO3
2- 

group in GMP to 0.2 ppm in the case of both the hydrogels (Figure 2.8b). 

This shift in the resonance spectra suggests the involvement of PO3
2- 

moiety in non-covalent interactions leading to the formation of 

hydrogels.  
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Figure 2.8. (a) 1H and (b) 31P NMR spectra of GMP, PTA-GMP, and STA-GMP. 

To understand the driving forces for gel formation and structural aspects, 

we attempted to grow X-ray-quality crystals directly from the hydrogels, 

however, the crystals obtained were not of good quality for 

crystallographic analysis. Therefore, a probable mechanism is proposed 

based on the spectroscopic evidence. The self-assembly occurs through 

the interaction of the N7 and -NH2 groups of the purine base and the -

PO3
2- group in GMP with POM through H-bonding. It is well known that 

at highly acidic conditions, protonation occurs at the phosphate group 

and guanine ring at the N7 position. Protonation at the N7 position of the 

purine base blocks the H-bonding between the N7 and NH2 group of 
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another guanine ring, thus preventing the G-Quadruplex formation.65 

PTA and STA are strong Bronsted acids, where they can donate three and 

four protons respectively.66–71 Therefore, protonation occurs in the N7 of 

the purine base. A plausible structure is depicted in Figure 2.9, where 

GMP interacts with POM through three sites (PO3
2-, N(7)H+, and -NH2) 

via H-Bonding. Further entanglement occurs through π-π stacking of 

aromatic base and H-bonding leading to the formation of a fibril network.  

 

Figure 2.9. A schematic representation for the proposed self-assembly of the POM 

(PTA, STA) and GMP leading to a hydrogel. 

2.2.4. Rheological Studies.  

Rheological studies were performed to study the viscoelastic nature of 

the hydrogels. Strain, stress, and frequency sweep studies showed the 

dominance of elastic property over viscous property as the magnitude of 

storage modulus (Gʹ) was greater than the loss modulus (Gʹʹ) over a range 

of strain and angular frequency (Figure 2.10). The strain-sweep 

rheological study showed that the magnitude of Gʹ was greater than Gʹʹ 

till strain percentage of 32% and 83% for PTA-GMP and STA-GMP 

respectively (Figure 2.10 a,c). A thixotropic loop test was performed to 

check the recoverability of the gel (Figure 2.10 e,f). Successive low and 

high strains were applied at a time interval of 100 s to ensure complete 

loss and recoupment of elastic behavior. Both the gels preserved their 
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elastic property (Gʹ > Gʹʹ) at a strain of 0.1 %. Both the gels started to 

lose their elastic property (Gʹʹ > Gʹ), upon increasing the strain to 100%. 

The elastic property of the gels was restored after removing the strain. 

The reversible sol-gel transition was observed over several cycles. They 

could recover to their gel state in a time interval of 100 seconds, 

indicating dynamic behavior and rapid restoration of the self-assembled 

supramolecular network.  

  

Figure 2.10. (a, c) Dynamic strain sweep of PTA-GMP and STA-GMP hydrogels, 

respectively, (b, d) Frequency sweep measurements of PTA-GMP and STA-GMP 

hydrogels at a constant strain of 1%, (e, f) Thixotropic loop measurements for PTA-

GMP and STA-GMP hydrogels at a constant angular frequency of 10 rads-1. 

Both gels showed rigidity and self-sustaining properties, which 

were physically observed by putting a weight of 3 pebbles (total weight 
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of 122 g) on them. Upon removing weight, they showed no appreciable 

change in shape or height (Figure 2.11a). Also, both hydrogels were 

highly injectable (Figure 2.11b). 

 

Figure 2.11. (a) Pictorial depiction of the rigidity and mechanical strength of the 

hydrogels where it can bear a total weight of 122g without deformation, and (b) Digital 

images showing injectability of (left) PTA-GMP hydrogel (loaded with methylene blue 

dye for visual ease), (right) STA-GMP hydrogel.  

2.2.5 Haloperoxidase Activity 

Although vanadium-based complexes and nanomaterials are 

commonly used for mimicking haloperoxidase enzymes, their large-scale 

usability for anti-biofouling applications is hindered due to vanadium 

compounds' carcinogenic and mutagenic nature. Therefore, we explored 

the possibility of using the polyoxometalates and polyoxometalate-GMP 

hydrogels as haloperoxidase mimics. Two colorimetric assays were 

performed using thymol blue (TB) and phenol red (PR) as substrates 

under two different pH conditions at pH 8 and 5.6 respectively. Both the 

substrates changed color from yellow to blue/violet, in the presence of 

iodide and H2O2 (Figure 2.12a). The haloperoxidase-like activity of the 

POMs and hydrogels leads to two-fold and four-fold oxidative 

halogenation of TB and PR resulting in TBX2 and PRX4 respectively 

which can be monitored spectrophotometrically from the absorbance 

maxima of the dyes and their halogenated products in milli-Q water. UV-

visible studies were carried out to compare the reactivity of the POMs 



Chapter 2 

 

69 
 

and their respective gels by plotting the absorbance at 610 nm to time for 

TB assay (Figure 2.12b). The studies show that both the POMs 

demonstrate haloperoxidase activity and the catalytic activities were 

retained even after gelation with GMP. Bare PTA and PTA-GMP 

hydrogel showed significantly higher haloperoxidase act 

ivity than STA and STA-GMP hydrogel. Haloperoxidase activity 

of STA-GMP was found to be 4.5 times lower than the PTA-GMP 

hydrogel, as calculated by comparing the slope values by linear fitting. 

The catalytic activity of PTA-GMP hydrogel was slightly higher than 

bare PTA, and it was confirmed by performing three different 

experimental sets of haloperoxidase activity. Due to its higher activity, 

further kinetic studies were carried out with the PTA-GMP hydrogel.  

  

Figure 2.12. (a) Visual observation of haloperoxidase assay; change in solution color 

and structure of (left) Thymol blue and (right) Phenol red upon iodination in the 

presence of H2O2 using PTA-GMP hydrogel as catalyst, (b) comparison of 

haloperoxidase activity of STA, PTA, and their respective hydrogels, and (c) Control 

samples of the oxidative halogenation reaction of TB in (i) absence of PTA-GMP 

hydrogel, (ii) in the absence of H2O2, (iii) in the absence of NaI, and (iv) Standard 

system (in the presence of NaI, H2O2, and PTA-GMP catalyst). 

Control experiments showed that the absence of the PTA-GMP 

xerogel did not result in the halogenation of the substrates, as no 
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characteristic absorbance for the halogenated products was observed. 

Similarly, the lack of either H2O2 or NaI resulted in no iodination of the 

substrates (Figure 2.12c).  

Time-dependent UV-visible spectra were taken for 45 minutes for 

bromination and iodination of both PR and TB (Figure 2.13). The 

increment in absorption maxima at 610 nm (in the case of TB) and 590 

nm (in PR) was due to the formation of TBX2 or PRX4, respectively, 

which was responsible for the solution's blue coloration. The decrement 

in absorbance at 430 nm denotes the reduction in the amount of free 

TB/PR in the system.  

 

Figure 2.13. Time-dependent UV-visible spectra of (a) Iodination and (b) bromination 

of thymol blue respectively, and (c) Iodination and (d) Bromination of phenol red 

respectively using PTA-GMP as the catalyst. 

The pH and temperature-dependent iodoperoxidase activity of 

PTA-GMP hydrogel was evaluated (Figure 2.14). It was observed that 

the PTA-GMP hydrogel showed the highest activity at pH 7.0. Natural 

haloperoxidases are abundant in sea-water (pH 7.8-8.2)72,73 and in humic 

soil (pH 4.8-6.0).74 To have an idea about the performance of the PTA-
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GMP hydrogels under these conditions, we evaluated the kinetic 

parameters at pH 8.0 and 5.6. Further, the PTA-GMP hydrogels showed 

enhanced enzymatic activity with an increase in temperature. However, 

all the kinetic studies were performed at room temperature (25 °C).   

 

Figure 2.14. Effect of (a) pH and (b) temperature on haloperoxidase activity. 

To calculate various kinetic parameters such as Km and Vmax, the 

catalytic rate was determined as the function of I-, Br-, and H2O2 

concentrations. In the presence of the catalyst, the concentration of one 

substrate was varied while keeping the concentration of other substrates 

constant (Figure 2.15). Kinetic studies were performed on both the 

substrates TB and PR at pH 8 and 5.6 respectively at 25 °C (Table 1). A 

Non-linear Hill fitting plot verified the enzyme mimetic activity of the 

PTA-GMP gel. Using TB as a substrate (pH 8) and iodide as halogen, the 

Michaelis constant Km(I-) and maximum velocity Vmax(I
-) were 

calculated to be 0.127 mM and 1×10-3 mM/s respectively. The Km(H2O2) 

and Vmax(H2O2) for the TB-iodide system were 1.6 mM and 1.9×10-3 

mM/s respectively. When PR and iodide were taken as substrate (at pH 

5.6) the kinetic parameters obtained were Km(I-) = 0.3 mM, Vmax(I
-) = 

8×10-4 mM/s, Km(H2O2) = 3.53 mM, and Vmax(H2O2) = 2×10-3 mM/s. 

The Km(I-) value for PTA-GMP hydrogel at both acidic (PR) and basic 

conditions (TB) was found to be lower than naturally occurring 

iodoperoxidase enzymes, Z-VIPO (Km(I-) value for Zg-VIPO1 and Zg-

VIPO2 is 0.22 mM) and many of their mutants (Km(I-) = 0.79 mM for 

Tyr263Phe mutant, 0.44 mM Tyr263Ala mutant and 0.91 mM Cys320Ser 

mutant etc.).75 The lower Km values for PTA-GMP hydrogel suggest that 

I- has a higher affinity towards the hydrogel than natural vanadium 
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iodoperoxidases. The catalytic turnover frequency, and kcat value (ratio 

of Vmax to the concentration of the catalyst) with respect to I- were 

calculated to be 5.3×10-3 s-1 and 4.26×10-3 s-1 for pH 8 and pH 5.6 

respectively. 

  

Figure 2.15. Steady-state kinetic assay of haloperoxidase activity of PTA-GMP 

hydrogel by (a) varying the concentration of iodide and keeping H2O2 constant for TB 

assay (b) varying the concentration of H2O2 and keeping iodide constant for TB assay 

(c) varying the concentration of iodide and keeping H2O2 constant for PR assay (d) 

varying the concentration of H2O2 and keeping iodide constant for PR assay. 

Kinetic parameters were further evaluated for Br- in both acidic (PR) and 

basic (TB) conditions using NaBr as the halogen source (Figure 2.16 and 

Table 2). When TB was used as a substrate (pH 8.0), the obtained values 

of kinetic parameters were Km (Br-) = 127.8 mM, Vmax (Br-) = 1.4×10-3 

mM/s, Km(H2O2) = 3.46 mM, and Vmax(H2O2) = 1.34×10-3 mM/s. 

Similarly, for PR, the values were found to be Km(Br-) = 501.6 mM, 

Vmax(Br-) = 5.9×10-3 mM/s, Km(H2O2) = 1 mM, and Vmax(H2O2) = 

1.3×10-4 mM/s. The higher Km values for bromide compared to iodide 

suggested a very high inclined affinity of PTA-GMP hydrogel towards I- 

compared to Br-. The catalytic efficiency ratio (kcat/Km) of I- to Br- was 
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found to be 730 and 225 in pH 8 and 5.6 respectively. Although the PTA-

GMP hydrogel shows both bromo and iodoperoxidase activity, the 

efficiency for oxidizing iodide was much higher as compared to bromide.  

   

Figure 2.16. Steady-state kinetic assay of haloperoxidase activity of PTA-GMP 

hydrogel by (a) varying the concentration of Bromide with respect to H2O2 for TB assay 

(b) varying the concentration of H2O2 with respect to bromide for TB assay (c) varying 

the concentration of Bromide and keeping H2O2 constant for PR assay (d) varying the 

concentration of H2O2 and keeping Bromide constant for PR assay.  

S.No. Substrate Km (mM) Vmax (mM/s) 

Thymol Blue Assay (pH 8) 

1 I¯ 0.127 10-3 

2 H2O2 1.6 1.9 x 10-3 

Phenol Red Assay (pH 5.6) 

1 I¯ 0.303 8 x 10-4 

2 H2O2 3.529 2 x 10-3 

Table 2.1. Km and Vmax values with respect to I 
-
, and H2O2. 
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S.No. Substrate Km (mM) Vmax (mM/s) 

Thymol Blue Assay (pH 8) 

1 Br¯ 127.79 1.4 x 10-3 

2 H2O2 3.46 1.34 x 10-3 

Phenol Red Assay (pH 5.6) 

1 Br¯ 501.6 5.9 x 10-3 

2 H2O2 1 1.3 x 10-4 

Table 2.2. Km and Vmax values with respect to Br 
-
 and H2O2. 

In nature, haloperoxidase follows two mechanistic pathways. 

Heme containing haloperoxidase follows a radical mechanism and 

vanadium haloperoxidases undergo a mechanism that involves metal-ƞ2-

peroxo intermediates. The addition of natural antioxidants such as 

cysteine and ascorbic acid to a reaction mixture of TB, NaI, H2O2, and 

PTA-GMP hydrogel resulted in no change in reaction rate (Figure 2.17). 

The observations rule out the possibility of a radical pathway. Thus, we 

predict that the PTA-GMP hydrogel follows a pathway similar to the 

naturally occurring vanadium haloperoxidases (VHPO).  

 

Figure 2.17. UV-vis spectra of oxidative iodination of thymol blue in the presence of 

natural anti-oxidants (a) ascorbic acid and (b) cysteine. 

VHPO provokes halide-assisted disproportionation of H2O2 

through the formation of metal-peroxo species. PTA interacts with H2O2 

to form stable polyperoxo species such as PO4[MO(µ-O2)(O2)]4
3−,76,77 

which can oxidize the halide (I-/Br-) leading to the formation of 

intermediate HOX (HOI/HOBr). The oxidized halogenated species 

(HOI/HOBr) halogenates the organic substrate (phenol red and thymol 
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blue) to give the colored products. In the absence of an organic substrate, 

the hypohalous acid obtained reacts with the second equivalent of H2O2 

to produce O2 and X-.78,79 PTA shows much higher haloperoxidase 

activity as compared to STA, probably due to the formation of stable 

peroxo species in case of PTA, whereas no stable polyperoxo species are 

known in the case of silicotungstic acid (STA).77 A slight enhancement 

in the haloperoxidase activity was observed for PTA-GMP xerogel as 

compared to PTA alone, which can be attributed to the H-bonding and π-

π interactions induced by GMP supramolecular assembly around the 

catalytically active PTA. The interaction of I- with the 

polyperoxometalate might be more facile through anion-π interactions of 

I- with the GMP supramolecular network, which might influence the 

diffusion of the substrate to interact with the active catalyst. A probable 

mechanism is proposed in Figure 2.18.  

 

Figure 2.18. A probable mechanism for the iodoperoxidase reaction of PTA-GMP. 

We also observed O2 evolution in the absence of any organic 

substrate using an O2 sensor (Figure 2.19). In the presence of only H2O2 

and PTA-GMP hydrogel, no O2 evolution was taking place, signifying no 

catalase-like activity of PTA-GMP hydrogel. In the absence of PTA-GMP 

hydrogel, no O2 evolution was taking place even in the presence of NaI 

and H2O2. On the other hand, significant O2 release was taking place in 

a mixture of PTA-GMP, NaI and H2O2. When thymol blue was added to 

the reaction mixture, there was an immediate decline in the amount of O2 

released, signifying that the HOI produced reacted with TB to give TBI2 
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which otherwise breaks down to oxygen and iodide in the absence of any 

organic substrate. 

 

Figure 2.19.  Graphical evidence using Vernier O2 sensor to measure the amount of 

oxygen released for: i) H2O2 + catalyst, ii) NaI + H2O2, iii) NaI + H2O2 + PTA-GMP 

hydrogel iv) TB +NaI + H2O2 + PTA-GMP hydrogel system. 

2.2.6 Biocompatibility assay  

Cell viability tests of both the polyoxometalates (PTA and STA) 

and their respective gels were carried out in a range of concentration from 

50 µM to 600 µM against HEK 293 cells. As shown in Figure 2.20a, there 

is a prominent increase in the cell viability of PTA-GMP and STA-GMP 

hydrogels as compared to their respective bare polyoxometalate solution. 

The IC50 (half maximal inhibitory concentration) values of PTA and its 

hydrogel with GMP were found to be 201 µM and 749.5 µM respectively. 

Similarly, for STA and its GMP hydrogel, the values were 205 µM and 

826 µM respectively. The results suggested that the IC50 value of PTA-

GMP and STA-GMP hydrogels increased by the factors of 3.7 and 4.1 

when compared to the bare POM solution respectively. The higher IC50 

values in the case of hydrogels against HEK 293 cell lines suggest that a 

higher amount of sample is required to suppress the biological activity of 
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the cells by 50% as compared to the POMs alone, thus showing higher 

biocompatibility. 

 

Figure 2.20.  (a) Cell viability % of HeK cells after treatment with bare POM solutions 

(PTA and STA) and their hydrogels (PTA-GMP and STA-GMP) at various 

concentrations ranging from 50-600 µM (b) Cell viability % of HeK cells after treatment 

with (i) Untreated (ii) PTA-GMP hydrogel, (iii) only H2O2, (iv) H2O2 + NaI, and (iv) 

PTA-GMP + NaI + H2O2 system. 

Further cell viability studies were performed to understand the 

impact of H2O2 and NaI on the biocompatibility of the PTA-GMP 

hydrogel. For this, HEK239 cells were incubated with (i) 0.5 mg/ml PTA-

GMP xerogel, (ii) 0.05 mM of H2O2, (iii) 0.05 mM H2O2 and 0.5 mM 

NaI, and (iv) 0.05 mM H2O2, 0.5 mM NaI, and 0.5 mg/ml PTA-GMP 

xerogel. The percentage of viable cells was found to be 83% in case of 

PTA-GMP hydrogel, whereas, 60.6% and 57.63% viable cells were 

obtained in the case of 0.05 mM H2O2 and upon addition of 0.5 mM NaI 

to 0.05 mM H2O2. On the other hand, the cell viability was improved to 

75.2% in the presence of H2O2, NaI, and PTA-GMP Hydrogel (Figure 

2.20b). It is well known that H2O2 causes oxidative stress in the cells by 

producing free radicals. The addition of NaI resulted in similar cell 

viability as in the case of H2O2 alone. On the other hand, there was a 

substantial enhancement in cell viability in the presence of PTA-GMP 

hydrogels (along with H2O2 and NaI) to 75%, suggesting that the PTA-

GMP hydrogels were involved in converting H2O2 to HOI, which turned 

to be more biocompatible than free radicals. Although the cell viability 

of the PTA-GMP hydrogel was affected marginally (from 82% to 75%) 
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in the presence of H2O2 and NaI, the system was sufficiently 

biocompatible for further studies. 

2.2.7. Antibacterial Study  

The pronounced haloperoxidase activity of the PTA-GMP 

hydrogels could be harnessed for potential antibacterial activities, which 

is essential for biomedical applications. The antibacterial activity can be 

attributed to the formation of hypohalous acid in the process, which is 

well known to induce quorum sensing disruption along with its cidal 

effects. Quorum sensing is an intercellular communication process that 

leads to the development of bacterial biofilms. HOI formed during this 

process catalyzes the oxidative halogenation (Iodination) of bacterial 

signaling molecules such as homoserine lactones (HSL) leading to its 

inactivation.7,8,12,19 The antibacterial activity of PTA-GMP gel (0.5 

mg/mL) was evaluated for gram-negative E.Coli and gram-positive B. 

subtilis in the presence of NaI (0.5 mM) and H2O2 (0.05 mM). A 

significant reduction in bacterial growth by 99.9% for both E. coli and B. 

subtilis was observed for PTA-GMP hydrogel. Improvement was 

observed in the antibacterial activity when compared to the bare PTA 

solution, which was 80% and 94% for E.Coli and B. subtilis respectively. 

It can also be visually seen in Figure 2.21, that a clear difference in the 

number of bacterial colonies in the case of PTA-GMP hydrogel and bare 

PTA solution for both E.Coli and B. subtilis could be observed. In control 

experiments, with H2O2/NaI (without gel) and PTA-GMP hydrogel 

(without NaI and H2O2), an inferior suppression was observed in the 

bacterial growth by 12% and 30% for E. coli and 35% and 40% for B. 

subtilis, confirming that the strong antibacterial activity is a synergistic 

effect between the PTA-GMP, NaI, and H2O2. The haloperoxidase 

activity of PTA was responsible for the inducement of the antibacterial 

activity. However, gelation of PTA with GMP led to the formation of a 

biocompatible antibacterial material with the ability to form a uniform 

film causing an improvement in the antibacterial activity as compared to 

bare PTA. 
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Figure 2.21. (a, b) Digital image of colony forming units (CFU) for E.Coli and B. 

subtilis respectively after different treatments: (i) without treatment, (ii) NaI + H2O2 

(iii) PTA-GMP gel, (iv) NaI + H2O2 + bare PTA and (v) NaI + H2O2 + PTA-GMP Gel 

(c, d) Bacterial survival and inhibition percentage of different controls and PTA-GMP 

+ NaI + H2O2 system for E. coli and B. subtilis respectively. 

Though in the solution state, we do not observe a significant 

difference in the rate of haloperoxidase activity of bare PTA and PTA-

GMP gel, however, an improved antifouling activity could be observed 

in the case of the PTA-GMP hydrogel which can be attributed to the 

ability of the hydrogel to form a uniform film on the surface, thus making 

it more suitable to be used as paint or coating. This was experimentally 

studied, wherein dilute solutions of PTA and PTA-GMP were kept and 

allowed to dry in two separate wells (Figure 2.22). Upon drying, stark 

differences were observed with uneven coating from the dried POM and 

a uniform coating from the PTA-GMP hydrogel. When TB, NaI, and 

H2O2 were added in both wells, the iodination of TB was distinctly 

observed through a visual color change in the well containing the dried 

PTA-GMP gel. On the other hand, no coloration was observed in the well 

containing dried PTA.  
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Figure 2.22. (a) Diluted solutions of PTA (left) and PTA-GMP gel (right) was poured 

into the well plate and allowed to dry. (b) PTA solution was observed to dry in a non-

uniform manner (left) and PTA-GMP dried to form a uniform coating. (c) solution of 

100 µM TB, 3 mM NaI, and 2 mM H2O2 was poured into the well. For bare PTA, no 

change in colour was observed but positive haloperoxidase was observed for PTA-GMP, 

thus demonstrating the coating ability of the gel. 

Based on the result of the antibacterial activity of PTA-GMP 

catalyzed haloperoxidase activity, we further proceeded to evaluate its 

biofilm inhibiting performance (Figure 2.23). Crystal violet staining 

assay experiment was performed for both gram-negative E. coli and 

gram-positive B. subtilis. The PTA-GMP system showed excellent 

biofilm inhibition against both strains of bacteria in the presence of both 

NaI and H2O2. Biofilm formation was least in a mixture of PTA-GMP, 

NaI and H2O2 as compared to other control systems, thus showing the 

synergistic effect of all the components. Performance against biofilm 

formation was also checked for only PTA in the presence of NaI and H2O2 

against both strains of bacteria. Whereas 92.8 % biofilm inhibition of E. 

coli and 88.1 % inhibition in biofilm formation for B. subtilis was 

observed in case of PTA-GMP hydrogel, 82 % biofilm inhibition of E. 

coli and 67.2 % inhibition in biofilm formation for B. subtilis was 

observed in case of PTA. The results clearly indicate that even though 

iodoperoxidase activity of PTA is responsible for the inhibition of 

biofilm, but upon gelation with GMP, its ability to form a uniform coating 

on the surface leads to improvement in biofilm inhibiting activity. 
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Figure 2.23. (a, b) Digital image of crystal staining of biofilms formed by E.Coli and 

B. subtilis respectively after following teatments: (i) Untreated, (ii) NaI + H2O2 (iii) 

PTA-GMP gel, (iv) NaI + H2O2 + bare PTA and (v) NaI + H2O2 + PTA-GMP Gel (c, d) 

OD590 and their biofilm inhibiting percentage of different controls and PTA-GMP + 

NaI + H2O2 system for E. coli and B. subtilis respectively. 

2.3. CONCLUSION 

In conclusion, we successfully fabricated supramolecular hydrogels 

through a simple self-assembly strategy by mixing two 

polyoxometalates, phosphotungstic acid, and silicotungstic acid with 

guanosine monophosphate as a low molecular-weight hydrogelator. The 

hydrogels were stimuli-responsive, mechanically robust, thixotropic, and 

showed enhanced biocompatibility compared to bare POM. Detailed 

spectroscopic evaluation of both gels was carried out to understand the 

interactions between the polyoxometalates and GMP.  Kinetic studies for 

the haloperoxidase activities showed that the hydrogel was more specific 

towards the oxidation of iodide than bromide, thus showing specific 

iodoperoxidase activity. The iodoperoxidase activity of the PTA-GMP 

gel was further exploited as an antifouling agent towards both gram-



Chapter 2 

 

82 
 

positive and gram-negative bacteria. The ability of the PTA-GMP 

hydrogel to form a uniform film on the surface resulted in better 

antibacterial activity as compared to only PTA solution. The 

polyoxometalate-GMP hydrogel with haloperoxidase mimicking activity 

can be a biocompatible, sustainable, and easy approach to substitute 

conventional toxic biocides and inconvenient enzyme-embedded 

systems.  

2.4. EXPERIMENTAL SECTION 

2.4.1. Materials  

Guanosine-5′-monophosphate disodium salt hydrate (Na2-GMP), 

Phosphotungstic acid hydrate H3[P(W3O10)4].aq, Tungstosilicic acid 

hydrate H4[Si(W3O10)4].aq, Sodium Iodide (NaI), Thymol Blue, and 

Phenol Red were commercially purchased from Sisco Research 

Laboratory (SRL), India. Sodium Bromide (NaBr) and Methylene Blue 

were purchased from Alfa Aesar by Thermo Fisher Scientific. Sodium 

Phosphate dibasic anhydrous (Na2HPO4), Sodium Phosphate Monobasic 

monohydrate (NaH2PO4.H2O), Hydrogen Peroxide (H2O2, 30 %), and 

Milli-Q were purchased from Merck, India.  All the chemicals were used 

as purchased with no further purification. 

2.4.2. Synthesis of Hydrogels  

An aqueous solution of Polyoxometalate (PTA and STA) was 

mixed with an aqueous solution of GMP in a 1:3 molar ratio, where the 

concentration of POM was maintained at 60 mM and GMP concentration 

was 180 mM. The mixture was slightly heated on the stirrer at 50 °C to 

make the system homogeneous. The hydrogel was formed spontaneously 

within a few minutes at room temperature. Gelation was confirmed 

visually by inverting the vial where no flow of the solvent was observed. 

The hydrogel with phosphotungstic acid (PTA) was pale yellow in 

appearance and the tungstosilicic acid-GMP hydrogel was bright orange 

in colour. 
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2.4.3. Instrumentation  

UV-Vis and Circular Dichroism (CD) studies were recorded on a 

Perkin Elmer UV-Vis-NIR spectrophotometer (Model: Lambda 1050) 

and JASCO J-815 spectropolarimeter using a quartz cuvette of path 

length 1 cm. Field emission scanning electron microscopy (FESEM) 

images were taken on Carl Zeiss Supra 55 instruments after Cu coating. 

Transmission Electron microscope (TEM) images were taken from the 

electron microscope of model JEM-2100 at an accelerating voltage of 

200 kV. Rheological studies were done using an Anton Paar Physica 

MCR 301 rheometer with parallel plate geometry (diameter 25 mm). 

Dynamic strain sweep experiments were performed using a constant 

frequency of 10 rad s−1. The dynamic frequency sweep of the hydrogels 

was measured as a function of frequency in the range of 0.05−100 rad s−1 

with a constant strain value of 1%. The thixotropic loop test was carried 

out at a constant frequency of 10 rad s−1, and the applied strain was 

changed from 0.1% to 100%. Powder X-ray diffraction patterns (XRD) 

of the xerogels were recorded on a Rigaku Smartlab, Automated 

Multipurpose X-ray diffractometer with Cu Kα source (the wavelength 

of the X-rays was 0.154 nm). FTIR study of xerogels was done on Bruker 

Alpha II Platinum ATR. 1H and 31P NMR spectra were recorded using a 

500 MHz Bruker AV500 NMR instrument at 298 K using D2O as solvent. 

2.4.4. Characterization Methods. 

Field Emission Scanning Electron Microscopy (FESEM). The 

hydrogels were diluted up to 200 times in milli Q water and 20 µl of it 

was drop-casted on a clean coverslip and left for air drying for 24 hours. 

The drop-casted samples were then coated with copper and imaged under 

the electron microscope. 

UV-visible spectroscopy. UV-Visible spectra of the hydrogels, POMs, 

and GMP were recorded at a concentration of 0.025 mM each using a 1 

cm path length cuvette. A Job’s plot was obtained from the UV spectra at 

252 nm upon successive addition of 0.025 mM GMP to a 0.025 mM 

aqueous solution of POM at variable mole ratio.  
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Circular Dichroism (CD). The CD spectra of the hydrogels, POM, and 

GMP were recorded by diluting the samples up to 0.25 mM using a quartz 

cell of 1 cm path length with a scan range of 200-300 nm. The spectra 

were recorded with a slit width of 1 mm and a scan rate of 50 nm/s. 

Titration spectra were performed upon successive addition of 0.25 mM 

GMP to a 0.25 mM aqueous solution of POM at a variable mole ratio. 

Rheological Studies. Rheological studies were performed at room 

temperature (25 °C) using a parallel plate (25 mm diameter). A small 

amount of the gel was scooped out with the help of a spatula and kept on 

the plate for measurement. The strain sweep measurements of the 

hydrogels were carried out at a constant frequency (10 rads−1). The 

frequency sweep studies were performed in a 0.1−100 rad s−1 frequency 

range maintaining a constant strain of 1%. For the thixotropic loop 

studies, the strain was varied from 0.1% to 100% at an applied frequency 

of 10 rad s−1. Successive low and high strains were applied at a time 

period of 100 seconds. 

2.4.5. Haloperoxidase Assay  

The haloperoxidase mimicking activity of the POM-GMP 

hydrogels was determined by colorimetric assessment and UV-visible 

absorption spectroscopy. Oxidative halogenation (iodination, 

bromination) of substrates thymol blue (TB) and phenol red (PR) was 

carried out using both the hydrogels and their respective precursor POM. 

2.5 mg of the xerogel was added to a system of 3 mL of phosphate buffer 

(0.1 M, pH 8 for TB, and pH 5.6 for PR) containing 80 µM of TB, 1 mM 

NaI, and 2 mM H2O2 and a visual colour change confirmed the enzymatic 

activity of the hydrogels. Time-dependent UV-Visible spectra were 

recorded for the PTA-GMP system for iodination and bromination of the 

substrates. Control experiments were performed in the absence of the 

POM-GMP xerogel or the POM, which showed no characteristic 

absorption for the halogenation of the substrates. Similarly, absence of 

H2O2 or NaI also showed no iodination of the substrates. Increasing the 

amount of the POM catalyst resulted in the enhanced rate of the 
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enzymatic reaction, however, the concentration of the catalyst and 

substrate was optimized for following the kinetics.    

Kinetic studies were carried out with PTA-GMP hydrogel due to 

its superior catalytic activity over STA-GMP hydrogel. The kinetic 

experiments for oxidative halogenation (iodide and bromide) of both TB 

and PR, were monitored for 15 minutes at an absorbance of 615 nm and 

590 nm respectively on a UV-Visible spectrometer. The studies were 

performed by varying the concentration of halide while keeping the 

concentration of H2O2 constant and vice-versa under optimal reaction 

conditions. 

2.4.6. MTT Assay  

The cell viability of POM hydrogels and their respective 

precursor POM were studied through a 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) assay. For the test, normal HEK 

cells were seeded in a 96-well plate having a cell density of 1 × 104 cells 

per well and incubated with 5% CO2 for 24 h at 37 °C. Different 

concentrations of samples ranging from 50-600 µM were incubated with 

cells for 24 hrs in triplicates. For controlled experiments, untreated cells 

were used as standard. After the respective time duration, 10 μL of MTT 

reagents (5 mg/mL) were added to each well. The medium was removed 

after incubation for another 4 h in the dark, and 100 μL of DMSO was 

added to each well. The cell viability was estimated by measuring the 

absorbance at 570 nm using a Synergy H1BioTek multimode microplate 

reader. HEK 293 is a homogeneous cell line and consists of immortalized 

human embryonic kidney cells, which are commonly used in MTT assay 

due to their robustness and low maintenance. They are highly 

reproducible, robust and ensures the consistency of cellular response and 

reproducibility of the data.  

2.4.7. Antibacterial Study  

Gram-negative E. coli and gram-positive B. subtilis bacteria were 

used for the antibacterial experiments. E. coli and B. subtilis were 

incubated separately in sterile Luria-Bertani medium at 37 °C overnight 
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in a shaker. After culturing, the bacteria were separated from the medium 

by centrifuging at the speed of 5000 rpm for 5 minutes. The bacterial 

pellet obtained at the bottom was washed with sterile 0.9% NaCl solution 

and then diluted and dispersed up to 106 CFU mL in 0.1 M phosphate 

buffer saline (PBS). A total of 4 sets of experiments were performed for 

each E. coli and B. subtilis to confirm the synergistic effect of the catalyst 

with H2O2 and halide. Also, a comparison of the antibacterial activity of 

the bare POM solution was done as compared to its gel. Antibacterial 

studies were carried out using PTA and PTA-GMP hydrogel due to their 

higher catalytic activity.  The bacterial suspension was incubated with: 

(i) 0.5 mM of NaI and 0.05 mM of H2O2 (ii) only gel (3 mg/mL) without 

H2O2 and NaI (iii) 0.5 mM NaI, 0.05 mM H2O2 and xerogel (0.5 mg/mL) 

(iv) 0.5 mM NaI, 0.05 mM H2O2 and bare POM solution (0.5 mg/mL). 

After 15 minutes of incubation, the bacterial suspensions were serially 

diluted, and the 10-6 diluent was spread on four nutrient agar plates to 

avoid overlapping of colonies while calculating the antibacterial 

efficiency. Subsequently, the viable bacterial colonies were manually 

counted and the colony-forming unit (CFU) for each set was estimated 

using the following equation:  

CFU Ratio = C/C0 × 100 

Where C and C0 stand for the CFU of the treated and untreated (control) 

bacterial cells respectively. 

2.4.8. Crystal violet assay for Biofilm Quantification  

Two strains of bacteria i.e gram-positive B. subtilis and gram-

negative E. coli were used to test anti-biofilm property of the compounds.  

The bacteria were grown overnight in plain LB-broth at 37 °C. The 

cultures were diluted 1000 times to achieve OD600 of 0.5 i.e 106  CFU of 

bacteria. 300 µl bacterial suspension was plated on the well of a flat 

bottom polystyrene 12-well plate. The plates were incubated for 64 h at 

37 °C with or without the treatment of POM-GMP hydrogels in 

triplicates. After 24 h of growth half volume of the bacterial suspension 

of 106 CFU was added along with half of the volumes of compounds (0.5 
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mM NaI, 0.05 mM H2O2, and xerogel (0.5 mg/mL). after 48 h of 

incubation same process was repeated. After 64 h, the bacteria 

suspension was removed. The plate was washed thrice with 0.9% NaCl 

solution. Biofilms were fixed with 200µl of 4% paraformaldehyde along 

with 200 µl of 0.1% of crystal violet solution (N=3). It was kept for 2 h, 

then washed with water. The images were taken after complete drying of 

samples. After dissolving with 95% ethanol, OD590 was taken using 

Perkin-Elmer victor Nivo Multi-mode plate reader. 
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Chapter 3 

A multi-stimuli responsive polyoxometalate-

guanosine monophosphate hybrid chromogenic 

smart hydrogel 

3.1 Introduction 

Chromogenic materials are a class of smart materials that show reversible 

changes in their optical properties in response to stimuli, both physical 

(strain, temperature, light, current, etc) or chemical (metals, pH, solvent, 

or exposure to any other chemicals). Chromogenic materials are gaining 

technological importance due to their versatile applications as smart 

windows, displays, photonic devices, sensors, information encryption, 

green printing, etc.1–7 Polyoxometalates (POM), which consist of 

inorganic metal oxide clusters comprising transition metals like V, Mo, 

W, etc., in their highest oxidation state, are exceptionally suitable for 

chromic applications owing to their diverse redox chemistry. The metal 

ions in POM can accept electrons resulting in a mixed-valence colored 

species upon exposure to various stimuli such as electricity, light, 

temperature, etc. without any variation in structural aspects.8–12 However, 

using bare polyoxometalate has its limitations such as heterogeneous 

aggregation, opacity, low or negligible absorption in the visible light 

region, high water solubility leading to leaching, etc.13  

Integrating POM into soft matter such as gels can provide a simple 

alternative for the practical utility of these materials.14–18 POM-based 

inorganic-organic functional materials are usually obtained through 

covalently linking the POM clusters with organic linkers.19–22 However, 

this strategy usually involves tedious synthetic steps such as harsh 

reaction conditions and inefficient purification might result in significant 

alterations of the inherent physicochemical properties of the POMs.23 On 

the other hand, the use of non-covalent interactions that include 

electrostatic, hydrogen bonding, and π-π interactions provide various 
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options for straightforward integration of these anionic nanoclusters into 

functional architectures and devices.24 Supramolecular gels formed 

through non-covalent interactions have attracted widespread attention 

due to their impact on biomaterials, sensing, stimuli-responsive, and self-

healing materials. Because of the dynamic and reversible nature of the 

non-covalent interactions, the gels show reversibility in response to 

various external stimuli such as temperature, pH, light, etc.25–27 There 

have been some reports of photochromic POM containing hydrogels, 

formed through electrostatic interactions between anionic POM clusters 

and cationic polymers, amphiphiles or peptides. However, the strong 

electrostatic interactions between the two components often led to water-

insoluble complexes, resulting in optically opaque gels, thus limiting 

their practical applications in aqueous systems.25,28 Therefore, there is 

scope for exploring elegant self-assembly processes leading to POM-

integrated hydrogels with high transparency and enhanced chromic 

properties responsive to various external stimuli.  

Small biomolecules, with extensive coordination and hydrogen bonding 

sites, can provide a simple route for the formation of self-assembled 

hydrogel with enhancement of their inherent properties owing to the 

formation of supramolecular assembly.29 Nucleotides are well-known 

low molecular weight gelators (LMWGs) and can induce diverse non-

covalent interactions leading to hydrogels.30 Further, the supramolecular 

assembly of nucleotides with metal ions results in improved 

biocompatibility as compared to the bare metal counterpart.29,31 The 

ability of guanosine monophosphate (GMP) to self-assemble into a G-

quartet structure is attributed to its engagement of both Watson–Crick 

and Hoogsteen face hydrogen bonding, thus making it a prime target for 

supramolecular self-assembly.32 G-quartets further assemble, stacking 

upon each other to create a G-quadruplex strand, and the internal axial 

channel serves as an optimal pathway for ion conduction.33,34 Cronin et 

al. developed a distinct Z-DNA double helix through condensation of 

GMP and sodium molybdate. The resulting covalently linked POM-

nucleotide complex behaved as an organogelator.35 On the other hand, a 
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physically crosslinked POM-nucleotide hydrogel through spontaneous 

self-assembly into hierarchical nanoarchitecture will not only simplify 

the fabrication process but also impart additional properties such as 

thermo-reversibility, thixotropy, etc. due to the dynamic nature of the 

interactions. 

In our pursuit of studying the self-assembly of nucleotides leading to 

hydrogels for diverse applications,29,31,34,36 herein, we report a facile 

method to develop a polyoxometalate-nucleotide supramolecular 

hydrogel simply by mixing aqueous solutions of Keggin-structured 

phosphomolybdic acid (PMA) and GMP, resulting in a yellow 

transparent hydrogel at room temperature. The hydrogel obtained was 

thermoreversible, mechanically robust, shape-sustaining, mouldable, and 

thixotropic in nature. The hydrogel displayed chromic properties under 

stress, visible light, electricity, temperature, and metal exposure without 

gel disintegration. The hydrogel also displayed a stimuli-responsive 

change in optical properties towards iodide and thiol groups. To the best 

of our knowledge, this is the first report of a POM-based hydrogel 

exhibiting chromism for five distinct stimuli using a single material. 

3.2 Results and Discussion 

3.2.1. Synthesis of PMA-GMP hydrogel 

Mixing aqueous solutions of PMA (60 mM) and GMP (180 mM), 

and slightly heating the mixture to 65 °C for 5 minutes resulted in a 

homogeneous yellow-colored solution which spontaneously formed a 

hydrogel upon cooling to room temperature (Figure 3.1a). Gelation could 

be visually confirmed when the solvent did not flow on inverting the vial. 

The hydrogel showed thermoreversible behavior, as the gel could be 

converted to sol at ~ 68 °C and the gel was reformed upon cooling to 25 

°C. This property of the hydrogel could be utilized to mold the hydrogel 

into different shapes (Figure 3.1b). Critical gelation concentration was 

measured in two sets of experiments by varying the concentration of one 

component while keeping the other one constant and found to be 15 mM 

and 90 mM for PMA and GMP respectively (Figure 3.1c). 
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Figure 3.1. (a) Schematic representation of the formation of PMA-GMP hydrogel and 

its thermoreversible property, (b) Digital images depicting the shape moulding ability 

of PMA-GMP hydrogel owing to its thermo-reversible property, and (c) Concentration 

dependent studies of PMA-GMP system (i) varying the concentration of GMP while 

keeping the concentration of PMA constant at 60 mM, (ii) varying the concentration of 

PMA while keeping GMP concentration constant at 180 mM. 

3.2.2. Morphological Evaluation 

Scanning electron microscopy (SEM) (Figure 3.2a) showed 

highly entangled crosslinked fibrillar morphology. Further, Transmission 

electron microscopy (TEM) studies showed ribbon-like fiber formation 

with an average diameter of 30-50 nm (Figure 3.2b). Atomic force 

microscopy (AFM) reaffirmed the fibrillar morphology with an average 

diameter of the fibers ranging from 20-30 nm (Figure 3.2c).  
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Figure 3.2. (a) FESEM image of PMA-GMP hydrogel showing highly tangled fibrillar 

morphology, (b) HRTEM image of the fibril strands, and (c) AFM image of the hydrogel. 

3.2.3. Spectroscopic Characterization 

CD spectrum of PMA-GMP hydrogel resembles the shape of a 

hybrid G-Quartet with a positive cotton band at 280 nm, a shoulder at 

247 nm, and a negative cotton band at 220 nm (Figure 3.3a).  The 

observed shift from the assigned peak positions in a hybrid structure 

could be attributed to the interaction with PMA leading to alteration in 

base tilting.37,38 The influence of PMA on GMP assembly is further 

established through proton NMR of the hydrogel and GMP (Figure 3.3b). 

In 1H NMR of PMA-GMP assembly, the protons experience a downfield 

shift owing to the hydrogen bonding. Also, new peaks at 6.07 ppm and a 

doublet at 9.27 and 9.3 ppm were observed. These peaks correspond to 

the -NH2 proton in GMP, which are generally not observed in D2O owing 

to the proton exchange process, however in the case of PMA-GMP 

hydrogel, the appearance of these peaks is probably due to the slowing 

of proton exchange owing to extensive hydrogen bonding.39 The peaks at 
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6.07 ppm correspond to the amine proton, which is not involved in G-

quartet formation. The hydrogen involved in G-quartet formation showed 

a downfield shift to 9.27 and 9.3 ppm. The appearance of 2 equi-intensity 

peaks at 9.27 and 9.3 ppm is characteristic of GMP hexadecamer, 

consisting of 4 layers of G-Quartet. The peak at 9.27 ppm corresponds to 

the amine protons of the inner layers involved in quartet formation and 

the peak at 9.3 ppm is attributed to the protons of the outer layer.40 

 

Figure 3.3. (a) CD spectra and (b) 1H NMR spectra of GMP and PMA-GMP hydrogel.  

The UV−visible spectrum of GMP exhibited an absorption peak 

at 252 nm and a shoulder band at 276 nm, whereas the absorption peak 

for PMA was observed at 222 nm (Figure 3.4a). Upon adding PMA to 

GMP, the UV-visible spectrum of the hydrogel broadened and showed a 

hypsochromic shift from 252 nm to 248 nm, indicating their self-

assembly. At varying PMA to GMP ratios, the absorbance spectra showed 

the self-assembly of the two precursors (Figure 3.4b). CD spectra were 

also recorded while varying the PMA to GMP ratio (Figure 3.4c). 
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Figure 3.4. (a) UV-visible spectra of GMP, PMA, and PMA-GMP solution, (b, c) UV-

visible and circular dichroism spectra of PMA-GMP recorded with decreasing mole 

fraction of GMP respectively. 

The interaction between the phosphate group in GMP and PMA 

was confirmed by observing an upfield shift in the 31P NMR spectrum of 

the PMA-GMP hydrogel as compared to free GMP (Figure 3.5a). FTIR 

spectroscopy studies were further carried out to understand the 

involvement of various functional groups in the self-assembly process 

(Figure 3.5b).  The peaks at 1695 cm-1 and 1483 cm-1 corresponding to 

C(6)=O and C(8)-N(7) bond vibration were shifted to 1698 cm-1 and 

1465 cm-1 respectively, confirming their involvement in the formation of 

G-Quartet.41 In PMA, the four characteristic keggin peaks at 1054 cm-1, 

953 cm-1, 877 cm-1, and 749 cm-1 correspond to the stretching vibrations 

of P−O, Mo−Ot, Mo−Oc−Mo, and Mo−Oe−Mo, respectively (where Ot 

is terminal oxygen, Oc is corner sharing oxygen, and Oe is edge 

oxygen).42 These peaks were present in the hydrogel with some 

frequency shift indicating their involvement in non-covalent interactions 

while the Keggin structure is still preserved. Powder XRD studies of 

PMA-GMP xerogel revealed the characteristic peaks of the PMA Keggin 

structure were retained (Figure 3.5c). However, the broadening of the 

peaks was observed for PMA-GMP due to the amorphous nature of the 

xerogel.  
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Figure 3.5. (a) 31P NMR of GMP, PMA, and PMA-GMP hydrogel, (b) FTIR spectra of 

GMP, PMA, and PMA-GMP hydrogel, and (c) PXRD of PMA and PMA-GMP hydrogel. 

Based on the spectroscopic evidence, a plausible self-assembly 

mechanism is proposed. From CD we observed that GMP is assembled 

into a G-quartet of hybrid conformation in the presence of PMA and from 

1H NMR, we conclude that four G-quartets are stacking over each other 

to form a hexadecamer (G16). GMP is reported to form hydrogel under 

acidic conditions.43–46 The phosphate group protonation of GMP takes 

place in acidic pH, leading to the formation of PO3H
- from PO3

2-. The 

lowering of anionic charge reduces the repulsion among the G-Quartets, 

thus facilitating their stacking. The protonation of the phosphate group 

also makes it an H-donor thus favoring the formation of a 3-D network 

through cross-linking.47,48 The acidity, in this case, is provided by the 

polyoxometalate (POM) since they are well-known Bronsted acids.49,50 

31P NMR and FTIR studies suggest the interaction between PMA and 

GMP through the H-bonding between the protonated phosphate group 

(PO3H
-) of GMP with the oxygens of the phosphomolybdic acid, leading 

to crosslinking between G-quartets and the polyoxometalate. Thus, along 

with providing acidic pH, POM also acts as a crosslinker here, since its 

oxygen-rich surface acts as an H-bond acceptor. A plausible structure 



Chapter 3 

 

107 
 

depicting the interaction between GMP and PMA is proposed in Figure 

3.6. Further entanglement leading to gelation takes due to various non-

covalent interactions such as H-bonding, electrostatic interactions, Van-

der-Waal forces, π- π stacking, etc.  

 

Figure 3.6. Schematic representation for the proposed self-assembly of the PMA and 

GMP leading to fibrillar morphology resulting in gelation. 

3.2.4. Mechanical Strength 

Shear Strength. Rheological investigations were carried out to evaluate 

the viscoelastic behavior of the hydrogel. The viscoelastic property of the 

hydrogel was studied as the function of shear stress.  Both strain and 

frequency sweep studies indicated the prevalence of elastic 

characteristics over viscous properties as the storage modulus (G′) 

exhibited a higher magnitude than the loss modulus (G″) (Figure 3.7a, 

b). The flow point for the hydrogel was found to be as high as 100% from 

the strain-sweep experiment. To check the recoverability of the hydrogel, 

a thixotropic loop test was performed by imposing alternate low and high 

strains of 0.1 and 200% respectively (Figure 3.7c). The hydrogel was 

robust and could withhold the weight of 150 g without a change in shape 

(Figure 3.8a). The hydrogel was also injectable (Figure 3.8b) 

Tensile strength. We observed that the hydrogel was highly tensile and 

it could be stretched up to a thread-like thin strand before breaking. This 

observation propelled us to perform experiments on a universal testing 

machine (UTM), to study and quantify the tensile strength and fracture 
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strain percent for the hydrogel (Figure 3.7d). The tensile strength and 

fracture strain were found to be 72 kPa and 6590% respectively. An 

elongation of 264 mm (26.4 cm) was observed when stretched by the 

UTM instrument (Figure 3.8c). Although hydrogels obtained through the 

self-assembly of small biomolecules have poor mechanical strength, the 

cross-linking of the inorganic clusters probably influenced the 

enhancement of the mechanical properties of the hydrogel matrix.51  

 

Figure 3.7. (a) Dynamic strain-sweep of PMA-GMP hydrogel, (b) Frequency sweep 

measurements of PMA-GMP hydrogel at a constant strain of 1%, (c) Thixotropic loop 

measurements for PMA-GMP hydrogel at a constant angular frequency of 10 rad s-1, 

(d) Tensile stress vs tensile strain curve of PMA-GMP hydrogel. 
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Figure 3.8. Digital images showing (a) the mechanical strength, (b) the injectability of 

the hydrogel, and (c) the hydrogel stretched in the universal testing machine to quantify 

the tensility of the hydrogel. 

3.2.5 Chromogenic response to physical stimuli 

The hydrogel changed from yellow to blue upon exposure to various 

physical stimuli such as electricity, visible light, temperature, and 

mechanical stress (Figure 3.9a). The hydrogel demonstrated a color 

change from yellow to dark blue by applying a potential of 1.5 V for 3 

seconds. Under a reverse bias of 2.5 V for 200 seconds, the hydrogel 

turned light blue. It maintained this reversible on/off transition between 

light blue and dark blue states, upon applying the forward and reverse 

bias respectively. A similar change in the optical behavior from yellow to 

blue of the hydrogel was observed upon exposure to visible light for 3 

hours (white LED). Similarly, heating the hydrogel at 90 °C for 40 

minutes resulted in a blue-colored sol which would be converted to a 

blue-colored hydrogel upon cooling to 25 °C. The hydrogel also showed 

mechanochromic behavior as the shear stress caused by grinding the 

hydrogel in a mortar pestle for 10 minutes resulted in a blue-colored 

hydrogel without any collapse in its gel state.  The blue-colored hydrogel 
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could be quickly reverted to its original yellow color after exposure to 

H2O2 (4 mM). 

 

Figure 3.9. (a) Digital image of PMA-GMP hydrogel before and after exposure to 

electricity, visible light, temperature, and mechanical stress, (b) UV-visible spectra of 

the hydrogel and after triggered by stimuli, (c) i) PMA-GMP hydrogel and bare PMA 

solution on heating at 90 °C for 40 mins, ii) PMA-GMP hydrogel and bare PMA solution 

after exposure to light for 3 hrs. 

UV-visible studies were carried out to further investigate the change in 

optical properties of the hydrogel before and after exposure to the 

physical stimuli (Figure 3.9b). The absorption band in the broad range of 

650 nm to 900 nm is attributed to the heteropolyblue species formed due 

to oxygen to molybdenum (O → Mo) ligand to metal charge transfer 

(LMCT). Absorption maxima at different wavelengths is attributed to the 

formation of different heteropolyblue species under different 

conditions.52–54 Interestingly, only PMA solution when exposed to visible 

light for 3 hours or heated at 90 °C for 40 min, did not change color as 

observed in the hydrogel (Figure 3.9c). The improved stimuli-

responsiveness of PMA upon gelation with GMP could be attributed to 

the proximity of the amino group in GMP to PMA. It is well-established 

that the presence of an amino group near POM stabilizes the reduced O-

MoV species by donating its lone pair of electrons to the hole left at 

oxygen, thus assisting their reduction.52,55 Another contributing factor 

may be the formation of self-assembled supramolecular structure as non-
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covalent interactions like π-π stacking and H-bonding can contribute to 

reducing the system bandgap.56,57 UV-visible absorbance studies at 

variable temperatures (70-120 °C) showed the increasing formation of 

the heteropolyblue species at elevated temperatures (Figure 3.10a). 

Time-dependent UV-visible spectra of the hydrogel on exposure to 90 °C 

and visible light irradiation showed an increase in absorbance with time 

(Figure 3.10b, c).   

 

Figure 3.10 (a) UV-visible absorbance spectra of the hydrogel heated at different 

temperatures for 40 mins (inset: digital images), (b) Time-dependent UV-visible spectra 

of PMA-GMP hydrogel exposed to 90 °C for 60 mins, and (c) Time-dependent UV-

visible spectra of the hydrogel after exposure to light. 

Designing a 2-layered electrochromic device 

Cyclic voltammetry studies of bare PMA showed one-electron reversible 

cycle with a reduction peak at -1.24 V and an oxidation peak at +1.23 V.  

The hydrogel also inherited a similar reversible redox cycle with a 

reduction peak at -1.1 V and an oxidation peak at +1.21 V (Figure 3.11a). 

As the G-quartet assemblies are known to show ion-conducting 

behavior,33,34 the conductivity of the PMA-GMP hydrogel was measured 

using a Swagelok cell, and conductivity of 1.45 mScm-1 was calculated 
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by fitting the Nyquist plot using electrochemical impedance 

spectroscopy (EIS) (Figure 3.11b). The results propelled us to design a 

2-layered electrochromic device (ECD) where the hydrogel itself can act 

as an electrode. This can substitute the traditional 5-layered 

electrochromic device (Figure 3.11c), making it cost-effective, simple, 

and eliminating steps such as electrodeposition. Figure 3.11d shows a 

digital image of the ECD where a film of hydrogel is simply deposited 

over the ITO plate, supported via a glass slide. 

 

Figure 3.11. (a) Cyclic voltammogram of bare PMA solution and PMA-GMP hydrogel 

at the scan rate of 50 mV s-1, (b) Electrochemical impedance spectroscopy (Nyquist plot) 

of the PMA-GMP hydrogel, (c) i) traditional electrochromic device with five layers 

(top), and ii) proposed electrochromic device with two layers (bottom), and (d) digital 

image of the electrochromic device. 

3.2.6. Chromogenic response to chemical stimuli 

Further possibilities of exploring the hydrogel as metallochromic 

material were evaluated by exposing them to common metals (Figure 

3.12a). PMA-GMP hydrogel changed its color from yellow to blue in 

contact with metals like Fe, Cu, Zn, Pb, and Sn, owing to a reduction of 

MoVI to MoV which is further confirmed by the presence of an absorption 

peak in the region of 700-750 nm in UV-visible spectra. The hydrogel 

was oxidized back to yellow color with the addition of H2O2. The 

collapse of hydrogel was observed when metallic Mg ribbon was exposed 

to it despite the occurrence of a blue color. Mg is known for its affinity 

to bind with GMP which could potentially be the contributing factor 

towards the disintegration of the hydrogel.58 
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The PMA-GMP hydrogel was also prone to reduction in the 

presence of thiol-containing compounds (Figure 3.12b) and iodide 

(Figure 3.12c). The hydrogel turned to blue from yellow maintaining its 

gel state when triggered with the thiol group (such as cysteine, 

glutathione, and 2,3-dimercaptosuccinic acid) and selectively iodide 

among other halides. The absorption peak obtained in the region of 700-

750 nm shows the formation of MoV species. This characteristic change 

in optical property due to the formation of MoV could help in the visual 

monitoring of biomolecules like cysteine or glutathione or ions of 

biological importance such as iodide selectively among the halides. 

        

Figure 3.12. (a)  Absorbance spectra of the hydrogel after exposure to various metals 

(Inset: digital image), (b) UV-visible spectra of the hydrogel in response to glutathione 

(7 mM), cysteine (7 mM), 2,3 – dimercaptosuccinic acid (7 mM), (c) UV-vis spectra of 

the hydrogel in response to iodide (30 mM). (Digital image inset) 

UV-visible studies were also performed to assess the concentration-

dependent absorption of the thiol-containing compounds and iodide 

demonstrating an increase in absorbance with the increase in their 

concentration (Figure 3.13).  
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Figure 3.13. Concentration-dependent absorbance spectra of the hydrogel when 

treated with varying concentrations of (a) GSH, (b) cysteine, (c) 2,3-DMSA, and (d) 

Iodide respectively, and their digital images (below). 

We also checked the pH responsiveness of the hydrogel (Figure 

3.14). The hydrogel showed stability under acidic conditions in the range 

of pH 3-6. Upon increasing the pH by adding NaOH, the hydrogel slowly 

became viscous and the hydrogel was completely converted into a sol at 

pH 10, with a blue coloration. The deprotonation of PO3H
- to PO3

2- in 

basic pH increases the electrostatic repulsion among G-quartets and also 

the disruption of H-bonding in the system, thus causing a gel-to-sol 

transition. The bluish coloration observed in the basic pH is due to the 

reduction of PMA in the presence of OH-.59 However, this phenomenon 

is reversible and upon lowering the pH of the system back to the range 

of 4 to 5, reformation of the hydrogel took place and the PMA oxidized 

back to yellow, thus also showing halochromic behavior. 
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Figure 3.14. (a) Hydrogel before exposur to pH change, (b) increasing pH by adding 

base leading to gel to sol transition of the hydrogel with bluish colour, and (c) acid 

added to the previous system to lower pH leading to restoration of the gel. 

3.2.7. Reversibility Cycle 

The stimuli-responsive chromic behavior of the PMA-GMP 

hydrogel was evaluated for reversibility under mechanical stress, visible 

light, electricity, temperature, and metal over five cycles (Figure 3.15). 

 

Figure 3.15. Reversibility cycle for chromism induced by various stimuli (a) mechanical 

stress, (b) visible light, (c) electricity, (d) temperature, and (e) metal (Fe). 

3.2.8. Reduction of MoVI to MoV 

The confirmation of the reduction of MoVI to MoV upon exposure 

to various stimuli was supported by X-ray photoelectron spectroscopy 

(XPS) (Figure 3.16). The deconvoluted Mo 3d spectrum consists of peaks 

at binding energies of 232.6 and 235.7 eV assigned to Mo 3d5/2 and Mo 

3d3/2 respectively for the MoVI state. The presence of the MoV state was 

ascertained from the two deconvoluted peaks at lower binding energies 

of 231.5 and 234.7 eV owing to Mo 3d5/2 and 3d3/2 respectively.60–63 The 

reduction of Mo is evidenced by the broadening and increase in the 
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intensity of MoV deconvoluted peaks. Initially, the MoV content in the 

hydrogel was only 15% before exposure to any stimuli. However, upon 

subsequent exposure to stress, light, temperature, electricity, and metal, 

the MoV content increased to 37.6%, 46.2%, 45.4%, 45%, and 45.1% 

respectively. 

 

Figure 3.16. Deconvoluted XPS spectra of PMA-GMP xerogel (a) Before exposure to 

stimuli, (b) after exposure to mechanical stress, (c) after exposure to visible light, (d) 

after exposure to elevated temperature of 90 °C, (e) after exposed to electricity, and (f) 

after exposed to Cu metal. 

3.3 Conclusion 

In conclusion, a mechanically robust, thermoreversible hydrogel 

could be spontaneously obtained simply by mixing aqueous solutions of 

commercially available POM (phosphomolybdic acid) and (GMP) 

guanosine monophosphate, a small biomolecule. This hydrogel shows 
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chromic responsiveness to multiple stimuli such as mechanical stress, 

light, temperature, electricity, metals, pH, iodide, and biologically 

relevant thiols owing to the redox property of PMA. Unlike bare PMA, 

the hydrogel displayed changes in optical properties under visible light 

and mild temperature. The conductive nature of the hydrogel also 

enabled the development of a two-layered electrochromic device, 

simplifying the process by eliminating the electrodeposition step and 

reducing resource consumption as compared to traditional five-layered 

devices. The simplicity of fabrication of the hydrogel, biocompatibility, 

and responsiveness to multi-stimuli make it highly appealing for smart 

device applications. 

3.4 Experimental Section 

3.4.1 Materials 

Phosphomolybdic acid hydrate H3[P(Mo3O10)4]aq and 2,3-

Dimercaptosuccinic acid was purchased from Sigma Aldrich. 

Guanosine-5′-monophosphate disodium salt hydrate (Na2-GMP), 

Glutathione reduced (C10H17N3O6S), Sodium Iodide (NaI), and Sodium 

Chloride (NaCl) were purchased from Sisco Research Laboratory (SRL). 

Sodium Bromide (NaBr) was purchased from Alfa-Aesar. L-cysteine was 

purchased from HIMEDIA. Milli-Q was purchased from Merck, India. 

All the chemicals were used as purchased with no further purification. 

3.4.2. Synthesis of the hydrogel  

60 mM phosphomolybdic acid (PMA) and 180 mM of guanosine 

monophosphate (GMP) were added to milli-Q in a vial while kept on 

continuous stirring for 2-5 minutes at 65 °C. The obtained clear yellow 

solution was allowed to rest and it spontaneously formed a hydrogel upon 

cooling to room temperature. 

3.4.3 Instrumentation  

UV-Vis and Circular Dichroism (CD) studies were recorded on a Perkin 

Elmer UV-Vis-NIR spectrophotometer (Model: Lambda 1050) and 

JASCO J-815 spectropolarimeter using a quartz cuvette of path length 1 
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mm respectively. Field emission scanning electron microscopy (FESEM) 

images were taken on Carl Zeiss Supra 55 instruments after Au coating. 

Transmission Electron microscope (TEM) images were taken from the 

electron microscope of model JEM-2100 at an accelerating voltage of 

200 kV. Rheological studies were done using an Anton Paar Physica 

MCR 301 rheometer with parallel plate geometry (diameter 25 mm). A 

dynamic strain sweep experiment was performed using a constant 

frequency of 10 rad s-1. The dynamic frequency sweep of the hydrogel 

was measured as a function of frequency in the range of 0.1−500 rad s-1 

with a constant strain value of 1%. The thixotropic loop test was carried 

out at a constant frequency of 10 rad s-1, and the applied strain was 

changed from 0.1% to 200%. Powder X-ray diffraction patterns (PXRD) 

of the xerogel were recorded on a Rigaku Smartlab, Automated 

Multipurpose X-ray diffractometer with Cu Kα source (the wavelength 

of the X-rays was 0.154 nm). FTIR study of xerogel was done on Bruker 

Alpha II Platinum ATR. 1H and 31P NMR spectra were recorded using a 

500 MHz Bruker AV500 NMR instrument at 298 K using D2O as solvent. 

X-ray photoelectron spectroscopy (XPS) study for the xerogels was 

carried out on Thermoscientific NEXA Surface analyser. 

3.4.4. Characterization Methods 

Field Emission Scanning Electron Microscopy (FESEM). The 

hydrogels were diluted up to 250 times in milli Q water and 20 µl of it 

was drop-casted on a clean coverslip and left for air drying for 24 hours. 

The drop-casted samples were then coated with Au and imaged under the 

electron microscope. 

UV-visible spectroscopy. UV-visible spectra of the hydrogel, PMA, and 

GMP were recorded at a concentration of 0.025 mM each using a 1 cm 

path length cuvette. Titration spectra were performed upon successive 

addition of 0.025 mM GMP to a 0.025 mM aqueous solution of POM at 

a variable mole ratio.  

Circular Dichroism (CD). The CD spectra of the hydrogels, POM, and 

GMP were recorded by diluting the samples up to 1 mM using a quartz 
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cell of 1 mm path length with a scan range of 200-300 nm. The spectra 

were recorded with a slit width of 1 mm and a scan rate of 50 nm/s. 

Titration spectra were performed upon successive addition of 1 mM GMP 

to a 1 mM aqueous solution of PMA at a variable mole ratio. 

Nuclear Magnetic Resonance (NMR 1H and 31P). The NMR studies 

were performed for PMA, GMP, and PMA-GMP at similar 

concentrations as for hydrogel (PMA: 60 mM, GMP: 180 mM, and 

PMA-GMP 60:180 mM). To study the NMR of the hydrogel, it was 

converted to sol owing to its thermoreversible property and then 

transferred into the NMR tube. 

Rheological Studies. Rheological studies were performed at room 

temperature (25 °C) using a parallel plate (25 mm diameter). A small 

amount of the gel was scooped out with the help of a spatula and kept on 

the plate for measurement. The strain sweep measurements of the 

hydrogels were carried out at a constant frequency (10 rads-1). The 

frequency sweep studies were performed in a 0.1−500 rad s-1 frequency 

range maintaining a constant strain of 1%. For the thixotropic loop 

studies, the strain was varied from 0.1% to 200% at an applied frequency 

of 10 rad s-1. Successive low and high strains were applied at a period of 

100 seconds. 

Universal Testing Machine. The hydrogel was moulded into a 

rectangular shape. The gauge length was 3 mm and the width was 18 mm. 

The stretching speed was 15 mm/min. 

3.4.5. UV-visible studies for chromism 

The hydrogel was triggered by various stimuli such as mechanical stress 

(ground in mortar pestle for 10 mins), visible light (exposed to 3 white 

LEDs of 30 W in a dark box for 3 hrs), temperature (90 °C, 50 min), 

metals (various metal strips such as Fe, Cu, Zn, Pb, Sn, and Mg were 

dipped into the hydrogel for few minutes). Then UV-vis spectra of the 

hydrogel before any exposure to stimuli and after exposure to stimuli 

were recorded by sandwiching 125 µl of the hydrogel in between two 

quartz glasses with the help of double-sided adhesive. 
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 To prepare an electrochromic device, a thin layer of hydrogel was 

prepared by pouring 200 µl (in liquid state) onto a mold of dimension 1.5 

cm x 3 cm. Then the layer of hydrogel was simply layered on an ITO 

plate from one end and was supported over a glass slide over the other 

end (the non-conductive side of the ITO adhered to the glass slide using 

an adhesive) such that the hydrogel itself acted as an electrode now. 

The hydrogel was oxidized back to a yellow color by adding H2O2 to the 

blue hydrogel except in the case of electrochromism where a reversible 

cycle was obtained by providing reverse bias. 

3.4.6. Cyclic Voltammetry 

The cyclic voltammogram was recorded using a Swagelok cell with two 

parallel stainless-steel electrodes. The data was recorded on Metrohm 

Autolab potentiostat (PGSTAT302 N) within a range of -1.5 V to +1.5 V 

at a scan rate of 50 mV s-1. 

3.4.7. Conductivity Measurement 

The conductivity of synthesized PMA-GMP hydrogel was measured by 

the electrochemical impedance spectroscopy (EIS) method using a 

Swagelok cell with two parallel stainless-steel electrodes. The EIS data 

were recorded on Metrohm Autolab potentiostat (PGSTAT302 N) within 

the 0.1 Hz to 10 kHz frequency range at room temperature. The 

conductivity of hydrogel was calculated using the following Equation: 

   σ = L / (Rct*A) 

Where σ is the conductivity, A is the area, L stands for the height of the 

gel in the cell, and RCT is the resistance of the gel. 

3.4.8. X-ray photoelectron spectroscopy (XPS). 

XPS was recorded for Mo in the case of pre-stimuli xerogel and xerogel 

after exposure to stress, light, temperature, electricity, and metal (Cu). 

The percentage for reduced MoV was calculated by the ratio of the area 

under the curve due to MoV to the area under the curve for total Mo 

present. 
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Chapter 4 

Zinc-histidine complex hydrogel with GMP, a 

supramolecular approach to structurally mimic 

carbonic anhydrase enzyme  

4.1. Introduction 

Carbonic anhydrases (CAs), are one of the most crucial 

metalloenzymes for their ability to catalyze the hydration of carbon 

dioxide to bicarbonate with high efficiency.1,2 It is the second most 

abundant protein in red blood cells next to hemoglobin3 and plays a very 

important role in multiple physiological functions, such as pH regulation, 

ion transport, bone resorption, and the secretion of gastric, cerebrospinal, 

and pancreatic fluids.4,5 CA is also gaining an opportunity to be explored 

as an important tool for industrial applications such as CO2 remediation. 

Excessive emission of greenhouse gases such as CO2 has caused a rise in 

temperature over the past several decades and is leading to serious 

climate change and global warming cases. Given the urgency of the issue, 

CA has become increasingly popular as a biocatalyst for capturing CO2 

owing to its high efficiency.6–8 Additionally, CA also exhibits esterase 

activity thus finding application in the treatment of industrial pollutants.9–

11 Despite the promising potential of CA, significant drawbacks such as 

the high cost of synthesis or isolation, thermal instability, and sensitivity 

to the environment limit its application outside physiological 

conditions.12–14 Thus, it is of utmost importance to develop CA analogs 

that can structurally mimic or replicate the active site of the 

metalloenzyme. The active site of carbonic anhydrase (CA) features a 

divalent zinc ion coordinated in a tetrahedral geometry by three histidine 

groups and a hydroxide (or water) molecule deep-seated in the 

hydrophobic cavity created by protein antiparallel β-strands.15,16 

Developing structural mimics of enzyme active sites is important from 

the activity perspective and will help better understand the synthesis of 

artificial enzymes.  
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 There have been some reports on modeling the active site of the 

CA by synthesizing tetrahedral Zn complexes by designing suitable 

ligands17–19 or by designing a tetrahedrally coordinated Zn-triazole 

metal-organic framework (MOF).3,20–23 While these biomimetic 

synthetic zinc-coordinated complexes and metal-organic frameworks 

show promising results, their synthesis involves complex methods with 

extensive ligand modifications and structural limitations. Small molecule 

zinc complexes face a major challenge in structurally mimicking the CA 

enzyme due to the lack of 3D geometry of protein, often leading to 

dimerization of the zinc complex resulting in loss of activity. MOFs can 

solve this drawback through structural regulation; however, they often do 

not remain stable under aqueous medium or physiological conditions and 

are typically composed of rigid materials that lack the structural 

flexibility of CA proteins.24–26 The flexibility provided by the tertiary 

protein frame plays a role as major as the active site of the enzyme. They 

facilitate the access of substrate to the active site or product release, and 

other functions such as mediating the transfer of protons, etc.27 Bin Fan 

et. al. proposed a hydrogel polymer of tetrahedrally coordinated Zn-vinyl 

imidazole complex with N-tert-butyl acrylamide (TBAm) as the 

hydrophobic monomer and N-isopropylacrylamide (NIPAm) as the 

backbone inert monomer to emulate the flexibility of natural enzyme.26 

Even though loading the Zn tetrahedral complex in hydrogel provides 

flexibility, it also requires a tedious synthetic route and two monomers to 

provide the amphiphilic property of the protein chain. In contrast, metal 

complexes surrounded by supramolecular assemblies can provide us with 

a closer structural mimic since native enzymes form well-organized 

tertiary structures through non-covalent interactions among the protein 

chain creating a specific environment around the active site in the 

hydrophobic pocket. Along with providing structural similarity to the 

natural enzyme, self-assembled systems are also a simpler route from the 

fabrication point of view.28,29 Despite all the advantages of the 

supramolecular approach, there are still very few reports on self-

assembled structural mimics of CA which could be due to the challenge 

posed by small molecules in creating an appropriate coordination sphere 
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around the metal center thus inhibiting the successful structural imitation 

of natural enzymes.  

 Nucleotides are well-known low molecular weight gelators 

(LMWG) that self-assemble and form supramolecular, well-defined 

complex hierarchal fibrillar structures like proteins.30–34 Additionally, 

nucleotides like proteins are also amphiphilic thus, nucleotide self-

assemblies can imitate the hydrophobic and hydrophilic phase 

interactions of the protein tertiary structure. Guanosine monophosphate 

(GMP) is important as both Watson-Crick and Hoogsteen faces are 

available for hydrogen bonding leading to the formation of various types 

of assemblies such as dimer, G-Quartet, ribbon, sheet, etc.34–38 This 

inspired us to exploit GMP, to create a self-assembled structure around 

the metal active site that could mimic the tertiary protein environment of 

the natural CA enzymes. 

 Herein, we present a state-of-the-art approach to design a 

tetrahedrally coordinated (histidine)3Zn-OH2 complex (ZnH) that has 

been stabilized within a self-assembled guanosine monophosphate 

(GMP)-based fibrillar network through non-covalent interactions. The 

facile fabrication method required no synthetic steps or modified ligand 

environments. Instead, we directly utilized pristine L-histidine and 

guanosine monophosphate disodium salt with divalent Zn ions for self-

assembly. This tetrahedral zinc-histidine complex accurately replicates 

the N3Zn-OH moiety of the enzyme's active site, while the self-

assembled GMP provides a confined environment that mimics the cross 

β-sheet secondary amyloid structure of the natural enzyme. The ZnHG 

hydrogel exhibited both ester hydrolysis and CO2 hydration activity in 

the aqueous medium. Further CO2 sequestration was performed via 

biomineralization of various metal salts with complex architectures. 

Biomineralization was further exploited for the separation of toxic metal 

ions from the aqueous medium. To the best of our knowledge, this is the 

first example of designing a structural mimic that imitates the active 

center within a nucleotide fibrillar confinement, using pristine 
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biomolecules as precursors applying a supramolecular self-assembled 

approach with no synthetic steps. 

4.2. Results and Discussion 

4.2.1. Synthesis of ZnHG hydrogel 

ZnSO4 salt (25 mM) and Histidine (75 mM) were mixed in a 1:3 

ratio in water to obtain a homogeneous mixture, followed by the addition 

of GMP (75 mM) which upon aging for 7 days at room temperature 

resulted in a self-assembled hydrogel. The formation of the ZnHG 

hydrogel was confirmed physically by a ‘vial-inversion’ test (Figure 

4.1a). 

 

Figure 4.1. (a) Schematic representation of the formation of ZnHG Hydrogel through 

the intermediate step of ZnH complex, (b-d) Digital image of ZnHG system varying the 

component ratio (Zn:His:GMP) 
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Ratio dependency of the gelation was observed by varying the 

ratio of histidine and GMP (Figure 4.1 b-d). In Figure 4.1b, we observed 

that gelation formation starts occurring when Zn:Histidine concentration 

is at 1:3 molar ratio. The best gelation was observed at the 1:3:3 ratio for 

Zn2+, histidine, and GMP respectively. The critical gelation concentration 

was 10 mM, 30 mM, and 30 mM for ZnSO4, histidine, and GMP 

respectively (Figure 4.1d). The hydrogel showed excellent thermal 

stability and did not convert to a sol state even at a high temperature of 

95 °C. We also performed a control gelation experiment with only 

histidine (75 mM) and GMP (75 mM) and no gelation was observed. 

Hydrogel formation only occurred when GMP was added to the solution 

of the zinc-histidine complex. 

4.2.2. Morphological Evaluation  

           

Figure 4.2. (a-c) SEM images of ZnHG supramolecular system for day 2, day 7, and 

day 14 respectively, (d) TEM image of ZnHG hydrogel, (e) AFM image of the hydrogel. 

Various microscopic techniques were used to study the 

morphology of the ZnHG hydrogel. Time-dependent scanning electron 
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microscopy (SEM) images for the ZnHG supramolecular assembly were 

taken for day 2, day 7, and day 14. Day 2 image of the ZnHG system 

when gelation had not yet taken place, showed fibrillar structures (Figure 

4.2a). The average diameter of the fibers was calculated to be 75-100 nm 

and was several micrometers in length. SEM images for day 7 (Figure 

4.2b), by then gelation had occurred, showed a highly entangled dense 

fibrillar morphology where the fibrils are aggregated by bundling 

together leading to an apparent thickening of fibers. This aggregation or 

thickening of fibers is even more evident and uniform when the ZnHG 

supramolecular system is allowed to age for 14 days (Figure 4.2c). We 

could see the initiation of the fibril bundling taking place on day 2 image 

highlighted in the yellow box in Figure 4.2a, which only got more 

prominent with an increase in the aging time. Transmission electron 

microscopy (TEM) further reinforced the observation of the fibrillar 

thickening induced by the interaction of several fibers highlighted by the 

yellow box in Figure 4.2d. The height of these aggregates was found to 

be in the range of 4-6 nm from atomic force microscopy (AFM) (Figure 

4.2e). Thus, from the microscopic images, it could be observed that the 

ZnHG strands were bundled up to form the nanofibers, and cross-linking 

of the fibers effectively resulted in the dense entangled network.  

4.2.3. Spectroscopic Characterization.  

The UV-visible spectrum of GMP showed a characteristic absorption 

maximum of 253 nm with a shoulder band of 273 nm (Figure 4.3a). 

ZnSO4 salt and histidine did not show any absorption in that region. The 

UV-visible spectrum for the ZnHG hydrogel showed a hypochromic shift 

compared to GMP, implying the formation of an ordered secondary 

assembly.39 Absorption spectra were recorded by varying the 

concentration ratio of histidine to GMP (Figure 4.3b). From Job’s plot, 

the most suitable stoichiometry for histidine to GMP was found to be at 

the ratio of 1:1.  
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Figure 4.3. (a) UV-visible spectra of ZnSO4, histidine, GMP, ZnH complex, and ZnHG 

hydrogel, (b) UV-vis spectra upon addition of GMP to ZnH solution at variable 

concentration ratio, and (c) Job’s plot calculated at 253 nm absorbance maxima.   

Proton NMR studies were done to study the binding interaction 

of histidine with Zn to form ZnH complex (Figure 4.4a). The 1H NMR 

of Histidine showed resonance spectra at 8.14 ppm for H6, 7.09 ppm for 

H8, 3.87 ppm for H2, and 3.12 ppm for H3,3ʹ.40 H5 exhibited an upfield 

shift from 8.14 to 8.02 ppm on binding with Zn and H8 displayed a very 

slight shift to 7.06 ppm whereas H2 and H3,3’ peaks did not show any 

significant shift. The 1H NMR result implies that histidine is binding to 

Zn through N8 of the imidazole group. To further understand the 

interaction between Zn and histidine, X-ray photoelectron spectroscopy 

(XPS) was performed (Figure 4.4b, c). The deconvoluted N 1s spectrum 

consists of peaks at the binding energy of 398.58 and 400.68 eV assigned 

to -NH (amine group of side chain and N5) and N8 of the imidazole group 

respectively.41 On the formation of the ZnH complex, we can see the 

hump for N8 disappearing. On deconvolution, the peak for N8 is shifted 

to 399.23 eV and reduced in intensity indicating its role in binding with 

metal. The peak assigned to -NH in the ZnH complex is observed at 

400.68 eV without any shift. Thus, the involvement of N8 from the 

imidazole group as implied by the NMR was further validated by XPS.  
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Figure 4.4. (a) 1H NMR of histidine and Zn-histidine complex, (b, c) Deconvulated N 

1s XPS spectra for histidine and Zn-histidine complex. 

The addition of GMP to the ZnH complex caused the formation 

of a self-assembled hierarchy leading to gelation. Here we are using a 

fluorogenic dye, Thioflavin T (ThT) to detect the type of G-motif formed 

by studying enhancement in its fluorescence intensity in the presence of 

ZnHG assembly, compared to ThT in its free form (Figure 4.5a). 

Fluorescence emission was obtained at 475 nm for free ThT and 485 nm 

for ThT + ZnHG system after excitation at 425 nm. We observed an 

increase in fluorescence intensity by 2.8 times for the ThT + ZnHG 

system. This increment in emission intensity upon binding to a self-

assembled system can be explained by the restriction of molecular rotor 

behavior of ThT since it experiences strong non-covalent interactions, 

upholding the dye in a more rigid and planar form.42,43 In Figure 4.5b, the 

fluorescence increment of ThT in the various types of assemblies is 

compared. The increment for ZnHG is similar to a duplex system. 44 
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Figure 4.5. (a) Emission spectra for free ThT and ThT in ZnHG system, (b) Comparison 

of ThT+ZnHG emission with different reported assemblies, (c) Temperature dependent 

emission spectra of ThT+ZnHG system, and (d) PXRD data of ZnH complex and ZnHG 

hydrogel. 

 Temperature-dependent study for ThT in the ZnHG system has 

been performed. We can see a decrease in the fluorescence with an 

increase in temperature which is probably due to disturbance in non-

covalent interactions with increasing temperature (Figure 4.5c). The 

PXRD pattern of ZnHG xerogel exhibited a diffraction peak at 2θ = 

28.23° corresponding to an interlayer separation of 0.32 nm, which is 

interplanar spacing for π−π stacking spacing. (Figure 4.5d).32,45  

 To understand the interacting sites in GMP, the FTIR 

spectrum for ZnHG xerogel was recorded and compared to GMP (Figure 

4.6a). The peak corresponding to the carbonyl group stretching frequency 

in GMP shifted from 1686 cm-1 to 1695 cm-1 for the xerogel. The 

shoulder at 1654 cm-1 in GMP attributed to the -NH3 stretching frequency 

was also shifted to 1643 cm-1. The involvement of the CO group and 

amine group suggests GMP duplex formation through the Watson-Crick 

face. The involvement of the -NH3 group was further verified by 
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replacing GMP with inosine monophosphate (IMP) which is structurally 

similar to GMP, leaving the NH3 group and no gel formation took place. 

Also, the peaks at 1062 and 970 cm-1 corresponding to antisymmetric and 

symmetric stretching for PO3
2- group shifted to 1070 and 975 cm-1 

respectively for the ZnHG xerogel.46 This observation indicates the 

interaction of GMP to ZnH through the hydrogen bonding of the 

phosphate group. The interaction of the phosphate group in GMP with 

ZnH complex leading to gelation was also confirmed from the 31P NMR 

spectrum of the ZnHG by observing an upfield shift from 3.8 ppm to 2.8 

ppm compared to free GMP (Figure 4.6b) 

 

Figure 4.6. (a) FTIR of GMP and ZnHG xerogel and (b) 31P NMR of GMP and ZnHG 

hydrogel. 

 The mass spectrum for ZnH consisted of 3 peaks with m/z at 

156.0849, 373.0878, and 592.0770 corresponding to free histidine, 

Zn(His)2 + K+, and Zn(His)3(H2O) + 3H+ + K+ respectively (Figure 4.7a). 

Zn(His)2  is a commonly reported structure where histidine acts as a 

tridentate ligand, binding to metal through COO-, NH3, and N7 of the 

imidazole ring and thus forms an octahedral complex.47 In 

Zn(His)3(H2O), three histidines are bonded to Zinc and one water 

molecule, which suggests histidine is acting as a monodentate ligand here 

and binding to Zn through N7 as suggested by NMR and XPS and a 

tetrahedral structure is obtained that is similar to the active site of the 

carbonic anhydrase enzyme. 
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Figure 4.7. LCMS spectra of (a) ZnH complex and (b) ZnHG Hydrogel. 
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However, in the case of ZnHG hydrogel, the mass spectrum 

shows 2 peaks with m/z at 408.0335 and 589.1786 corresponding to GMP 

+ H and Zn(His)3(H2O) + K+ respectively (Figure 4.7b). This suggests 

that the tetrahedral Zn(His)3(H2O) complex becomes more stable upon 

gelation with GMP. This increased stability may be due to the fibrillar 

assembly of GMP, which mimics the crowded environment of protein 

chains and can form additional non-covalent interactions with the free-

binding sites of histidine. The binding of H2O and N to Zn metal can also 

be observed from the deconvoluted Zn 2p spectrum of both the ZnH 

complex and ZnHG hydrogel (Figure 4.8). 2 p splitting into 2p3/2 and 

2p1/2 is observed for Zn. The peaks at 1047.38 and 1024 eV are assigned 

to Zn-O bond and peaks at 1045.27 and 1022.2 are assigned to Zn-N, 

since the binding energy for Zn-O bond is higher than Zn-N bond.48,49 

 

 

Figure 4.8. Deconvoluted Zn 2p xps spectra of (a) ZnH complex and (b) ZnHG xerogel.  

Figure 4.9 illustrates a plausible self-assembled structure, based 

on the spectroscopic evidence obtained.  
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Figure 4.9. A schematic representation of the plausible building mechanism of the 

ZnHG Hydrogel. 

4.2.4. Rheological studies  

The viscoelastic nature of the hydrogel was evaluated through 

rheological studies. The strain and frequency sweep experiment showed 

us a greater value of storage modulus (G') over loss modulus (G") over a 

range, indicating superior elastic property over the viscous property. 

ZnHG hydrogel was found to have a flow point of 53 % from the strain-

sweep experiment (Figure 4.10a, b). The Thixotropy loop test was 

performed at alternate low and high strains of 1% and 100 % up to five 

cycles to check the strain-based recoverability of the hydrogel. 

Significant recovery was observed in the elastic property at the strain of 

1% for five consecutive cycles (Figure 4.10c). Steady-state flow curves 

of the ZnHG demonstrated that the hydrogels showed shear rate 

dependence and shear thinning behavior (Figure 4.10d).  



Chapter 4 

 

144 
 

 

Figure 4.10. (a) Dynamic strain sweep of ZnHG hydrogel, (b) Frequency sweep 

measurements of ZnHG Hydrogel at a constant strain of 1%, (c) Thixotropic loop 

measurements for ZnHG hydrogel at a constant angular frequency of 10 rads-1, and (d) 

Viscosity measurement as a function of shear rate. 

4.2.5. Esterase activity of ZnHG xerogel  

The carbonic anhydrase (CA) mimicking activity of the ZnHG 

xerogel was studied using a widely used colorimetric assay, where 

colorless p-nitrophenyl acetate (pNPA) is hydrolyzed to a yellow 

product, p-nitrophenol (pNP) (Figure 4.11a). The esterase-like activity of 

CA is well studied and established due to its mechanistic similarity to 

CO2 hydration. Esterase activity for the ZnHG system was tested in a pH 

8 phosphate buffer by monitoring the appearance of the absorbance band 

at 400 nm (Figure 4.11b). Further, time-dependent UV-visible spectra of 

pNPA hydrolysis were monitored for 25 minutes showing a gradual 

increment in absorbance with time (Figure 4.11c). Control experiments 

were performed to compare the activity of the hydrogel with its 

precursors and ZnH complex (Figure 4.11d). The esterase activity of the 

xerogel was enhanced by ~ 4 times compared to the free ZnH complex. 

This increment in ZnHG xerogel reactivity compared to ZnH complex is 
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probably due to the crowded microenvironment provided by the 

supramolecular assembly, The proximity of substrate to the active site 

increases reaction probability and thus reaction rate and this is similar to 

the environment around the active site in enzymes.29  

    

Figure 4.11. (a) Esterase activity of ZnHG Xerogel hydrolyzing pNPA to pNP producing 

yellow color, (b) UV-visible spectra for 1 mM pNPA in the absence of catalyst (black) 

and in the presence of 1 mg/ml ZnHG xerogel (red), (c) Time-dependent UV-visible 

spectra of 1 mM pNPA hydrolysis reaction for 30 minutes, (d) the control experiment to 

compare esterase activity of precursors, bare ZnH complex, and ZnHG xerogel, and (e) 

Hydrolysis rate for different nitrophenyl esters (experiments performed at temperature 

25 °C) 

 Substrate specificity of the ZnHG xerogel was studied by 

analyzing the hydrolysis reaction kinetics of several nitrophenyl esters 

with different side-chain lengths: 4-nitrophenyl acetate (pNPA), 4-

nitrophenyl octanoate (pNPO), 4-nitrophenyl butyrate (pNPB), side 

chain with an electron-withdrawing group, 4-nitrophenyl trifluoroacetate 

(pNPTFA) and chemically different substrate, p-nitrophenyl phosphate 

(pNPP) (Figure 4.11e). We observed that the hydrolysis reactivity 

reduces with an increase in the side chain length (VpNPA > VpNPB > 
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VpNPO).9 However, the reactivity was minimal for bulky electron 

withdrawing side chain pNPTFA and almost absent for chemically 

distinct pNPP, thus indicating substrate specificity. 

The catalytic rate with varying concentrations of pNPA was 

plotted against pNPA concentrations and a Michaelis-Menten curve was 

obtained, which proved the enzyme-like behavior of ZnHG xerogel 

(Figure 4.12a). Kinetic parameters such as Michaelis constant Km and 

maximum velocity Vmax were calculated to be 0.73 mM and 5.12 x 10-4 

mMs-1 respectively through non-linear hill fitting of the Michaelis-

Menten curve (R2 = 0.992). Km value for the ZnHG xerogel was found to 

be lower than naturally occurring carbonic anhydrases, since Km value 

for carbonic anhydrases B and C at pH 8, were found to be 5.8 mM and 

20.7 mM respectively.50 The lower value of Km for the xerogel suggests 

the higher affinity of the ester towards ZnHG than the natural carbonic 

anhydrase enzyme. The catalytic rate constant (kcat) and catalytic 

efficiency (kcat/Km) were calculated to be 2 x 10-3 s-1 and 2.74 M-1s-1 

respectively.  

Figure 4.12. Steady-state kinetic assay for pNPA, (f,g) effect of pH and temperature in 

reaction rate respectively, and (h) Recyclability study for ZnHG xerogel 
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Owing to the very slow swelling rate of the ZnHG xerogel, it 

could be reused by separating it through centrifugation and then by 

washing it in DI water. The catalytic performance was studied for 6 

cycles, and the catalytic efficiency was retained up to 65% till the 6th 

cycle (Figure 4.12b). The effect of pH and temperature on the hydrolysis 

rate was also studied (Figure 4.12c, d). We observed an exponential 

increase in the esterase activity of ZnHG xerogel with increased pH and 

temperature. 

4.2.6. CO2 hydration activity of ZnHG xerogel.  

The actual purpose of CA is to reversibly catalyze the hydration of CO2 

to carbonate ions and protons. Since the hydration of CO2 leads to an 

acidic environment, a drop in pH is expected. Thus, we measured the pH 

change when CO2 was passed through the phosphate buffer, pH 8 for 360 

seconds containing ZnHG xerogel (1mg/ml) (Figure 4.13a). We observed 

a steep drop in pH from 8 to 5.8 in the presence of ZnHG xerogel, but 

without any catalyst, the pH was reduced to only 7 even with continuous 

bubbling of CO2. This showed us the efficient CO2 hydration activity of 

the hydrogel. UV-visible spectra were obtained for 10 mM CO2 dissolved 

in phosphate buffer at pH 8, both before and after adding ZnHG xerogel, 

with phenol red (PR) as an indicator (Figure 4.13b).  A steady-state 

kinetic experiment was performed by varying CO2 concentration (Figure 

4.13c). The kinetic parameters such as Michaelis constant Km and 

maximum velocity Vmax were calculated to be 1.95 mM and 3.1 x 10-3 

mMs-1 respectively. The Km value for natural carbonic anhydrase enzyme 

has been reported to vary from 4-18 mM based on different variants. The 

lower value of Km for ZnHG xerogel than any CA variant signifies the 

excellent affinity of CO2 towards the hydrogel than natural enzyme.51,52 

The recyclability of the xerogel was checked by separating the catalyst 

from the system through centrifugation followed by washing with DI 

water, then reusing for 6 cycles. The catalyst retained 55% of its activity 

till the 6th cycle (Figure 4.13d). 
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Figure 4.13. (a) Change in pH value under CO2 bubbling condition in absence and in 

presence of ZnHG xerogel (1mg/ml), (b) change in UV-visible absorbance of PR in the 

presence of CO2 (10 mM) before and after addition of ZnHG xerogel, (c) Michaelis-

Menten curve fitting for CO2 hydration by varying CO2 concentration, (d) recyclability 

of the ZnHG xerogel. 

4.2.7. Biomineralization method for CO2 sequestration:  

Formation of carbonated hydroxyapatite (CO3Ap) for bone regrowth. 

Biomineralization of metals was carried out in phosphate buffer, pH 7.4 

to mimic the physiological conditions. Chloride salts of calcium and 

barium resulted in the formation of a white insoluble precipitate when 

added to CO2-bubbling water. The obtained powder on mineralization of 

calcium was studied visually under SEM, where we observed a rod-like 

morphology (Figure 4.14a). EDS analysis revealed the presence of Ca, 

C, O, and P (Figure 4.14c). Then we further performed FTIR to analyze 

the presence of groups (Figure 4.14g). We obtained a peak at 1638 cm-1 

corresponding to the stretching frequency of water. The peaks at 782 and 

871 cm-1 stand for the in and out stretching frequency of the CO3
2- group. 

The peaks at 1060 and 987 cm-1 are attributed to the stretching frequency 
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for the PO3
2- group. This observation suggests the incorporation of the 

phosphate group from the buffer in mineralization, thus implying the 

formation of carbonate hydroxyapatite. This observation was further 

validated by PXRD data, where we also obtained peak position specific 

to hydroxyapatite, in addition to CaCO3 peaks (Figure 4.14h). 

Carbonated hydroxyapatite is a crucial mineral from the biological point 

of view since it’s close to the chemical composition of bone. Due to its 

better resorption than pure hydroxyapatite, it is considered more suitable 

for bone tissue engineering.  

 

Figure 4.14. (a) SEM image, (b,c) SEM-EDS analysis, (d-f) EDS elemental mapping of 

the C, O, and P respectively, (g) FTIR, and (h) PXRD of CO3Ap 

To study the mineralization of calcium in the absence of 

phosphate ions, we also performed the biomineralization experiment in 

tris buffer. In this case, we obtained a coral-like morphology for the white 
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solid precipitated (Figure 4.15a). EDS analysis confirmed the presence 

of Ca, C, and O (Figure 4.15c). Further FTIR analysis was performed 

(Figure 4.15g), where the peak at 1638 cm-1 corresponds to the stretching 

frequency of water. The peak at 1043 cm-1 is attributed to the symmetric 

stretching frequency of CO3
- and peaks at 795 and 869 cm-1 stand for the 

in and out bending of O-C-O. Also, peaks at 1491 and 560 cm-1 are for 

CO stretching frequency and M-O bonding respectively.53–57 From 

PXRD we can see the mixture of two types of CaCO3 minerals, where 2θ 

= 23.3 and 32 ° is related to vaterite structure and 2θ = 29.7, 36, and 39.8° 

are characteristic peaks for calcite structure, which is dominantly present 

(Figure 4.15h).  

 

Figure 4.15. (a) SEM image, (b,c) SEM-EDS analysis (d-f) EDS elemental mapping of 

the Ca, O, and C respectively, (g) FTIR, and (h) PXRD of CaCO3 
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Biomineralization using silicate biomorph. Silica is often present in the 

mineralization process due to its abundance in nature. Alkaline earth 

metals are known to produce some unique structures in the presence of 

silica. The silica generally directs the formation of hierarchical structures 

that are usually performed by organic species; thus, it is called silicate 

biomorphs.58 Thus, we performed mineralization of barium in the 

presence of silicate and we obtained a rosette-like morphology (Figure 

4.16a, b). We observed the elemental presence of Ba, Si, C, and O from 

EDS analysis, thus, proving the incorporation of silica into the mineral 

structure (4.16d). In elemental mapping, we see the presence of Si only 

in the creeks of the structure thus showing the role of Si in controlling 

the architecture (Figure 4.16h). Further, the FTIR spectrum was 

performed to study the involvement of functional groups (Figure 4.16j). 

The peak at 1643 cm-1 is assigned to the stretching frequency of H2O, 

while the peaks at 1247 and 1051 cm-1 are assigned to the asymmetric 

stretching of Si-O-Si. The peak at 990 cm-1 is the characteristic peak of 

the surface silanol group. The presence of CO3
2- is validated by the peaks 

at 840 assigned to out plane bending of CO3
2- and the characteristic peak 

of witherite (BaCO3) at 2345 cm-1.59,60 PXRD of barium silicate 

carbonate was furthered compared to the literature (Figure 4.16i).  
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Figure 4.16. (a,b) SEM image (c,d) SEM-EDS analysis (e-h) EDS elemental mapping 

of the O, Ba, C, and P respectively, (j) FTIR, and (i) PXRD of silicate biomorph implying 

BaCO3 

To, further demonstrate the role of silica we also performed a 

control mineralization experiment in the absence of silicate to control 

directional growth, we obtained a block-like morphology instead of a 

rosette (Figure 4.17a). EDS analysis discovered the presence of Ba, C, 

and O hinting towards the formation of BaCO3 (Figure 4.17c-f). From 

FTIR, (Figure 4.17g) the peak at 975 cm-1 is due to the adsorbed CO2 on 
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BaO.57 The peaks at 1060 and 880 cm-1 are due to the symmetric 

stretching of CO3
- and out plane bending vibration of CO3

2-.  The 

formation of BaCO3 is also confirmed from PXRD since the data for 

synthesized BaCO3 matches with the literature (Figure 4.17h). 

 

Figure 4.17. (a) SEM image (b,c) SEM-EDS analysis, (d-f) EDS elemental mapping of 

the O, Ba, and C respectively, (g) FTIR,  and (h) PXRD of BaCO3 

Removal of toxic metals through biomineralization. Biomineralization 

can be used as a great solution to many environmental issues. CO2 can 

form insoluble carbonate with soluble toxic metal ions and thus can be 

immobilized and removed from the system along with CO2 containment 

at the same time. Common pollutant heavy metal ions, Pb and Cd were 

used for mineralization with CO2
 in the presence of ZnHG xerogel. Pb is 
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mineralized with a spherical morphology (Figure 4.18a) and Cd is 

mineralized with a uniform marigold flower-like morphology (Figure 

4.19a-c).  

 

Figure 4.18. (a) SEM image, (b,c) SEM-EDS analysis, (d-f) EDS elemental mapping of 

the O, Pb, and C respectively, (g) FTIR,  and (h) PXRD of PbCO3 

EDS analysis showed the presence of Pb, C, and O in the case of 

Pb mineral (Figure 4.18 c-f) and Cd, C, and O in the case of Cd mineral 

(Figure 4.19e-h). Elemental analysis suggested the formation of PbCO3 

and CdCO3. This hypothesis is further confirmed by the FTIR 

experiment. In the case of Pb (figure 4.18h), the peak for water stretching 

is at 1641 cm-1, and the peaks at 1431 and 1325 cm-1 stand for asymmetric 
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CO3
2- stretching, and the peak at 965 cm-1 results from absorption of CO2 

on metal oxide.57 For CdCO3 (Figure 4.19i), the peak at 1640 cm-1 is due 

to the H2O stretching, and peaks at 1052 and 1004 cm-1 are caused by 

symmetric stretching of CO3
2- and in-plane O-C-O bending causing a 

peak at 733 cm-1. The peak at 569 cm-1 in PbCO3 and 585 cm-1 in CdCO3 

correspond to the metal-oxygen bond. corresponds to the Metal-Oxygen 

bonding.60 Further, the similarity in PXRD spectra of both Pb and Cd 

minerals with the reported PbCO3 (Figure 4.18h) and CdCO3 (Figure 

4.19j) confirmed their synthesis.   

 

Figure 4.19. (a) SEM image (d,e) SEM-EDS analysis of CdCO3, (f-h) EDS elemental 

mapping of the O, Cd, and C respectively, (i) FTIR, and (j) PXRD of CdCO3 

4.3. CONCLUSION 

In conclusion, we successfully managed to design a hydrogel that could 

structurally mimic the active site of the natural carbonic anhydrase 
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enzyme by applying a simple self-assembly strategy of the small 

molecule precursors. The fibrillar structure of GMP provided a crowded 

environment that is similar to the protein chain in enzymes and thus 

provided stability to the tetrahedral Zn(His)3H2O complex. The ZnHG 

hydrogel also functionally mimicked the carbonic anhydrase enzyme, 

which was confirmed by studying the kinetics of the esterase and CO2 

hydration activity. The hydrogel showed excellent enzymatic activity and 

better affinity towards the substrate than the natural enzyme. The 

hydrogel showed enhanced enzymatic activity than the bare ZnH 

complex by 4 times and also due to the very slow swelling rate of the 

hydrogel, it could also be separated after reaction and reused thus 

rendering recyclability. CO2 sequestration was successfully performed 

via biomineralization with different metals which provided us with 

interesting complex architectural structures. The biomineralization 

technique was further applied for the removal of heavy toxic metal ions 

such as Pb2+ and Cd2+. While the structural replication of the natural 

enzyme requires a tedious synthetic route, this simple self-assembly 

technique provided us with a very facile strategy to structurally and 

functionally mimic natural enzymes thus providing a significant step 

towards the direction of synthesizing various artificial enzymes. 

4.4. Experimental Section 

4.4.1. Materials and Reagents 

Zinc sulphate heptahydrate, L-histidine base (extra pure), guanosine 

monophosphate disodium salt (GMPNa2), 4-nitrophenyl acetate, 4-

nitrophenyl phosphate, Thioflavin T (ThT), and metal chlorides 

including calcium(II) chloride dihydrate, cadmium(II) chloride 

anhydrous, and barium(II) chloride dihydrate were purchased from SRL 

Chemicals, India. Lead(II) chloride and sodium metasilicate were 

purchased from Sigma Aldrich. Phenol Red, sodium phosphate dibasic 

heptahydrate, sodium phosphate monobasic monohydrate, and sodium 

hydroxide were purchased from Finar, India. Reagent-grade organic 

solvents, including ethanol, methanol, and acetone, and mineral acids 
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such as hydrochloric acid and sulfuric acid were purchased from Merck, 

India, and used directly without further purification. Milli-Q water was 

used throughout the experiments. All chemicals were used as received 

without further purification. 

4.4.2. Preparation of ZnHG hydrogel 

A homogeneous, transparent solution was prepared by mixing 25 mM 

zinc sulphate heptahydrate and 75 mM L-histidine in deionized water. To 

this solution, 75 mM of Na2GMP was added and stirred for 2 hours at 55 

°C, resulting in another homogeneous, transparent solution. This solution 

was allowed to reach a steady state over 2 days, forming a light yellowish 

hydrogel. The resultant hydrogel was stable and rigid, capable of being 

prepared within a specific pH range. The hydrogel was then freeze-dried 

to produce a xerogel, which is suitable for solid-state characterization and 

catalytic applications. For dilute-phase spectroscopic and microscopic 

characterizations, the hydrogel was diluted with deionized water and 

incubated to allow for swelling. 

4.4.3. Characterization Methods and Physical Properties 

Determination 

The UV-visible spectra of the diluted hydrogels and their constituents 

were recorded using a PerkinElmer Lambda 750 UV Spectrometer. All 

kinetic experiments were conducted by measuring absorbance over time 

with the same UV-visible spectrophotometer. The 1H and 31P NMR 

spectra of the synthesized ZnHG hydrogel and its metal complex 

constituents (dissolved in deuterium oxide, D2O) were obtained using a 

Bruker Biospin AVANCE NEO Ascend 500 MHz spectrometer. Steady-

state fluorescence (FL) spectra were recorded using a Horiba JobinYvon 

Fluoromax-4p spectrofluorometer (FM-100). The Fourier transform 

infrared (FTIR) spectra of the dried hydrogels, their constituents, and the 

metal carbonates were acquired using a Bruker Alpha II instrument with 

an ATR extension. X-ray photoelectron spectroscopy (XPS) analysis was 

studied with the help of Thermo-Scientific NEXSA Surface analyser. The 

powder X-ray diffraction (pXRD) of all samples was measured with a 
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Bruker-D8 Advance X-ray diffractometer. The morphology of the 

hydrogel and the biomineralized products was examined using a Carl 

Zeiss Supra 55 field emission scanning electron microscope (FESEM), 

with EDX analysis performed using a Bruker EDX instrument attached 

to the FE-SEM. The surface morphology of the hydrogel was studied 

with a TECNAI G2, 200 kV high-resolution transmission electron 

microscope (HRTEM). Atomic Force Microscopy (AFM) images were 

obtained using a Park Systems NX10 Atomic Force Microscope. 

Rheological investigations of the DNA-GMP hydrogel were performed 

on an Anton Paar Physica MCR 301 rheometer using a parallel plate 

geometry with a diameter of 25 mm. Dynamic strain sweep 

measurements were taken at a constant angular frequency of 10 rads-1, 

and frequency sweep experiments were conducted at a constant strain (γ) 

value of 1% at 25 °C. Thixotropic step-strain measurements were carried 

out with variable strain values of 1% and 100% at a constant ω of 10 

rad·s-1. Spectra analysis and image analysis were performed using 

OriginPro 2016 and ImageJ software, respectively. All photographs were 

taken using a simple mobile phone camera.4o 

4.4.4. Esterase activity and kinetic parameters 

The catalytic activity of the ZnHG xerogel was examined in the 4-

nitrophenol acetate (pNPA) (substrate) hydrolysis reaction: 

 

The hydrolysis reaction rate was measured by analysing the formation of 

4-nitrophenol (product) through UV-visible spectroscopy at λmax = 400 

nm. In this process, 1 mg/mL solution of the xerogel (catalyst) were 

combined with 1 mM concentration of p-NPA (dissolved in acetonitrile) 

in a phosphate buffer (100 mM, pH 8) within a UV cuvette. The 

hydrolysis of p-NPA was monitored over time by recording the optical 

absorbance at 400 nm at room temperature. Various factors affecting the 

kinetic parameters, such as substrate concentration, solution pH, and 
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temperature were systematically examined. To study the catalyst 

effectiveness, controlled experiments with the precursors such as Zn-His 

complex, Zn-salt, histidine, and GMP as catalyst were also evaluated. 

Additionally, the substrate scope for the catalytic activities were assessed 

using various substrate with different side-length 4-nitrophenyl butyrate 

(pNPB), 4-nitrophenyl octanoate (pNPO) and bulky side chain 4-

nitrophenyl trifluoroacetate (pNPTFA). Also, groups with chemically 

distinct substrate 4-nitrophenyl phosphate (pNPP) have been also 

assessed with the ZnHG catalyst for the validation of substrate 

specificity. 

For the kinetic experiments, an appropriate amount of catalyst (1 mg·mL-

1) in phosphate buffer medium (100 mM, pH 8.0) was added and mixed 

in a 1 x 1 cm quartz cuvette. The reaction was initiated by adding an 

appropriate amount of substrate (pNPA) dissolved in acetonitrile. The 

reaction mixture was incubated for 2 minutes, and then the progress of 

the reaction was monitored at the absorbance wavelength of the product 

(pNP) (λmax = 400 nm) over time. A linear plot of absorbance versus time 

was obtained from the kinetic experiment, and the initial reaction rate 

(V0) was determined at various substrate concentrations. These V0 values 

were plotted as a function of substrate concentration and fitted to the 

Michaelis–Menten equation to obtain the Vmax and Km values.  

To analyse the thermal activity and stability of the catalyst, kinetic 

experiments were carried out at variable temperatures ranging from 278 

K to 328 K. Additionally, the pH dependency of the esterase activity was 

examined by varying the pH of the buffer medium from pH 3 to pH 10. 

To study the reusability of the catalyst, 3 mg of catalyst was placed into 

a 3 mL cuvette containing 1 mM pNPA in phosphate buffer medium (pH 

8.0). The kinetic experiment was conducted, and then the solution was 

centrifuged at 8000 rpm for 15 minutes to precipitate the catalyst. The 

supernatant was separated, and the catalyst was washed with deionized 

water and then reused for the next cycle of the kinetic experiment. 
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4.4.5. Kinetics of CO2 Hydration and pH Studies 

The CO2 hydration capability of the ZnHG hydrogel, which mimics 

carbonic anhydrase (CA), was evaluated. Pure CO2 gas at a flow rate of 

200 mL·min-1 was purged into 200 mL of deionized water using a CO2 

flowmeter in an ice bath for 2 hours to prepare carbonated water. With a 

maximum CO2 solubility of 3.48 g·L-1 in water at 273.15 K and 1 atm 

pressure, the CO2-saturated solution contained 77 mM dissolved CO2, 

determined by Henry’s constant. For activity measurement, the pH 

indicator phenol red (50 μM) and the ZnHG catalyst dissolved in a 

phosphate buffer (100 mM, pH 8) were used as the base. The CO2 

hydration reaction was conducted at various concentrations and dilutions 

of CO2 water with different amounts of ZnHG catalyst. The pH change 

was measured using a colorimetric technique, monitoring the rate of 

change of absorbance at 560 nm over time. The initial reaction rate (V0) 

was obtained from the kinetics data at different CO2 concentrations. 

These V0 values were plotted as a function of CO2 concentration, and the 

Vmax and KM values for CO2 hydration were calculated using a Michaelis-

Menten kinetics plot. 

Additionally, pH studies were conducted in a deionized water solution 

containing 1 mgmL-1 ZnHG xerogel as a catalyst with a continuous CO2 

flow rate of 50 mL·min-1. The system’s pH change was continuously 

monitored and recorded for 400 seconds using a LABMAN LMPH10H 

pH meter. Control experiments for CO2 hydration and pH studies were 

also performed with the individual catalyst constituents as well as 

without any catalyst. 

4.4.6. Biomineralization of the Metal Carbonates 

The biomineralization of several metal carbonates, such as calcium 

carbonate, barium carbonate, barium silico carbonate, cadmium 

carbonate, and lead carbonate, was conducted using the CA-mimicking 

ZnHG hydrogel as a catalyst. This mineralization process involved 

slowly purging (bubbling) CO2 gas (50 cm³·min-1) into a phosphate 

buffer (100 mM, pH 7.4) containing metal chlorides (10 mM) and ZnHG 
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xerogel (1 mg·mL-1) for one hour. For the precipitation of barium silico 

carbonate, barium chloride, and sodium metasilicate were used as the 

precursors. After CO2 purging, the solution was left to stand for 12 hours 

to allow the metal carbonates to precipitate. These precipitates were 

washed with deionized water to remove the catalyst or any unreacted 

metal chlorides. After drying the metal carbonates, SEM, EDX, FTIR, 

and PXRD analyses were performed.  
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Chapter 5 

Guanosine-monophosphate Induced Solubilization 

of Folic Acid Leading to Hydrogel Formation for 

Targeted Delivery of Hydrophilic and Hydrophobic 

Drugs 

5.1 Introduction 

Cancer is one of the leading causes of death across the globe. 

Despite the advancement in medical science, there are nearly 10 million 

deaths per year due to cancer as declared by WHO.1,2 A variety of 

treatment methods are adopted such as surgical procedures followed by 

chemotherapy treatments,3,4 however, bare chemotherapeutic agents or 

anti-cancer drugs have severe side effects, originating from their non-

specificity, toxicity, and poor water-solubility which limits their 

permeation through the cell membrane, etc.5 To mitigate these problems, 

drugs are loaded into drug carrier systems to make them biocompatible, 

bioavailable, selective in targeting tumors, and highly efficient.6,7  

Subsequently, the formulation of new drug delivery systems is of high 

priority. Hydrogels have emerged as a prominent therapeutic vehicle for 

efficient drug delivery owing to their biocompatibility, high water 

content, tissue-like micro-environment, and injectability. These 

supramolecular systems can encapsulate drugs within their fibrillar 

morphology resulting in a controlled and sustained release, thus reducing 

toxicity and side-effects.8–14 With the slow and sustained release, targeted 

delivery is also essential for a smart delivery system. Tumor-targeted 

drug delivery helps to overcome the adverse effects of conventional 

chemotherapy, by targeting biomarkers expressed in malignant cells and 

minimizing toxicity to the healthy cells.15–21 

 A family of glycoproteins known as folate receptors have 100-

300 times higher expression in malignant cells as compared to normal 

cells, making folic acid a suitable agent for targeted delivery.22–25 The 
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high binding affinity of folate receptors towards folic acid (FA) has led 

to the development of several folic acid-based drug carriers, where folic 

acid is anchored on the common delivery systems.26–30 Folic acid, also 

known as vitamin B9, is an essential vitamin that is required for DNA 

synthesis and tissue growth. A deficiency of folic acid may lead to several 

other health problems such as anemia, heart diseases, and certain cancers 

as well as developing irregularities in infants.31 However, one major 

drawback of folic acid is its very low solubility in water of less than 0.01 

mg/ml at 25 °C in the pH range of 1-8.32 Therefore, most of the folic acid-

based gels are reported to be formed only in organic solvents such as 

DMSO, DMF, acetonitrile, etc.33–35 Since the human body consists of 70 

% water, developing folic acid-based hydrogels will be more potent as a 

drug-delivery system from a biocompatibility and controlled drug release 

point of view. There are reports of folic acid hydrogels fabricated through 

covalent interaction, but these strategies often involve tedious synthetic 

processes modifying the original FA structure.36–39 On the other hand, 

supramolecular hydrogels, formed through non-covalent interactions 

have several advantages such as ease of fabrication, stimuli 

responsiveness, self-healing, and injectability while keeping the original 

structure and properties of FA intact. Only a few examples of folic acid-

based metallo-supramolecular hydrogels have been reported till now 

which are formed through the coordination bond formation between Zn 

and FA.40,41 For example, a Zn-FA metallogel has been reported that has 

been used for constructing bio-printable materials.40 Another way of 

formulating supramolecular assemblies involving highly water-insoluble 

moieties such as FA could be through entrapping inside a self-assembled 

amphiphile.42 The hydrophobic group of the amphiphile can associate 

with poorly water-soluble compounds to form a self-assembled 

supramolecular architecture through non-covalent interactions such as 

hydrogen bonding, π-π stacking, Van-der-Waal forces, electrostatic 

interactions, etc.  

 Nucleotides such as adenosine triphosphate (ATP) or guanosine 

triphosphate (GTP) self-assemble to generate amphiphilic systems that 
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can prevent disordered protein aggregation at the physiological level. The 

hydrophobic purine base has several non-covalent interactive sites such 

as aromatic rings, hydrogen bond donors, and acceptor groups that can 

provide a hydrophobic environment for scarcely water-soluble 

compounds.43–46 Folic acid also interacts with negatively charged 

hydrophilic phosphate groups of DNA which can further be manifested 

into a self-assembled structure.47 Guanosine monophosphate (GMP) is a 

widely used low molecular weight gelator (LMWG) as it can form 

various types of supramolecular assemblies such as G-Quartets, dimers, 

ribbons, and sheets, owing to the presence of a higher number of 

hydrogen-bonding sites in guanine as compared to other nucleobases.48–

54 Our group has recently shown that GMP-based hydrogels have both 

hydrophobic and hydrophilic grooves that can load both water-soluble 

and insoluble drugs, thus making it a universal drug delivery system.14 

 Herein, we report the development of a folic acid-GMP hydrogel 

in a straightforward and synergistic approach, where folic acid helps in 

self-assembly of GMP into G-quadruplex, which in turn solubilizes folic 

acid in an aqueous medium by trapping them into the hydrophobic 

grooves. This results in a thermo-reversible, injectable, thixotropic, and 

biocompatible self-assembled hydrogel. Incorporating folic acid into a 

supramolecular hierarchy enhanced its water solubility and resulted in a 

homogeneous hydrogel. The hydrogel could encapsulate hydrophilic 

drug doxorubicin hydrochloride (Dox.HCl) and hydrophobic drug 

curcumin by improving its water solubility. Curcumin is a natural 

compound extracted from turmeric and is a potent anticancer drug, 

however poor water solubility reduces its bioavailability. Due to the 

hydrotropic nature of the hydrogel, curcumin remains water-dispersible 

for a prolonged time when loaded in the hydrogel, demonstrating 

significant enhancement in anticancer activity and cellular uptake as 

compared to their bare forms. Thus, the all-bioderived FA-GMP hydrogel 

can efficiently lower the drug dosage, reducing the damage to normal 

tissues and making it a potent drug delivery vehicle for anticancer 

treatment. 
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5.2 Results and Discussions. 

5.2.1. Fabrication of FA-GMP Hydrogel 

Folic Acid (FA) in its bare form was completely insoluble in water; 

however, adding GMP to it in a 1:3 ratio resulted in a water-soluble 

homogeneous self-assembled system that ultimately led to the formation 

of a hydrogel. 100 mM of FA was added to a 300 mM aqueous solution 

of GMP at physiological pH. The solution was heated until FA was 

completely dissolved (65 °C) to give a bright orange-colored solution, 

which turned into a homogeneous self-assembled hydrogel upon cooling 

to room temperature (Figure 5.1). The formation of self-assembled FA-

GMP hydrogel was visually confirmed by the vial-inversion test method, 

where the solvent remained trapped inside the gel matrix upon inversion. 

The FA-GMP hydrogel exhibited a thermoreversible behavior, allowing 

it to undergo a reversible transition to solution state when heated to 50 

°C and subsequently turn back to a hydrogel when cooled to room 

temperature. 

 

Figure 5.1. Formation of FA-GMP hydrogel and its thermoreversible property. 

Concentration-dependent studies were performed for the 

hydrogel (Figure 5.2a). Even though the hydrogel was formed at a 1:2.5 

ratio of FA and GMP, the gel was opaque and heterogenous and the 

hydrogel turned homogenous only when FA and GMP ratio was 1:3. 

Critical gelation concentration of FA and GMP was measured by varying 
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the FA and GMP concentration while keeping a fixed ratio of 1:3 (Figure 

5.2a ii). The minimum concentration for gelation at a 1:3 molar ratio was 

75 mM and 225 mM for FA and GMP respectively. The hydrogel and 

bare FA solution (100 mM) were diluted up to 3 times (Figure 5.2b) to 

demonstrate the improved solubility of folic acid when incorporated into 

the hydrogel as compared to bare folic acid.  

 

Figure 5.2. Digital images demonstrating (a) Concentration-dependent experiment (i) 

varying the concentration ratio between FA and GMP from 1: to 1:4 and (ii) varying 

concentrations of FA and GMP at a fixed 1:3 mola ratio, (b) (i) 100 mM of stock FA 

solution diluted by 3 times and (ii) 100 mM FA hydrogel with 300 mM GMP diluted up 

to 3 times to obtain a clear solution, (c) self-adhesive property of the FA-GMP hydrogel, 

(d) flexibility of the hydrogel where it can be compressed and stretched to a thin line. 
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The self-adhesive nature of the hydrogel keeps it stuck to the glove, and (e) the self-

healing property of the hydrogel. 

The diluted FA-GMP system was a homogenous solution whereas bare 

FA was sparingly soluble in water. The hydrogel also showed self-

adhesive behavior as shown in figure 5.2c. The FA-GMP hydrogel was 

also flexible since it could be compressed and stretched to a string (Figure 

5.2d). The self-healing nature of the hydrogel was demonstrated by 

cutting a piece into two halves and joining them together resulting in the 

recovery of the dissected pieces back to the original shape (Figure 5.2e).  

5.2.2. Morphological Evaluation.  

 The morphology of the FA-GMP hydrogel was analyzed using a 

variety of microscopy techniques. The dried Fe-GMP hydrogel on a glass 

plate showed the formation of highly entangled nanofibers with an 

average diameter of 10-15 nm in scanning electron microscopy (Figure 

5.3a).  

  

Figure 5.3. (a) FESEM, (b) TEM, and (c) AFM images of the FA-GMP hydrogel 

showing highly tangled fibrillar morphology. 

Further, transmission electron microscopy (TEM) revealed the detailed 

crosslinking and bundling of thin fibers into larger, intertwined bundles 

that could extend up to a diameter of 150-200 nm (Figure 5.3b). Possibly, 
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individual G-quadruplex strands were intensely crosslinked through 

noncovalent bonding interactions to form bundles resulting in the 

formation of the entangled fibrillar network. Atomic force microscopy 

(AFM) further confirmed the formation of interwoven fibrils with an 

average height of 3-7 nm (Figure 5.3 c).  

5.2.3. Spectroscopic Characterization.  

Various spectroscopic techniques were utilized to study the self-

assembly mechanism of the FA-GMP hydrogel. UV-visible spectrum for 

GMP showed its characteristic peaks at 253 nm and a shoulder at 275 nm 

(Figure 5.4a). The UV-visible spectrum for folic acid was recorded at a 

slightly basic pH, to increase solubility. The folic acid molecule consists 

of three distinct moieties, pterin (PT), p-aminobenzoic acid (p-ABA), and 

L-glutamic acid (Glu). The band at 280 nm is attributed to the π–π* 

electronic transition of enone in pterin and carboxylate from the glutamic 

acid, whereas the band at 346 nm is assigned to the n–π* electronic 

transition in pterin.55–59 The absorption maximum of GMP at 253 nm was 

retained in the FA-GMP hydrogel. In the FA-GMP hydrogel, the 

absorption peak was observed at 274 nm (a hypsochromic shift of 6 nm 

as compared to FA solubilized in basic medium), which is an indicator 

that the hydrogel was formed at near-neutral condition.58,59 To further 

understand the self-assembly of the FA-GMP hydrogel, a powder XRD 

experiment was performed (Figure 5.4b). The diffraction peaks obtained 

at 2θ of 4.4° (d = 1.97 nm) and 2θ of 27.26° (d = 0.32 nm) are attributed 

to the diameter of a single G-quartet and interplanar separation between 

π-π stacked G-quartets respectively.49,60 The formation of G-quartet was 

also validated by comparing the 23Na NMR spectra of Na2GMP solution 

and FA-GMP hydrogel (Figure 5.4c). GMP and FA-GMP hydrogel 

showed a sharp peak near 0 ppm, attributed to the free sodium ions. 

However, FA-GMP hydrogel also showed an additional peak at -18.07 

ppm corresponding to the sodium ion inside the G-quadruplex channel.61–

64 Thioflavin T (ThT) binding assay also reaffirmed the formation of G-

quadruplex structure in the FA-GMP self-assembly (Figure 5.4d). ThT is 

a fluorogenic dye showing multifold fluorescence enhancement at 472 
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nm when excited at 405 nm upon binding to FA-GMP hydrogel compared 

to its free form. This enhancement in emission phenomenon is observed 

due to the binding of ThT between the π-π stacking of G-quartet-induced 

fibrils, thus restricting their intramolecular motions, which otherwise 

leads to quenching in its free form.65–67 The amplification in fluorescence 

intensity of ThT in hydrogel as compared to free ThT solution could also 

be observed visually when both the vials were exposed to long-range UV 

light (Figure 5.4d inset).  

 

Figure 5.4. (a) UV-visible spectra of FA, GMP, and FA-GMP hydrogel, (b) PXRD of 

FA-GMP xerogel, (c) 23Na NMR spectra for GMP and FA-GMP hydrogel, (d) 

Fluorescence spectra of free ThT solution (10 µM) and ThT (10 µM) loaded to FA-GMP 

system, inset: digital image of ThT bound to FA-GMP system (left) and free ThT solution 

(right) 

To investigate the interaction between FA and GMP within the 

hydrogel, we analyzed 31P NMR spectra of GMP and FA-GMP hydrogel 

(Figure 5.5a). The upfield shift of the phosphate group signal from 3.5 
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ppm to 1.8 ppm in the FA-GMP hydrogel spectrum, as compared to free 

GMP, confirmed its involvement in the crosslinking of G-quartets with 

FA to form the hydrogel. FTIR was performed to further delve into the 

functional groups involved in FA-GMP interactions (Figure 5.5b).  In the 

case of GMP, the peaks at 1687 cm-1 and 1478 cm-1 attributed to C(6)=O 

and C(8)-N(7) bond vibration were shifted to 1692 cm-1 and 1473 cm-1 

respectively in FA-GMP xerogel, showing their involvement in the 

formation of G-Quartet.68 Further, the peaks at 1065 and 967 cm-1 

corresponding to the PO4
3- group in GMP, were shifted to 1037 and 972 

cm-1 in the xerogel showing the involvement of the phosphate group 

which is in good agreement with the 31P NMR spectra.68,69 In the FTIR 

spectrum of folic acid, the stretching frequencies at 3544, 3414, and 3324 

cm-1 are associated with the -OH bond of the glutamic acid moiety, and 

their disappearance in the FA-GMP hydrogel further indicates their 

involvement in H-bonding for self-assembly formation.70,71 

    

Figure 5.5. (a) 31P NMR of GMP and FA-GMP hydrogel and (b) FTIR of FA, GMP, and 

FA-GMP xerogel. 

Based on the spectroscopic observations, a plausible mechanism 

for the FA- GMP hydrogel formation is proposed (Figure 5.6). From 

PXRD, 23Na NMR, and ThT binding assay, we confirmed the G-quartet 

formation in the hydrogel. The glutamic acid functionality in FA induces 

the self-assembly of guanine into G-quadruplex. The protonation of the 

phosphate group leads to a reduction in the anionic charge and decreases 

repulsion among G-Quartets, which in turn promotes the stacking of the 

tetrads. Phosphate group protonation further enables H-bonding, 

facilitating a 3D network formation through cross-linking.72–75 31P NMR 
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and FTIR studies suggest that the interaction between FA and GMP 

occurs through H-bonding between the phosphate group (PO3H
-) of GMP 

with the carboxylate group of FA. Folic Acid here acts as a crosslinker 

between the stacks of G-quartets leading to the formation of a highly 

entangled three-dimensional fibril network. Also, the amphiphilic nature 

of the nucleotide provided sufficient hydrophobicity and strong hydrogen 

bonding that promoted the co-assembly of water-insoluble FA into 

homogeneous water-soluble supramolecular structure. Thus, non-

covalent interactions like π- π stacking of aromatic moiety, H-bonding, 

Van-der-Waal forces, hydrophobic interactions, electrostatic interactions, 

etc., resulted in the formation of a self-assembled FA-GMP hydrogel. 

 

Figure 5.6. Schematic representation for the proposed self-assembly mechanism of FA 

and GMP leading to hydrogel formation.  

5.2.4. Rheological Studies  

Rheological studies were conducted to assess the viscoelastic 

properties of the hydrogel. Both strain and frequency sweep 

measurements revealed a predominantly elastic behavior over viscous 

behavior, with the storage modulus (G') value exceeding the loss modulus 

(G'') (Figure 5.7a, b). The hydrogel exhibited a high breaking point of 

235%, as determined by strain sweep experiments. Shear stress-

dependent recoverability of the hydrogel was determined by performing 

the thixotropic loop test, by providing alternating low (0.1%) and high 

(300%) strain with a rest period of 100 seconds in between (Figure 5.7c).  



Chapter 5 

 

179 
 

The hydrogel demonstrated excellent recoverability up to 7 cycles 

without any loss in mechanical properties. Additionally, the hydrogel also 

showed injectable properties (Figure 5.7d). 

     

Figure 5.7. (a) Dynamic strain-sweep analysis, (b) Frequency sweep measurement at a 

constant strain of 1%, (c) Thixotropic loop measurements at a constant angular 

frequency of 10 rad s-1 for FA-GMP hydrogel, and (d) digital images showing 

injectability of FA-GMP hydrogel. 

5.2.5. Drug encapsulation and release 

 Folate receptors are common biomarkers for cancer cells due to their 

overexpression on the cell surface of numerous cancer types. Owing to 

the high binding affinity of folic acid to the folate receptors, we employed 

the FA-GMP hydrogel as a vehicle for targeted drug delivery. The ease 

of in situ drug encapsulation makes the hydrogel a suitable drug delivery 

vehicle. This approach facilitates precise control over drug concentration 

through uniform drug dispersion within the solution before gelation. In 

this study, we used doxorubicin hydrochloride (Dox), a commercially 

used drug in chemotherapy as the hydrophilic drug, and curcumin (Cur), 

a bio-extract material from turmeric as the hydrophobic drug (Figure 

5.8a). The mechanical strength of the drug-loaded hydrogels was 

measured by performing an amplitude strain sweep experiment (Figure 

5.8b). To attain uniform drug dispersion in the gel matrix, 500µg/ml of 

Dox and 300µg/ml of Curcumin were added in situ during hydrogel 

formation. A mixture of ethanol and water at a 1:4 ratio was used to 

fabricate curcumin-loaded FA-GMP hydrogel. Bare curcumin started 
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precipitating in the solution mixture, however, it stayed homogeneously 

dispersed in the solvent when entrapped in the hydrogel matrix. For 

demonstration, 300 µg/ml curcumin in EtOH-Water mixture, both bare 

and loaded in the FA-GMP hydrogel were diluted up to three times and 

left for 1h (Figure 5.8c). The settling down of curcumin was observed in 

the bare solution, whereas curcumin loaded in the FA-GMP matrix stayed 

dispersed maintaining a homogeneous solution even after 30 days, thus, 

improving the bioavailability of curcumin. This improved solubility of 

curcumin in aqueous medium suggests that the hydrophobic molecules 

can be trapped in the hydrophobic grooves of the hydrogel and stabilized 

by π-π interactions between the aromatic G-quartet planes.  

 

Figure 5.8. (a) Structure of (i) hydrophilic drug: Doxorubicin hydrochloride and (ii) 

hydrophobic drug: curcumin, (b)  Digital images of FA-GMP hydrogel, Dox-loaded FA-

GMP hydrogel, and curcumin-loaded FA-GMP hydrogel and their amplitude strain-

sweep analysis, and (c) Digital image of  Left: 300 µg/ml of bare curcumin in 1:4 EtOH-

Water mixture diluted by 3 times, Right: 300 µg/ml of curcumin loaded in hydrogel (1:4 

EtOH-Water) and diluted by 3 times.  

Both the drug-loaded hydrogels were washed in the PBS buffer 

of pH 7.4, to remove the unbound drug. The encapsulation efficiency for 



Chapter 5 

 

181 
 

Dox and curcumin were calculated to be 82.5% and 89% from the 

calibration curve (Figure 5.9) respectively. The higher encapsulation 

efficiency of the hydrophobic drug is attributed to its low water solubility, 

which minimizes leaching during washing once encapsulated inside the 

matrix.76 

          

Figure 5.9. (a) Calibration curve of Doxorubicin, (b) UV-visible absorbance spectra of 

Dox taken initially and of the supernatant obtained after washing the Dox loaded 

hydrogel, (b) Calibration curve of Doxorubicin, (b) UV-visible absorbance spectra of 

curcumin taken initially and of the supernatant obtained after washing the curcumin 

loaded hydrogel.  

To study the drug release process of the hydrogel, 1 ml of both 

the Dox-FA-GMP and Cur-FA-GMP gels were kept undisturbed in 4 ml 

of PBS buffer to make the total volume of 5 ml. An aliquot of 400 µl was 

taken out at regular time intervals and replenished with the same amount 

of fresh buffer. The drug release profile for Dox and curcumin was 

evaluated through UV-visible spectrophotometry (Figure 5.10). Both the 

drugs followed a first-order release profile with an initial lag period 

required for swelling of the hydrogel matrix. This facilitated the release 

of the trapped drug molecules into the buffer medium through diffusion. 

Subsequently, a gradual release occurs, followed by the final stage where 

the release rate reaches saturation after complete swelling. Dox-FA-GMP 
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and Cur-FA-GMP exhibited lag periods of 1.5 and 3 hours, followed by 

a gradual release reaching 83% and 57% respectively within 20 hours. 

The release slowed to saturation, reaching 91% for Dox-FA-GMP and 

63% for Cur-FA-GMP after 40 hours. The lower release of curcumin 

could be due to the higher mechanical robustness of the curcumin-loaded 

hydrogel. Cur-FA-GMP gel had higher mechanical strength than Dox-

FA-GMP hydrogel system. G' (storage modulus) for Cu-FA-GMP was 

higher than 103 Pa, whereas, in the case of FA-GMP and Dox-FA-GMP, 

G" lies around 102 Pa.  (Figure 5.8b). Adding a small amount of EtOH 

probably led to additional non-covalent interactions, resulting in higher 

stiffness of Cur-FA-GMP hydrogel. 

 

Figure 5.10. The cumulative release profile of (a) Doxorubicin and (b) Curcumin from 

FA-GMP hydrogel. 

5.2.6. Biocompatibility of FA-GMP hydrogel 

 The biocompatibility of FA-GMP hydrogel and its precursors GMP and 

FA were evaluated by performing an MTT assay on the human embryonic 

kidney (HEK) 293T cell line (Figure 5.11). HEK293T are healthy non-

cancerous cells, commonly used for biological studies to assess the effect 

of drugs and materials. FA and GMP exhibited IC50 values of 1.8 mg/ml 

and 5.6 mg/ml, respectively showing their high biocompatibility. In the 

case of FA-GMP hydrogel, the IC50 value was calculated to be 18 mg/ml. 

Thus, the FA-GMP hydrogel was highly biocompatible, which is a highly 

desirable property for a drug carrier. 
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Figure 5.11. Assessment of HEK293T cells viability after treatment with a) FA, b) GMP, 

and c) FA-GMP. 

5.2.7. Cytotoxicity against cancerous cell line 

 

Figure 5.12. Cell viability of MCF-7 cells after treatment with (a) Dox, (b) Dox-FA-

GMP, (c) Cur, and (d) Cur-FA-GMP 

 The MCF-7 cell lines were used to examine the viability of cancer cells 

when treated with Dox and curcumin in their free state and after their 

loading into the FA-GMP hydrogel (Figure 5.12). MCF-7 is a well-

established human breast cancer cell line and has over-expressed folate 

receptors on its surface. MTT assay was performed by varying the 
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concentration of the samples with respect to the concentration of the 

drugs. The percentage survival of MCF 7 cells was higher in the case of 

pristine Dox and curcumin as compared to Dox-FA-GMP (Figure 6a) and 

Cur-FA-GMP hydrogel systems (Figure 6b). These results demonstrated 

that encapsulating the drugs within the FA-GMP hydrogel system 

increases their cytotoxicity against the cancer cells. This enhancement in 

cytotoxicity could be explained by the targeted interaction of folic acid 

with the folate receptors.    

      5.2.8. Cellular uptake Evaluation 

 Based on the MTT assay test against MCF7 cells, we further assessed 

the cellular internalization of the drugs in their free state and after loading 

in the FA-GMP hydrogel (Figure 5.13). The cellular uptake of Dox and 

Dox-FA-GMP was studied through their fluorescence signal in CLSM 

and the cellular uptake in the case of curcumin and Cur-FA-GMP was 

studied through their fluorescence signal in fluorescence microscopy. A 

fluorescent dye, DAPI was used as the contrasting agent to stain the 

nuclei to demonstrate the localization of the drug. However, Dox and 

curcumin had inherent red and green fluorescence. In the case of Dox, 

the fluorescence intensity was significantly higher when loaded in the 

FA-GMP hydrogel compared to its bare form (p < 0.0001). This 

enhancement in fluorescence intensity indicated that hydrogel could 

deliver Dox more efficiently inside MCF-7 cells. Similar results were 

observed for curcumin, where a statistically significant increment 

(p<0.05) in the intensity of curcumin loaded in hydrogel than its free state 

indicated the efficient delivery of curcumin in the cells facilitated by FA-

GMP hydrogel. The folate receptors overexpressed on cancer cells 

interact with folates, enhancing the cellular uptake via the endocytosis 

mechanism, which would explain the higher cellular uptake of both Dox 

and curcumin when loaded in the FA-GMP hydrogel. 
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Figure 5.13. Measuring the cellular uptake for cancer cell MCF7, a) (i) CLSM images 

for free Dox and Dox-FA-GMP, (ii) quantification of Dox and Dox-FA-GMP intensity 

compared to BaP, (iii) comparison of intensity difference between Dox and Dox-FA-

GMP, and b) (i) CLSM images for free Cur and Cur-FA-GMP, (ii) quantification of Cur 

and Cur-FA-GMP intensity compared to BaP, (iii) comparison of intensity difference 

between Cur and Cur-FA-GMP. 

5.2.9. Anticancer properties of compounds 

Quantitative real-time polymerase chain reaction (qRT-PCR) was 

performed on MCF-7 cells to evaluate the expression of tumor suppressor 

genes, apoptotic markers, and cell cycle regulators after inducing cancer-

like properties with benzopyrene (Figure 5.14). Tumor suppressor genes, 
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including p53 and pRb, showed a statistically significant increase in 

expression in the Dox-FA-GMP and Cur-FA-GMP groups (p<0.05) 

compared to the control, with superior upregulation relative to free Dox 

and curcumin. This indicates that drug loading in FA-GMP enhances 

tumor growth suppression. Further analysis revealed significant 

upregulation of apoptotic genes (bax, bak, bid, and caspase 9) in the Dox-

FA-GMP and Cur-FA-GMP groups compared to free drugs, highlighting 

the hydrogel’s ability to promote apoptosis more effectively. 

Additionally, cell cycle regulators (ccnd1, ccnb1, and cdk1) showed a 

significant decrease in the Dox-FA-GMP group relative to free Dox, 

while PCNA exhibited a greater decline in both Dox-FA-GMP and Cur-

FA-GMP compared to free drugs, indicating drugs encapsulated in FA-

GMP hydrogel can halt cell progression better than their bare state.  

These results demonstrate that the FA-GMP hydrogel system enhances 

the therapeutic efficacy of Dox and Cur in suppressing tumor growth, 

promoting apoptosis, and arresting cell cycle progression. 

 

Figure 5.14. Investigating the markers related to cancer properties. a) Tumour 

suppressor genes (p53 and pRb) expression analysis after exposure to Dox, Dox-FA-

GMP, Cur and Cur-FA-GMP. b) Changes in the mRNA expression level of apoptotic 

markers (bax, bak, bid, and caspase 9) compared to the BaP samples. c) Graph 

representing the amendments in the transcript level of cell cycle regulator genes (ccnd1, 

ccnb1, cdk1, and pcna). Given plots; x-axis, different genes; y-axis, fold change with 

respect to BaP exposed samples. The p-values of <0.05, <0.01, and <0.0001 are 

considered statistically significant and are represented with *, **, and *** respectively. 

The increase and decrease are represented by * and # respectively. 
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Since cancer cells proliferate indefinitely due to changes in 

genetic makeup, we investigated the cell proliferation of MCF-7 cells 

when exposed to Dox, Doc-FA-GMP, Cur, and Cur-FA-GMP (Figure 

5.15).  The cells were stained by crystal violet basic dye which non-

specifically binds to negatively charged molecules of cells such as 

surface molecules, extracellular matrix, proteins, polysaccharides, 

DNA/RNA, etc. Microscopic images in Figure 5.15a showed the lowest 

cell density for Dox-FA-GMP and Cur-FA-GMP indicating a more 

significant inhibition of cell proliferation than free drugs. On 

quantitatively analyzing microscopic images of crystal violet staining 

(Figure 5.15b), the strongest reduction in proliferation was observed for 

Dox-FA-GMP and Cur-FA-GMP, highlighting the superior efficacy of 

hydrogel as the drug carrier suppressing cell growth. 

 

Figure 5.15. Demonstration of cell proliferation assay. a) Bright-field microscopy 

images of crystal violet stained cells after treatment with Dox, Dox-FA-GMP, Cur, and 

Cur-FA-GMP. b) Quantification of proliferating cells in Dox, Dox-FA-GMP, Cur and 

Cur-FA-GMP compared to the BaP. Given plot; x-axis, different samples; y-axis, 

relative cell proliferation with respect to BaP exposed samples. The p-values of <0.05, 

<0.01 and <0.0001 are considered statistically significant and are represented with *, 

**, and *** respectively. The increase and decrease are represented by * and # 

respectively.  

5.3. Conclusion 

In summary, we proposed a straightforward method for preparing 

a folic acid hydrogel, achieved by enhancing its water solubility through 

self-assembly with an amphiphilic LMWG guanosine monophosphate 
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(GMP). The gelation process was spontaneous and the FA-GMP hydrogel 

was thermoreversible, injectable, thixotropic, self-healing, and self-

adhesive. The hydrogel was highly biocompatible, considering 

precursors themselves are non-toxic and the system comprised only 

water solvent. The FA-GMP hydrogel was then employed as a drug 

carrier that could encapsulate both hydrophilic (Dox) and hydrophobic 

(curcumin) drugs and showed sustained release. Both the drugs showed 

elevated cytotoxicity and cellular uptake in the MCF-7 cancer cells when 

loaded in the FA-GMP hydrogel than their free form. Hydrogel-

encapsulated drugs (Dox-FA-GMP and Curc-FA-GMP) demonstrated 

improved therapeutic efficacy compared to free drugs by significantly 

upregulating the expression of tumor suppressor and apoptotic genes, 

while also inhibiting cell proliferation markers to a greater extent than 

free drugs. Loading Dox and curcumin in FA-GMP hydrogel 

demonstrated improved targeted delivery and overall anticancer activity. 

Thus, the folic acid hydrogel with GMP represents a simple, economical, 

and biocompatible approach that can be an effective drug carrier for 

targeted delivery, aiding in the fight against cancer. 

5.4. Experimental Section 

5.4.1. Materials 

Folic acid was purchased from Sigma-Aldrich. Guanosine-5′-

monophosphate disodium salt hydrate (Na2-GMP) and deuterium oxide 

(D2O) were purchased from Sisco Research Laboratory (SRL). Curcumin 

was from Alfa-Aesar and doxorubicin hydrochloride was used from 

BLD. Milli-Q was purchased from Merck, India. All the chemicals were 

used as purchased with no further purification. The MCF-7 and HEK-

293T cells were procured from the National Centre for Cell Science, 

Pune, India. The cells were cultured in Dulbecco's modified Eagle's 

medium DMEM; Thermo Scientific, USA) supplemented with 10% fetal 

bovine serum (FBS; Thermo Scientific, USA),  
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5.4.2. Instrumentation 

 UV-Vis and Circular Dichroism (CD) studies were recorded on a Perkin 

Elmer UV-Vis-NIR spectrophotometer (Model: Lambda 1050) and 

JASCO J-815 spectropolarimeter using a quartz cuvette of path length 1 

mm respectively. Field emission scanning electron microscopy (FESEM) 

images were taken on Carl Zeiss Supra 55 instruments after Au coating. 

Transmission Electron microscope (TEM) images were taken from the 

electron microscope of model JEM-2100 at an accelerating voltage of 

200 kV. Rheological studies were done using an Anton Paar Physica 

MCR 301 rheometer with parallel plate geometry (diameter 25 mm). A 

dynamic strain sweep experiment was performed using a constant 

frequency of 10 rad s−1. The dynamic frequency sweep of the hydrogel 

was measured as a function of frequency in the range of 0.1−17 rad s−1 

with a constant strain value of 1%. The thixotropic loop test was carried 

out at a constant frequency of 10 rad s−1, and the applied strain was 

changed from 0.1% to 300%. Powder X-ray diffraction patterns (PXRD) 

of the xerogel were recorded on a Rigaku Smartlab, Automated 

Multipurpose X-ray diffractometer with Cu Kα source (the wavelength 

of the X-rays was 0.154 nm). FTIR study of xerogel was done on Bruker 

Alpha II Platinum ATR. 1H, 31P, and 23Na NMR spectra were recorded 

using a 500 MHz Bruker AV500 NMR instrument at 298 K using D2O as 

solvent. The fluorescence studies were performed using the Fluoromax-

4p spectrofluorometer from Horiba Jobin Yvon (FM-100). Fluorescence 

spectra were analyzed using OriginPro 8.1 software and the 

measurements were carried out at room temperature. Confocal laser 

scanning microscope (CLSM) was recorded on Olympus America Inc., 

USA. 

5.4.3 Synthesis of the hydrogel  

100 mM folic acid (FA) and 300 mM of guanosine monophosphate 

(GMP) were added to milli-Q water in a vial while kept on continuous 

stirring for 2-5 minutes at 65 °C. The obtained clear orange solution was 

allowed to rest and it formed a hydrogel in 3-5 minutes upon cooling to 
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room temperature. 

5.4.4. Characterization 

FESEM and TEM. The FA-GMP hydrogel was diluted up to 200 times in 

milli Q water and 10 µl of it was drop-casted on a clean piece of glass 

slide and left for air drying for 24 hours. The drop-casted sample was 

then coated with Au and imaged under the SEM. 5 µl of the same sample 

was drop-casted onto a copper grid for TEM Imaging.  

UV-visible spectroscopy. UV-visible spectra of the hydrogel, FA, and 

GMP were recorded at a concentration of 0.025 mM each using a 1 cm 

path length cuvette. 100 mM of FA was first solubilized at a basic pH of 

10 and then diluted to 0.025 for UV-visible studies. 

NMR (1H, 31P, 23Na). The NMR studies were performed for FA, GMP, 

and FA-GMP at similar concentrations to hydrogel (GMP: 3000 mM, and 

FA-GMP 100:300 mM). To study the NMR of the hydrogel, it was 

converted to sol owing to its thermoreversible property and then 

transferred into the NMR tube. Folic acid was solubilized in basic pH for 

NMR studies. 

ThT Binding Assay. A stock solution of 1 mM of ThT was prepared in 

ethanol and diluted to 10 µM in water. The hydrogel was diluted up to 

200 µM with respect to folic acid in the 10 µM solution of ThT and 

incubated for 2 days. The fluorescence was then checked for the ThT-FA-

GMP system by exciting at 405 nm, and the emission was collected at 

472 nm. 

PXRD and FTIR. The hydrogel was lyophilized to obtain the xerogel. 

Then PXRD and FTIR were measured for the xerogel. Dry powder of FA 

and GMP was used for FTIR studies. 

Rheological Studies. Rheological studies were performed at room 

temperature (25 °C) using a parallel plate (25 mm diameter). A small 

amount of the gel was scooped out with the help of a spatula and kept on 

the plate for measurement. The strain sweep measurements of the 
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hydrogels were carried out at a constant frequency (10 rads−1). The 

frequency sweep studies were performed in a 0.1−17 rad s−1 frequency 

range, maintaining a constant strain of 1%. For the thixotropic loop 

studies, the strain was varied from 0.1% to 300% at an applied frequency 

of 10 rad s−1. Successive low and high strains were applied at a period of 

100 seconds. 

5.4.5. Drug encapsulation and release  

To load 0.5 mg/ml Dox in the FA-GMP hydrogel, first, a Dox solution of 

0.5mg/ml concentration was prepared, then 100 mM of FA and GMP was 

added to it and the hydrogel was synthesized, thus in situ loading the drug 

in the hydrogel. In case of curcumin, 1.5 mg/ml stock of curcumin was 

prepared in ethanol. Hydrogel was prepared in the same concentration, 

but with 800 µl of water and 200 µl of the EtOH curcumin stock to make 

a total volume of 1 ml. 

 The hydrogel was rinsed with pH 7.4 PBS buffer solution to 

eliminate unbound drug molecules. The absorbance of the collected 

supernatant was analyzed using a UV-vis spectrophotometer. The 

encapsulated amount of vitamin or drug in the hydrogel was estimated 

by deducting the amount detected in the supernatant from the initial 

quantity, and the loading percentage was calculated using the equation 

below: 

𝐶𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒 𝐴𝑚𝑜𝑢𝑛𝑡 𝑅𝑒𝑙𝑒𝑎𝑠𝑒𝑑 (%) =  
𝑀𝑡

𝑀∞
𝘟100 

 To study the sustained release of drugs, 1 ml of drug-loaded 

hydrogel was taken in a vial, and 4 ml of PBS buffer was added to it. At 

regular time intervals, 400 µl of the buffer was taken out for UV-visible 

study and replenished with fresh buffer. The absorbance of the collected 

samples was measured at 480 and 434 nm for Dox and curcumin 480 and 

434 nm respectively. The cumulative drug release was calculated as:   

Cumulative Amount Released (%) = Mt/M∞ X100 

 where Mt and M∞ is the amount of drugs released at time t and 
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the initial quantity of drugs encapsulated inside the hydrogel, 

respectively. 

5.4.6. Cell Culture 

 The MCF-7 and HEK-293T cells was procured from the National Centre 

for Cell Science, Pune, India. The cells were cultured in Dulbecco's 

modified Eagle's medium DMEM; Thermo Scientific, USA) 

supplemented with 10% fetal bovine serum (FBS; Thermo Scientific, 

USA), 50 U/ml, 100 μg/ml, and 2 mM of penicillin, streptomycin, and L-

Glutamine respectively. The growing cell environment was humidified 

with 5% CO2 at 37 °C.  

5.4.7. Cell cytotoxicity through MTT assay 

 For (3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide) 

(MTT) assay, 10 × 103 HEK-293T and MCF-7 cells were seeded in a 96-

well culture plate and maintained for next 24 hrs. HEK293T was treated 

with FA, GMP, and FA-GMP in different concentrations and meanwhile, 

the morphological changes were monitored using bright-field 

microscopy. After 24 hrs of inhibitor treatment, the cell culture media 

was removed and 0.5 mg/mL MTT reagent was added and incubated for 

the next 3 hrs at 37 °C. Then, after removing the MTT reagent, 100 μL 

of DMSO was added to dissolve formazan crystals by shaking for 2 hrs 

and absorbance was measured at 570 and 590 nm. For further 

experiments in MCF-7 cells, they were treated with Dox, Dox-GMP-FA, 

Cur, and Cur-GMP-FA at different concentrations with respect to the 

drug.  

5.4.8. Cellular uptake  

The fluorescence localization of Dox, Dox-FA-GMP was assessed in 

MCF-7 cells using a confocal laser scanning microscope (Olympus 

America Inc., USA).  For the nucleus staining DAPI (0.1mg/ml: cell 

signaling technology). The fluorescence intensity was calculated via 

ImageJ software, and the graphs were plotted relative to those of the 

benzopyrene group.77 For better visualization of the Dox and curcumin 
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fluorescence, they were loaded more into the hydrogel compared to the 

rest of other experiments. 1.5mg/ml of Dox and 900 µg/ml of curcumin 

were loaded into the hydrogel. The concentration of Dox, Dox-FA-GMP, 

Cur, and Cur-FA-GMP used for the experiment was 10 µg/ml with 

respect to the drug. 

5.4.9. Quantitative real-time polymerase chain reaction  

The genes involved in the cell cycle, apoptotic markers, and tumor 

suppressor genes profile were analyzed using qRT-PCR. A total of 0.25 

million cells were seeded in a 6-well plate, after the cells' adherence the 

benzopyrene drug was exposed for 24 hrs followed by treatment with 

Dox, Dox-FA-GMP, Cur, and Cur-FA-GMP for 24 hrs. Total RNA 

extraction, complementary DNA preparation, and qRT-PCR were carried 

out as described earlier.78 The qPCR was performed on three biological 

replicates and two technical replicates. Based on the MTT assay on MCF-

7 cells Dox (3 μg/ml), Dox-GMP-FA (2 μg/ml) with respect to Dox 

concentration), Cur (2 μg), and Cur-GMP-FA (2 μg/ml) with respect to 

curcumin) was used for the experiment. 

5.4.10. Cell proliferation assay  

The cell proliferation assay was performed using crystal violet staining. 

A total of 0.25 million cells were seeded on a 6-well plate, benzopyrene 

exposed for 24 hrs followed by treatment with Dox, Dox-FA-GMP, Cur, 

and Cur-FA-GMP for 24 hrs. After that cells were fixed with 4% 

paraformaldehyde and stained with 0.5 g % crystal violet and images 

were captured under the microscope (Dmi1, Leica Microsystems). 

Quantification of the data was done by using Image J software (National 

Institutes of Health, Bethesda, MA, USA). Based on MTT assay on 

MCF-7 cells Dox (3 μg/ml), Dox-GMP-FA (2 μg/ml with respect to Dox 

concentration), Cur (2 μg), and Cur-GMP-FA (2 μg/ml with respect to 

curcumin) was used for the experiment. 

5.4.11. Statistical analysis  

Two-sample t-tests were performed to compare the mean values of the 
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Dox, Dox-FA-GMP, Cur, and Cur-FA-GMP samples with benzopyrene-

exposed MCF-7 cells. Statistical significance was considered at the 0.05 

critical level, where p < 0.05 at the 95% confidence interval. P values of 

<0.05, <0.01, and <0.0001 are considered statistically significant and are 

represented with */#, **/##, and ***/###, respectively. The upregulation 

and downregulation are represented by * and #, respectively. 
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Chapter 6 

Conclusion and Future Prospects 

6.1 Conclusion 

 In this thesis, we successfully developed supramolecular 

hydrogel systems through physical crosslinking using guanosine 

monophosphate (GMP) as a low molecular weight gelator (LMWG) for 

various interesting applications. We proposed the right selection of 

crosslinkers that could self-assemble with GMP to form a hydrogel 

simply by one-pot mixing of the aqueous solutions of precursors under 

ambient conditions. This procedure keeps the inherent properties of the 

precursor molecules intact, making the hydrogels functional smart 

materials. The hydrogels were robust, thixotropic, injectable and showed 

stimuli-responsive properties.  

We developed class I hybrid organic-inorganic hydrogels with GMP in 

the first three works. In the first two works, we used Keggin structured, 

metal oxocluster (POM) along with GMP to obtain a hydrogel for 

haloperoxidase-mediated antibacterial activity and to develop a 

chromogenic material further exploited to fabricate a simpler 

electrochromic device. In the third study, we created the Zn(His)3(H2O) 

complex by combining the precursors in a 1:3 ratio, replicating the active 

site of the carbonic anhydrase enzyme. The complex was stabilized 

within the GMP self-assembled network, which mimicked the tertiary 

structure of a protein backbone due to its amphiphilic nature and 

hydrophobic pockets. This hydrogel was designed to structurally and 

functionally emulate carbonic anhydrase, facilitating CO2 sequestration 

via the mineralization process, which was further harnessed to separate 

toxic metals like Pb2+ and Cd2+. In the last work, we proposed that a small 

organic molecule, folic acid, which is otherwise highly water-insoluble, 

can form a stable hydrogel with GMP. The hydrophobic region of the G-

quartet assembly co-assembles folic acid, and the hydrophilic part makes 

the whole system water soluble. 
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In this thesis, we exploited GMP as a versatile scaffold for 

creating nucleotide-based nanohybrid hydrogels with diverse functional 

capabilities. The use of a facile, derivatization-free, aqueous synthesis 

approach makes the system highly accessible, sustainable, and 

biocompatible. Furthermore, an in-depth investigation of the self-

assembly mechanisms offered valuable insights into the non-covalent 

interactions driving fibril formation and hydrogelation, thereby 

enhancing our understanding of biological self-assembly in 

biomolecules. Overall, this work not only focused on designing 

functional hydrogels but also lays the foundation for future smart 

material development in the field of biomedical engineering, enzyme 

mimetics, environmental remediation, sensing, etc. These findings are 

expected to open new avenues in the use of nucleotide-based 

supramolecular systems for multifunctional and stimuli-responsive 

material design. These findings are expected to inspire future research on 

nucleotide-based nanohybrids and broaden their potential in 

multifunctional biomedical, environmental, and sensing applications. 

6.2. Future Prospects 

 The findings of this thesis underscore the remarkable potential of 

guanosine monophosphate (GMP) as a versatile low molecular weight 

gelator capable of forming supramolecular hydrogels with a wide variety 

of components in its pristine form. The first three studies highlighted 

GMP’s ability to co-assemble with inorganic materials to yield class I 

hybrid hydrogels with tunable properties. In particular, the formation of 

fibrillar hydrogels through GMP's interaction with inorganic metal 

complexes opens up a broad spectrum of future opportunities to engineer 

smart materials with customizable mechanical, electronic, and catalytic 

functions. This research paves the way for further exploration of GMP-

based hybrid systems in advanced fields such as magnetism, 

optoelectronics, enzyme mimetics, catalysis, and photocatalysis, 

especially by incorporating diverse metal ions, clusters, and coordination 

complexes. The demonstrated ability of a GMP-polyoxometalate (POM) 

hydrogel to function dually as both the electrochromic layer and 
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electrolyte in an electrochromic device (ECD) reveals the potential of G-

quadruplex hydrogels in simplifying and miniaturizing electrochemical 

devices. Future work may expand this concept using other 

electrochromic or conductive crosslinkers to design next-generation 

ECDs with improved efficiency and sustainability. In the fourth study, 

GMP was shown to encapsulate and solubilize hydrophobic molecules, 

demonstrating its potential to enhance the bioavailability of poorly 

soluble drugs and phytochemicals, an area ripe for exploration in drug 

delivery and pharmaceutical formulation. 

The reversible, stimuli-responsive behavior of GMP hydrogels 

further suggests their utility in biosensing and environmental detection 

platforms. Their biocompatibility, ease of synthesis, and cost-

effectiveness also make them attractive candidates for developing green 

and scalable soft materials. Moreover, the tunability of GMP hydrogel 

mechanics through crosslinker selection offers promising routes for 

biomedical applications, including tissue scaffolding, artificial joints, and 

3D bioprinting. As supramolecular hydrogels based on nucleotides like 

GMP continue to evolve, they are poised to significantly impact multiple 

domains, from biomedicine and materials science to environmental 

technologies. 

Looking forward, this work is expected to stimulate deeper investigation 

into the design of functional, adaptive, and sustainable hydrogel systems, 

ultimately contributing to the development of next-generation 

biomimetic materials and smart devices.
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