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Abstract 

The contents of the thesis entitled “Investigation on Molecular Self-Organisation in 

Peptide Systems: from Functional Assembly to Autonomous Replication” are divided 

into six chapters based on the results of the experimental work performed during the 

complete course of the doctoral studies.  

Chapter 1: In this chapter, we have briefly introduced the supramolecular self-assembly 

of small peptides and the self-replication of peptides. 

Chapter 2: In this chapter, we have discussed about the materials used for experimental 

purposes, the general methods of the synthetic procedures and instrumentations carried out 

during the thesis work. 

Chapter 3: In this chapter, we have jotted down our work on forming well-ordered 

spherical dipeptide assemblies, which could bind Thioflavin T. This is special, as we know 

ThT to bind fibrils characteristically. 

Chapter 4: In this chapter, we have reported supramolecular self-assembly of tripeptides, 

which undergoes morphological transformation from spherical to rod-like nanostructure 

with time, along with their applications. 

Chapter 5: In this chapter, we have demonstrated the design and synthesis of a model 

cyclic peptide self-replicator, which mainly exists in random coil secondary conformation: 

a deviation from conventional peptide self-replicators.   

Chapter 6: In this chapter, we have investigated the effect of backbone stereochemical 

modification via the incorporation of D-amino acids in the self-replication of cyclic 

peptides. 

The chapter-wise summaries of the above-mentioned thesis works are described below. 
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Chapter 1: Introduction 

In this chapter, we have delved into the supramolecular self-assembly behaviour exhibited 

by short peptides, such as dipeptides and tripeptides. Peptides have this unique ability to 

organise spontaneously into higher-order structures through non-covalent interactions. This 

inherent tendency to form assemblies often gives rise to supramolecular structures with 

remarkable functional properties. Some key properties include morphological 

transformations, gas adsorption, drug encapsulation, and interactions with fluorescent dyes. 

Moreover, small peptides can be readily modified to develop bio-responsive and functional 

nanomaterials due to their low molecular weight and economical synthesis. 

Additionally, we have explored the concept of “self-replication of peptides”, with a 

particular emphasis on cyclic peptides and how self-replication played a significant role in 

the context of origin of life studies. The ability of specific peptide systems to undergo 

template-assisted replication offers valuable insights into prebiotic chemistry and the 

emergence of molecular complexity. Peptides possess suitable characteristics, such as 

chemical versatility, ability to form stable secondary structures, and capacity to engage in 

non-covalent interactions essential for molecular recognition and templating. Cyclic 

peptides have the potential to emerge as an excellent candidate in the field of self-

replication due to their constrained backbone and increased stability against enzymatic 

degradation. In prebiotic chemistry, such systems provide a plausible pathway for the 

emergence of informational and catalytic macromolecules under non-enzymatic conditions.  

 

Figure 1.  Representation of a self-replicating system described by an autocatalytic cycle. 

Where A and B represent the precursors, which are fragments of template T. 

[Courtesy: This figure is taken from Dadon, Z.; Wagner, N.; Ashkenasy, G. The road to non‐enzymatic 

molecular networks. Angew. Chem. Int. Ed., 2008, 47, 6128-61. 
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Chapter 3: Unprecedented Binding of Thioflavin T with Well-Ordered Spherical 

Aggregates: a False Positive?  

Due to its selective affinity toward amyloid fibrils, Thioflavin T (ThT), a benzothiazole 

dye, has long been utilized as a gold-standard fluorescent probe. This undergoes a 

significant enhancement in fluorescence intensity upon binding to the characteristic β-

sheet-rich architecture of amyloid aggregates, making it an indispensable tool for 

diagnostic and research applications. However, ThT's binding properties extend beyond the 

characterization of amyloid fibrils. It can be utilized to analyse the interaction of various 

cellular components, such as nucleic acids, intracellular proteins, and other peptides 

without fibrous morphology, with different binding mechanisms and fluorescence 

outcomes. 

In this current chapter, we explore an unusual and noteworthy observation of ThT binding 

with well-ordered spherical peptide aggregates formed by tryptophan-containing analogues 

of biologically relevant dipeptides, Boc-Phe-Trp-OMe (FW), Boc-Val-Trp-OMe (VW), 

Boc-Leu-Trp-OMe (LW), and Boc-Ile-Trp-OMe (IW). This represents a significant 

highlight of our research endeavour and deviation from the established paradigm that limits 

ThT interactions primarily to amyloid-like, fibrillar structures. 

 

 

Figure 2. Schematic representation of the binding of Thioflavin T with spherical aggregates. 
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Chapter 4: Morphology Transition of Tripeptides from Porous Spherical to Rod-like 

Nanostructures for Small Molecule Adsorption 

Peptides exhibit an amazing ability to self-organize into various nanostructures, ranging 

from simple amorphous aggregates to highly ordered and complex architectures such as 

fibrils and nanotubes. These morphological transformations are not arbitrary but are 

strongly influenced by the intrinsic physicochemical characteristics of the peptide 

sequences and external environmental parameters like pH, temperature, and solvent 

polarity. 

In this chapter, we report the design and synthesis of a set of four tripeptides, Boc-LVL-

OMe (LVL), Boc-IVI-OMe (IVI), Boc-LVI-OMe (LVI), and Boc-IVL-OMe (IVL), 

inspired by the molecular motifs associated with the hydrophobic core of peripheral myelin 

protein 22. The designed tripeptides undergo a direct morphological transformation (except 

for Boc-IVL-OMe), evolving spontaneously from one structural form to another under 

ambient conditions with time. The designed self-assembled tripeptides also possess N2 gas 

adsorption, drug encapsulation, and subsequent release upon ionic stimuli. 

 

 

Figure 3. Time-dependent morphological transformation of tripeptides and their 

application. 
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Chapter 5: Self-Replication of Novel Cyclic Peptides under Conformationally 

Challenging Environment 

Self-replication is a fundamental process in the emergence of biological complexity and a 

cornerstone in systems chemistry. Self-replication in peptides typically occurs through 

templating mechanisms, where a peptide or peptide assembly serves as a template for 

forming new molecules and accelerates the formation of more of the same molecule. 

Recently, the study and design of self-replicating peptides have been centred mainly around 

helical coiled coil structures and β-sheet forming peptides. Yet, the question remains: are 

stable secondary structures an absolute prerequisite for peptide self-replication? Moreover, 

cyclic peptides make them attractive candidates for novel replication pathways with their 

closed-loop topology, intrinsic stability against degradation, conformational restriction, 

and potential for highly selective intermolecular contacts. Despite these properties, no 

model system for cyclic peptide self-replication has yet been reported. 

In this chapter, we report the design, synthesis, and characterisation of a self-replicating 

head-to-tail cyclic peptide (CP1), derived from the hydrophobic core of the Aβ peptide. 

Our designed self-replicating cyclic peptides do not form α-helical or β-sheet-rich 

conformations under the experimental conditions. Also, we have successfully implemented 

a new ligating strategy by using benzyl-ester mediated amide bond formation for the first 

time, offering an alternative to the widely used Kent’s ligation. 

 

Figure 4. Schematic representation of self-replication of CP1 from its precursor LP1. 
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Chapter 6: Tuning the Self-Replication of Cyclic Peptides through Backbone 

Stereochemical Modification 

It is a well-established tactic in peptidomimetic and cyclic peptide design. Incorporating a 

D-amino acid in the peptide backbone introduces a kink or turn, thereby bringing the N- 

and C-termini closer in 3D space. Thus, we have designed and synthesised two heterochiral 

self-replicating head-to-tail cyclic peptides, CP2 and CP3, utilizing this property of D-

amino acids. These cyclic peptides show much better self-replicating ability and yield 

significantly more product than that discussed in Chapter 4. Introducing the D-amino acid 

reduces entropic penalties and increases effective molarity for cyclisation, making the 

intramolecular ligation reaction of the precursor molecules more favourable. 

Similarly, as discussed in Chapter 4, the two designed heterochiral cyclic peptides also exist 

predominantly in random coil conformations under the experimental conditions. The 

designed cyclic peptide self-replicators exhibit remarkable sequence and spatiochiro 

selectivity. These findings contribute to understanding molecular self-organisation and 

highlight the role of supramolecular assembly, intermolecular recognition, and 

environmental conditions in developing minimalistic systems with life-like properties. 

 

Figure 5. A minimalistic self-replicating system is represented by a structural 

transformation from a fibrous precursor to a rod-like product.  
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Summary of the thesis contents  

We have unveiled a noteworthy and atypical characteristic of Thioflavin T (ThT), a 

benzothiazole dye. We observed that ThT has an affinity for and interacts with well-

organized spherical aggregates formed by our designed self-assembled dipeptides. 

Additionally, we established a direct morphological transformation of the designed 

tripeptides with time from nano-spheres to rod-like structures through self-assembly. These 

self-assembled tripeptides have N2 gas adsorption properties and can also encapsulate a 

powerful hydrophobic drug, curcumin. Furthermore, it also displays KCl-mediated salt-

triggered disruption and release of encapsulated drug molecules. Moreover, we have 

successfully designed and synthesized the first-ever cyclic peptide-based model self-

replicators. The designed self-replicating systems operate through templated autocatalysis 

while adopting random-coil conformations rather than conventional β-sheet or helical 

motifs. We have also successfully implemented a new ligating strategy by using benzyl-

ester mediated amide bond formation, offering an alternative to the widely used Kent’s 

ligation method. 
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1.1. Introduction 

This thesis explored the concept of “self-replication of peptides”, with a particular emphasis 

on cyclic peptides and how self-replication played a significant role in the context of origin 

of life studies. With different molecular systems available to study, peptides offer a unique 

position due to their chemical versatility, ability to form stable secondary structures, and 

capacity to engage in non-covalent interactions essential for molecular recognition and 

templating.1,2 Cyclic peptides, owing to their constrained backbone and increased stability 

against enzymatic degradation,3,4 can act as promising candidates for investigating 

primitive self-replicating systems. Additionally, in this thesis, we demonstrated the 

supramolecular self-assembly of short peptides, such as dipeptides and tripeptides. 

Therefore, we have incorporated a brief discussion regarding amino acids, peptides, 

proteins, and their architecture in this section. 

1.2. Amino acids, Peptides, and Proteins 

Amino acids, peptides, and proteins are fundamental building blocks of life, playing vital 

roles in nearly all biological processes and functions of all living organisms (Figure 1.1). 

At the most basic level, amino acids are small organic molecules that share a common 

backbone structure- an amino group, a carboxyl group, a hydrogen atom, and a distinctive 

side chain, all bonded to a central, α-carbon atom. There are twenty standard amino acids 

in nature, all α- amino acids, each differing in its side chains, which contribute to their 

chemical diversity and influence how they interact with one another.5 

When amino acids link together through covalent bonds known as peptide bonds, they form 

peptides. These can vary in length from short chains- often referred to as oligopeptides- to 

longer, more complex chains called polypeptides. Oligopeptides typically consist of 2 to 

around 20 amino acid residues, e.g., di-, tri-, tetra-peptide, etc., while polypeptides usually 

contain more than 20 amino acids.  These peptides are more than just structural 

intermediates; many possess unique biological activities and can act as hormones, 

signalling molecules, or antimicrobial agents. Because of their relatively simple structures 

and tuneable properties, peptides have become valuable tools in biochemical research and 

therapeutic design.6,7 
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Proteins represent the highest level of structural organization in this group. They are 

composed of one or more long polypeptide chains that usually contain more than 50 amino 

acid residues, having their molecular masses in the range from 10 kDa to 100 kDa.  Proteins 

can fold into specific three-dimensional shapes, driven by the sequence of their constituent 

amino acids. This folding is crucial, as the function of a protein is intimately linked to its 

structure. Proteins are remarkably versatile and can catalyze chemical reactions as 

enzymes, transport molecules across membranes, provide mechanical strength in tissues, 

and regulate gene expression, among countless other roles.8,9  

 

Figure 1.1. The hierarchical organization of biomolecules from amino acids to proteins. 

1.3. Levels of Protein Organisation 

Proteins are not just long chains of amino acids- they are intricately folded and precisely 

organized 3D molecules that carry out specific functions in living systems. To fully 

understand how a protein works, it is important to look at its structural architecture on 

different levels. Protein structure is typically described into four hierarchical levels: 

primary, secondary, tertiary, and quaternary. Each level builds on the previous one, 

ultimately contributing to the unique shape and function of a protein. 

1.3.1. Primary Structure: 

The primary structure of a protein is its most basic form, where a linear sequence of amino 

acids is linked together by peptide bonds. This linear arrangement of amino acids in a 

polypeptide chain is often referred to as the protein’s "backbone." The primary structure is 
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the foundation for all higher levels of organisation, influencing how the protein will fold 

and function. 

1.3.2. Secondary Structure: 

The secondary structure of the protein can be referred to as the folding of an amino acid 

chain into a regular spatial arrangement without the involvement of the conformation of 

the side chains. These structures predominantly arise due to hydrogen bonding between NH 

and CO groups of the amino acids in a peptide chain. The most common types of secondary 

structures are α-helix, β-sheet, and β-turn conformations. 

α-helix: The alpha helix is one of the most well-characterized secondary structures, first 

described by Linus Pauling and Robert Corey in the early 1950s. In this structure, the 

polypeptide chain coils around an imaginary axis with its backbone running longitudinally 

through it, and the side chain groups are directed outside the helical backbone, minimizing 

steric hindrance and making the structure favourable for interaction with the surrounding 

environment. Each amino acid in an alpha helix is involved in a hydrogen bond between 

the carbonyl oxygen (C=O) of one residue and the amide hydrogen (N-H) of the residue 

four positions ahead (i + 4) in the chain (Figure 1.2). This regular bonding pattern stabilizes 

the helical structure. On average, there are 3.6 amino acid residues per turn, and the 

separation between helical turns is 5.4 Å long along the long axis.5,10 

 

Figure 1.2. Schematic representation of α-helix structure. 
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β-sheet: The beta sheet is another fundamental secondary structure, consisting of extended 

strands of polypeptides aligned side-by-side and stabilized by inter-strand hydrogen bonds. 

Beta sheets can be arranged mainly in two ways: parallel, where the neighbouring strands 

run in the same direction, and antiparallel, where adjacent strands run in opposite 

directions. Antiparallel beta sheets tend to be more stable due to more linear hydrogen 

bonding. The distance between two adjacent β-strands in a β-sheet arrangement is 3.5 Å. 

Unlike the intra-chain hydrogen bonding in alpha helices, beta sheets are stabilized by inter-

chain hydrogen bonding between the backbone atoms of adjacent strands (Figure 1.3). In 

three-dimensional space, beta sheets form pleated, sheet-like structures, which can be flat 

or slightly twisted. The side chains alternate between projecting above and below the sheet 

plane, contributing to sheet stability and interactions with other molecules.11 

Figure 1.3. Schematic representation of a). parallel β-sheet and b). antiparallel β-sheet structures. 

β-turn: The beta turn is a short, tight loop that reverses the direction of the polypeptide 

chain. It typically involves four amino acids, where the CO group of the ith residue forms a 

hydrogen bond with the NH group of (i+3)th residue to stabilize the turn. The other two 

residues do not participate in any interaction but make a loop (Figure 1.4). Certain amino 

acids, like glycine and proline, are frequently found in beta turns. Glycine provides 

flexibility due to its small size, while proline introduces a natural kink that facilitates the 

tight turn.12,13 

 

Figure 1.4. Schematic representation of β-turn structure. 
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1.3.3. Tertiary Structure: 

The protein tertiary structure refers to the overall three-dimensional (3D) shape of a single 

polypeptide chain. It results from a variety of interactions between the side chains (R-

groups) of the amino acids, including hydrophobic interactions, hydrogen bonds, ionic 

bonds, and disulfide bridges. This level of structure determines how the protein folds into 

its final, functional form. Tertiary structure is crucial because a protein’s activity, whether 

it is binding to another molecule, catalyzing a reaction, or sending a signal, depends heavily 

on its shape. Misfolding of proteins at this level can lead to the onset of various diseases 

like Alzheimer’s or Parkinson’s disease, where protein misfolding and aggregation play a 

central role.14,15 

1.3.4. Quaternary Structure: 

Some proteins consist of a single polypeptide chain, but many functional proteins are made 

up of multiple subunits, each with its own tertiary structure. These subunits come together 

and interact to form the quaternary structure of the protein. The arrangement and interaction 

of these subunits are essential for the protein’s overall stability and activity. 

1.4. Supramolecular Self-assembly  

Supramolecular self-assembly is a fundamental process through which individual 

molecules spontaneously organize into ordered structures through non-covalent 

interactions16,17 such as hydrogen bonding, π–π stacking, van der Waals forces, electrostatic 

attractions, etc. (Figure 1.5). While covalent synthesis relies strongly on strong chemical 

bonds formation, supramolecular assembly, on the other hand, operates on reversible and 

dynamic interactions that allow the system to adapt and respond to its environment. In 

recent years, supramolecular self-assembly has emerged as a versatile tool for designing 

functional nanostructures, offering a bridge between molecular chemistry and materials 

science.18-20  
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Figure 1.5. Various kinds of noncovalent interactions in supramolecular chemistry. 

1.4.1. Self-assembly of Small Peptides: 

Small peptides’ self-assembly represents a powerful approach to construct well-defined 

nanostructures through spontaneous organization driven by non-covalent interactions. 

Short peptide sequences, unlike long polypeptides or proteins, due to their simplicity and 

tunability, allow precise control over molecular design and self-assembly behaviour. Even 

minimal sequences, such as dipeptides and tripeptides, can form diverse supramolecular 

architectures, including nanofibers, nanotubes, vesicles, sheets, etc. (Figure 1.6). The 

process of self-assembly in small peptides is highly sensitive to external factors such as pH, 

ionic strength, temperature, and solvent polarity. These environmental conditions can 

regulate intermolecular forces, which lead to the formation of distinct morphologies. 

The versatility of small peptides arises from their modularity and biocompatibility, making 

them attractive candidates for applications in nanomedicine, biomaterials, and catalysis. 

Their ability to mimic natural motifs while remaining synthetically accessible enables the 

rational design of functional assemblies that can facilitate diverse applications.21,22  
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Figure 1.6. Different kinds of supramolecular architecture and their applications. 

1.4.2. Implications of Self-assembly of Peptides: 

The self-assembly of peptides holds profound implications for both fundamental science 

and practical applications. Their ability to undergo controlled morphological 

transformations and interact selectively with small molecules can be harnessed for the 

development of functional nanomaterials. 

One of the most promising applications of such assemblies lies in drug encapsulation and 

delivery. Peptide-based supramolecular nanostructures possess inherent tunability and 

biocompatibility, which allow them to encapsulate or entrap hydrophobic (or amphiphilic) 

drug molecules through non-covalent interactions. The dynamic assembly and disassembly 

equilibrium also enables responsive drug release under physiological conditions, offering 

potential for targeted and controlled therapeutic applications.23,24 

Similarly, the interaction of peptide assemblies with dye molecules such as Thioflavin T 

(ThT) or Congo Red reveals how supramolecular organization can create confined binding 

pockets or hydrophobic microenvironments. These features make peptide assemblies useful 
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as sensing platforms, where changes in fluorescence or absorbance signal indicate 

molecular binding or structural rearrangements. The same principles can extend to 

adsorption of other functional molecules, highlighting their relevance in bioimaging, 

pollutant removal, or molecular recognition studies.25,26  

The structural characterization of peptide self-assemblies frequently employs small-

molecule fluorescent probes to complement microscopic and spectroscopic analyses. 

Among these, Thioflavin T (ThT) is among the most widely used diagnostic markers of 

amyloid formation. ThT is a benzothiazole-based molecular rotor whose fluorescence 

intensity is weak in free solution due to rapid intramolecular rotation upon its aromatic 

rings. While binding to structurally ordered environments that restrict this free rotation, the 

fluorescence intensity increases significantly. This property has made ThT a standard tool 

for monitoring aggregation kinetics and detecting β-sheet-rich fibrillar structures.27-31 

However, emerging studies suggest that ThT responsiveness may not depend solely on 

canonical amyloid structures (discussed in detail in Chapter 3, below). Instead, 

fluorescence enhancement fundamentally requires a sufficiently rigid, electronically 

compatible microenvironment that can restrict dye rotation. Factors such as hydrophobic 

confinement, aromatic π–π stacking, cation–π interactions, and supramolecular order may 

all contribute to this effect. 

Short peptide systems are known to form structurally diverse assemblies, including spheres, 

rods, fibrils, etc. While fibrillar morphologies are frequently associated with amyloid 

behavior, well-ordered spherical aggregates can also exhibit significant nanoscale 

organization. In such cases, the interaction of ThT with non-fibrillar assemblies raises 

important questions regarding probe specificity. Addressing this distinction is critical to 

avoid over interpretation of fluorescence data.  

1.5. Self-replicating Materials 

Self-replicating materials: an emerging frontier represents a fascinating intersection of 

materials science, chemistry, and biology, where synthetic systems are engineered to auto-

catalytically promote their own synthesis, and systems where autocatalysis co-occurs with 

information transfer and heredity are said to be self-replicating. This capability is crucial 
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because it represents a step toward understanding how life might have emerged from simple 

molecules on prebiotic Earth. 

Self-replication in chemical systems is distinguished from simple self-assembly by the 

requirement that the product actively promotes its own formation via autocatalytic reaction 

and diversification. Establishing true self-replication, therefore, requires careful kinetic and 

mechanistic validation.32 

Experimentally, demonstration of self-replication typically involves: (i) observation of 

product-dependent rate enhancement, (ii) kinetic signatures consistent with autocatalysis, 

such as sigmoidal growth profiles or concentration-dependent acceleration, and (iii) control 

experiments that distinguish template-assisted pathways from spontaneous background 

reactions. Beyond efficient self-propagation, self-replication should also be accompanied 

by molecular or supramolecular diversification, such diversity provides the basis for 

selection and evolutionary adaptation. Mechanistically, self-replication requires the 

assembled product to facilitate bond formation through molecular recognition and 

preorganization of reactive termini of the precursor molecules.33,34 

In peptide-based systems, supramolecular assembly can provide a structural framework for 

templating by spatially organizing reactants and lowering the activation barrier for ligation. 

However, the dynamic nature of peptide aggregates requires rigorous kinetic analysis to 

confirm autocatalytic amplification. Therefore, demonstration of self-replication requires 

integrating structural characterization with quantitative kinetic evaluation. 

1.5.1. Amyloidogenic Peptides:  

Amyloidogenic peptides are short protein fragments or sequences within proteins that have 

the ability to self-assemble into highly ordered fibrillar structures known as amyloid fibrils. 

These insoluble protein aggregates, known as amyloids, are characterized by their highly 

ordered cross-β-sheet structures and are linked to a wide range of diseases, including 

Alzheimer’s, Parkinson’s, and prion-related disorders.35-39 The process by which amyloid 

fibrils form is not uniform; rather, it can follow multiple pathways depending on the variety 

of amyloid-prone conformations present and the surrounding environment. Factors such as 

the amino acid sequence of the protein, the specific structure adopted by the amyloidogenic 

monomer, and experimental conditions like pH, temperature, protein concentration, and 
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solvent composition play significant roles in determining how aggregation occurs. As a 

result, researchers have observed different mechanisms and pathways for amyloid 

assembly under different scenarios. 

Typically, the aggregation kinetics of amyloid-forming proteins follow a nucleation-

dependent mechanism, which is often described by a characteristic sigmoidal (S-shaped) 

curve over time. The formation and accumulation of these amyloid fibrils underlie a group 

of human illnesses collectively known as “amyloidosis”.40,41 Till date, scientists have 

identified around 50 such disorders, often called protein misfolding or conformational 

diseases, all of which involve proteins losing their normal structure and aggregating into 

harmful deposits. 

It has been proposed and experimentally shown that native amyloid fibrils are capable of 

self-replication, though their efficiency remains moderate.42,43 Building on earlier 

investigations, researchers have intentionally designed peptide sequences that can assemble 

into amyloid-like fibrils, allowing them to function both as templates for self-assembly and 

as self-replicating entities. This design strategy takes advantage of the inherent recognition 

properties of amyloid-forming peptides. Specifically, amyloid fibrils can selectively bind 

polypeptide chains that share the same chemical composition. Once recognized, these 

peptides align along the fibril surface, adopting the characteristic amyloid conformation as 

they assemble. Through this process, the fibril extends its length while preserving active 

sites necessary to catalyse subsequent cycles of growth.44 

Although the experiments did not achieve substantial amplification of replication, i.e., the 

reactions seeded with pre-formed fibrillar templates did not yield dramatically higher 

product amounts compared to unseeded controls, however, this work nonetheless 

represents the first demonstration that amyloid-like fibrillar assemblies can serve as 

macromolecular scaffolds with both molecular recognition capabilities and catalytic 

function. 

1.5.2. Minimalistic Self-replicating System:  

Self-replication is one of the most fascinating and fundamental hallmarks of life. While the 

natural world demonstrates extraordinarily complex forms of self-replication (like that of 

DNA replication within a living cell), researchers have long sought to refine this process 
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into the simplest possible terms. This effort has led to the concept of minimalistic self-

replicating systems. A minimalistic self-replicating system consists of a small set of 

building blocks that can spontaneously assemble into a structure capable of templating or 

catalyzing its own formation. Unlike biological replication, which relies on intricate 

networks of enzymes and highly regulated processes, these systems aim to be as simple and 

autonomous as possible.45-47 

Most minimalistic self-replicating systems are built on the idea of templating, where a 

molecule or assembly of molecules serves as a pattern to guide the arrangement of 

additional building blocks into a replica of itself. Several general strategies adopted by 

researchers to design such systems are based on molecular recognition, reversible 

assembly, and autocatalysis.  

The search for minimal replicators began in the late 20th century. Orgel and coworkers were 

among the first to systematically explore template-directed ligation of oligonucleotides, 

demonstrating that short RNA strands could align complementary fragments to accelerate 

their own assembly. These studies provided an early experimental basis for the "RNA 

world" hypothesis.48-51 von Kiedrowski in 1986, reported an autocatalytic system based on 

the self-replication of an oligomeric DNA analogue by template-directed chemical ligation. 

This was among the first clear demonstrations that a small synthetic molecule could 

catalyse its own production, marking a turning point in prebiotic chemistry.52,53 Later, 

Rebek and co-workers in the 1990s developed minimalist replicators based on reversible 

imine formation between small organic fragments, showing that non-biological molecules 

can also be coaxed into self-replication cycles.54 

The kinetic behaviour of minimal self-replicating systems can be effectively understood 

through a simplified mechanistic model, as represented by a basic set of chemical equations 

(Equation 1). The replication process begins with the association of precursor molecules 

(P) with an existing template strand (T), leading to the formation of a transient precursor-

template complex (P·T). This complex serves as a reactive intermediate that facilitates the 

ligation reaction, ultimately generating a template-product complex, denoted as T·T. For 

the replication cycle to proceed efficiently, this T·T complex must subsequently dissociate, 

yielding two free template molecules (T). These liberated templates then act as new 
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catalytic entities, initiating further rounds of replication and thereby sustaining the 

autocatalytic cycle (Figure 1.7). 

 

Equation 1. Chemical equations describing a minimal self-replicating system. 

 

Figure 1.7. Schematic representation of a minimalistic self-replicating system based on autocatalytic cycle. 

Comprehensive kinetic analyses of several minimal self-replicating systems have 

demonstrated a distinctive relationship between the initial rate of product formation and the 

concentration of the template present at the beginning of the reaction. Specifically, the rate 

of replication exhibits a linear dependence on the square root of the initial template 

concentration, rather than on the concentration itself. This observation implies that the 

kinetics of replication are governed by the nature and efficiency of the T·T complex 

dissociation step.33,34 
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Two characteristic kinetic regimes have been identified based on the dissociation rate of 

the template–product complex. In systems where T·T dissociates rapidly, the newly formed 

templates are quickly released, allowing each to participate in additional replication cycles. 

This scenario results in an autocatalytic amplification process that follows an exponential 

growth pattern. In contrast, when the dissociation of T·T occurs slowly, the product 

molecules remain transiently bound to their templates, hindering further replication events. 

This slow release of active templates imposes a kinetic constraint that manifests as product 

inhibition, producing a parabolic growth profile. 

The distinction between these two kinetic behaviours can be quantitatively visualized using 

a log–log plot, where the logarithm of the initial rate of product formation is plotted against 

the logarithm of the initial template concentration. The slope of this plot defines the 

apparent reaction order (p), serving as a diagnostic parameter for the kinetic regime. A 

slope of 1 corresponds to exponential growth, characteristic of fast T·T dissociation and 

efficient replication, whereas a slope of 0.5 indicates parabolic growth, associated with 

slow dissociation and pronounced product inhibition.55,56 

1.6. Peptides Self-replication 

Self-replicating peptides are a remarkable class of biomolecules and hold immense 

significance due to their potential role in the fields of synthetic chemistry, molecular 

biology, and origin of life studies.57-61 These small chains of amino acids possess the unique 

ability to undergo processes that mimic biological self-replication, a fundamental feature 

of life itself. Self-replication of peptides involves the study of mechanisms by which these 

molecules can copy their structural motifs and propagate, much like genetic material.62,63 

This capability is crucial because it represents a step toward understanding how life might 

have emerged from simple molecules on prebiotic Earth. The ability of peptides to replicate 

could provide insights into the minimal requirements for life, as well as a template for 

developing new bio-inspired materials with self-sustaining and adaptive properties. 

1.6.1. Background: 

Self-replication in peptides typically occurs through templating mechanisms, where a 

peptide or peptide assembly serves as a template for the formation of new molecules and 

accelerates the formation of more of the same molecule. In recent times, the study and 
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design of self-replicating peptides have been centered mainly around helical coiled coil 

structures and β-sheet-forming peptides.32,64-69 

Ghadiri and co-workers64 in 1996, presented the first experimental demonstration of self-

replication of a 32-membered peptide system, establishing a molecular model for 

autocatalytic replication. The study designed an α-helical coiled-coil peptide that catalyzes 

its own formation from two complementary peptide fragments through a templated ligation 

process. The replication followed parabolic (second-order) kinetics, confirming the 

presence of an autocatalytic feedback loop. Structural investigations showed that molecular 

recognition between complementary helical domains was essential for replication, while 

mutations at key hydrophobic residues disrupted the self-replicating ability. This 

pioneering work provided a fundamental proof-of-concept that peptides can undergo self-

replication, offering a chemical framework for understanding molecular evolution and 

prebiotic self-organization. 

In 1997, Ghadiri and colleagues65 reported an example of a minimal hypercyclic network 

formed by two coiled-coil peptide replicators based on the design previously studied by the 

same group, capable of both self- and cross-catalysis. Each peptide was generated from a 

common electrophilic fragment and distinct nucleophilic partners, leading to a mutually 

reinforcing system where the formation of one replicator accelerated the production of the 

other. Kinetic analyses revealed nonlinear autocatalytic behaviour, and mutation studies 

confirmed that replication was highly sequence specific. This study provided the first clear 

experimental evidence of a symbiotic molecular network, highlighting how cooperative 

interactions between self-replicating peptides could have contributed to early evolutionary 

processes and the emergence of life. 

In 2001, Ghadiri and co-workers66 developed a chiroselective self-replicating peptide 

system that demonstrated molecular recognition based on chirality. Using coiled-coil 

peptide templates, the study showed that replication occurred selectively between 

components of the same chirality, while the opposite enantiomers failed to cross-replicate. 

Kinetic studies confirmed that replication followed autocatalytic behavior with strong 

stereochemical fidelity. This work revealed that molecular self-replication can exhibit 

chiral discrimination, suggesting that such processes could have contributed to the 

emergence of biological homochirality during early chemical evolution. 
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Chmielewski and co-workers67 in 1997 developed a pH-responsive self-replicating peptide 

system, demonstrating external control over molecular replication. The peptide was 

designed as a coiled-coil structure that templated its own formation from its corresponding 

nucleophilic and electrophilic fragments through covalent ligation. The replication 

efficiency was found to depend strongly on pH, as protonation states modulated the 

peptide’s folding and recognition between complementary fragments. This study 

highlighted the possibility of environmentally regulated molecular self-replication, 

showing that replication processes can be dynamically controlled by simple 

physicochemical parameters.  

In 1998, Chmielewski and co-workers68 developed a self-replicating peptide system whose 

replication could be regulated by ionic conditions, introducing external control over 

autocatalytic behavior. The peptide was designed as a coiled-coil template that promoted 

its own synthesis through non-covalent recognition and ligation of its corresponding 

nucleophilic and electrophilic fragments. The study demonstrated that ionic strength and 

salt composition significantly influenced both the assembly and the replication rate, 

highlighting the role of electrostatic interactions in modulating molecular self-replication. 

In 2009, Ashkenasy and co-workers32 developed a self-replicating system based on 

amphiphilic β-sheet peptides, demonstrating that molecular self-replication can be driven 

by non-covalent assembly processes. In this design, peptide fragments assembled into β-

sheet structures that brought reactive termini into proximity, facilitating templated ligation 

and the formation of new replicating species. The replication followed autocatalytic 

kinetics and was coupled with supramolecular organization, where β-sheet aggregation 

played a crucial role in promoting replication efficiency. This study highlighted the ability 

of structured peptide assemblies to sustain self-replication through cooperative assembly. 

In 2017, Ashkenasy and co-workers69 explored how sequence selectivity and evolutionary 

behaviour can emerge within prebiotic peptide replication networks. Using a synthetic 

system of short amphiphilic β-sheet driven peptides capable of template-assisted 

replication, they demonstrated that specific sequences could become enriched over multiple 

replication cycles due to differences in catalytic efficiency and self-assembly propensity. 

The study revealed that native-like peptide sequences could spontaneously arise from 

initially random mixtures through kinetic selection and feedback, mimicking early 
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evolutionary processes. These findings highlight how chemical self-replication coupled 

with molecular recognition could drive the emergence of biologically relevant peptides 

under prebiotic conditions. 

In 2010, Otto and co-workers70 investigated how mechanical forces influence molecular 

self-replication. Two peptide-based macrocycles, hexamer and heptamer, self-assemble 

into fibers via β-sheet interactions. Shaking favors hexamer formation, while stirring 

promotes heptamer growth due to differences in fiber fragmentation. This 

mechanosensitivity drives kinetic control over product selection. This study highlights how 

kinetic control and self-organization can drive molecular replication, offering insights into 

non-equilibrium processes relevant to the origin of life. 

Otto and co-workers71 in 2017 reported the structural and spectroscopic characteristics of 

self-replicating peptide macrocycles using a combination of experimental and 

computational methods. Their study revealed that these replicators form ordered 

supramolecular assemblies, where stacking interactions and β-sheet-like arrangements 

drive fiber formation and replication. Spectroscopic analyses, supported by molecular 

dynamics simulations, showed that aromatic and hydrogen-bonding interactions stabilize 

the assemblies and influence their optical signatures. The work provided detailed 

molecular-level insight into how structure and organization within peptide assemblies 

correlate with their self-replication behaviour, advancing the understanding of the physical 

basis of autocatalytic nanostructures. 

1.6.2. Cyclic Peptides as Self-replicator: 

Despite the progress in recent years on self-replicating systems, till now, no cyclic peptide-

based self-replicating model peptide has been reported. Also, certain questions remain 

unclear, like whether stable secondary structures are strictly necessary for self-replication 

to occur. Could molecular replication also arise in the absence of conventional structural 

motifs such as helices and β-sheets? Unlike linear peptides, cyclic peptides' closed-loop 

topology confers enhanced stability against enzymatic degradation and promotes 

conformational restriction, which can support selective and stable intermolecular 

interactions.3,4 This architectural rigidity often facilitates specific intermolecular contacts, 

such as stacking interactions or complementary surface recognition, which are essential for 

templated replication. 
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1.7. Knowledge gap 

1. Thioflavin T (ThT) has long been utilized as a gold-standard fluorescent probe due to its 

selective affinity toward amyloid fibrils. However, ThT's binding properties extend beyond 

the characterization of amyloid fibrils and have remained unexplored. 

2. In recent times, the morphology transformation of peptides has emerged as a pivotal area 

of research. Furthermore, the morphological transformation of peptides plays a crucial role 

in different aspects of science. One of the key drivers behind this morphological 

transformation is external stimuli, such as changes in pH, temperature, or solvent 

conditions. However, the direct transformation of peptide morphology has been explored 

less over time. 

3. Among the many candidates for self-replicator design, peptides occupy a central 

position. Cyclic peptides possess several advantages, such as structural rigidity, reduced 

conformational flexibility, and enhanced stability, thus presenting a promising platform for 

exploring synthetic self-replicating systems. Despite these properties, no model system for 

cyclic peptide self-replication, consisting of standard amino acids, has yet been reported. 

4. Recently, the study and design of self-replicating peptides have been centred mainly 

around helical coiled coil structures and β-sheet forming peptides. Yet, the question 

remains: are stable secondary structures an absolute prerequisite for peptide self-

replication? 

5. Nearly all previously reported self-replicating systems, except Otto’s work (disulfide 

bridge formation) and Insua’s oxime ligation, have relied on thioester-mediated Kent’s 

ligation strategy, and no alternative has yet been reported. 
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1.8. Objectives of the thesis 

The following objectives of my Ph.D. thesis work are formulated to address the problems 

mentioned earlier. 

1. Investigation of the binding properties of Thioflavin T (ThT) with well-ordered spherical 

aggregates formed by the self-assembling dipeptides, using a diverse array of analytical 

techniques and theoretical calculations.  

2. Investigation of direct morphological transformation of tripeptides with time and their 

application in gas adsorption and drug encapsulation. 

3. Design and development of a novel cyclic peptide-based model cyclic peptide self-

replicatory system utilising the self-assembly properties of the hydrophobic core motif of 

the Aβ peptide. 

4. Investigation on the necessity of conventional helical or sheet-like characteristics for 

peptide self-replication. Design and development of self-replicating systems that operate 

through templated autocatalysis while adopting random-coil conformations rather than 

conventional β-sheet or helical motifs. 

5. To develop a new synthetic toolkit for ligation reactions to construct cyclic peptide self-

replicators. Demonstration of the first-time use of a benzyl ester-mediated ligating strategy 

for efficient amidation, as an alternative to the widely used Kent’s ligation strategy.  
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2.1. Materials and Methods 

2.1.1. Reagents and Solvents  

The mentioned Fmoc-protected amino acids, N-terminus Boc-protected amino acids, 

unprotected amino acid, Rink Amide MBHA resin (loading 0.7 mmol/g), and Benzotriazol-

1-yloxy- tris(dimethylamino)phosphonium hexafluorophosphate (BOP) coupling reagent 

were purchased from GL Biochem (Shanghai). Ethyl 2-cyano-2-(2-

nitrobenzenesulfonyloxyimino) acetate (o-NosylOXY), a coupling reagent, was 

synthesized in our laboratory starting from reagents Ethyl-hydroxyiminocyanoacetate 

(Oxyma) and 2-nitrobenzenesulphonyl chloride. Diisopropylethylamine (DIPEA), and 

silica gel (60-120 mesh) were purchased from Spectrochem. Pvt. Ltd. (India). Lithium 

hydroxide (LiOH), hexafluoroisopropanol (HFIP) and thioflavin T (ThT) were purchased 

from Sigma Aldrich. Trifluoroacetic acid (TFA), acetic anhydride (synthesis grade) and N-

methylimidazole (NMI) of extra pure grade were purchased from SRL, India. Piperidine, 

acetonitrile of HPLC grade, dimethylformamide (DMF), dichloromethane (DCM), diethyl 

ether and chloroform-d (CDCl3) of extra pure grade were purchased from Merck, India.  

The coupling reagent was invented and synthesized in our lab according to the previous 

literature report.1  

 

Figure 2.1. Chemical structure of o-NosylOXY 

The rationale for using this coupling reagent is as follows: 

It enables racemization free synthesis of peptides, thereby preserving the stereochemical 

purity of the products. In addition, it can be utilized in both solution and solid phase peptide 

synthesis, making it a versatile choice for wide range of synthetic applications. The reagent 
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is also effective under mild and ambient reaction conditions. Furthermore, it represents a 

cost effective and environmentally friendly approach to peptide synthesis, owing to its 

recyclability and reduced generation of chemical waste. 

2.1.2. Dipeptides Sample Preparation  

0.5 mg of all the dipeptides were taken in different Eppendorf vials and dissolved in 500 

μL of PBS-ACN mixture (PBS/ACN = 3:2). The solutions were sonicated and vortexed 

properly for about 5 minutes and then immediately required amount of sample solutions 

were transferred into different vials and diluted further using PBS (pH 7.4) only, to get 

desired 300 μM solution. These sample solutions were then incubated at 37 ºC and used for 

different experimental purposes.  

2.1.3. Tripeptides Sample Preparation  

0.5 mg of all the tripeptides was dissolved in a 1:1 MeOH-H2O mixture and was properly 

sonicated and vortexed. The prepared peptide sample solutions were then further diluted to 

obtain the desired concentration (500 μM) and kept in incubation at 37 ºC. The incubated 

sample solutions were then utilized for the different experiments carried out. 

2.1.4. Sample Preparation for the Self-replication Studies 

0.5 mg of all the synthesized peptides were taken in different Eppendorf vials and dissolved 

in 1 ml of PBS-ACN mixture (PBS: ACN = 3:2). The sample solutions were sonicated and 

vortexed properly for about 5 minutes and then required amount of sample solutions were 

transferred immediately into different vials and diluted further using PBS only (pH 7.4), to 

get the desired final concentration of sample solutions. The sample solutions were kept in 

incubation at 37 ºC and were utilized for different experimental purposes. 

2.1.5. Detection Limit Calculation 

The detection limit was calculated from the fluorescence titration study of ThT with the 

dipeptides. ThT’s fluorescence emission spectra were measured ten times, and the standard 

deviation of the blank measurement was calculated at 485 nm. A plot of fluorescence 

emission intensity at 485 nm versus the concentration of peptides was used to determine 

the slope. The detection limit was calculated accordingly using the following Eq. (2.1).2 
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𝐷𝑒𝑡𝑒𝑐𝑡𝑖𝑜𝑛 𝑙𝑖𝑚𝑖𝑡 =  3𝜎/𝑘                               (2.1) 

where σ is the standard deviation of the blank measurements, and k is the slope obtained 

from the plot as mentioned above. 

2.1.6. Estimation of the Apparent Binding Constant  

The apparent binding constants for each of the ThT-dipeptide complexes were estimated 

from the fluorescence titration study of ThT with the dipeptides utilizing the Benesi-

Hildebrand (B-H) plot as shown below, Eq. (2.2).3,4 

1/(𝐼 − 𝐼0)  =  1/{𝐾(𝐼𝑚𝑎𝑥 − 𝐼0) 𝐶}  +  1/(𝐼𝑚𝑎𝑥 − 𝐼0)                           (2.2) 

I0 is the emission intensity of ThT at maxima (λ = 485 nm), I is the emission intensity 

recorded in the presence of the different concentrations of the peptides (at λ = 485 nm), and 

Imax is the maximum emission intensity value obtained during the titration experiment. K is 

the apparent binding constant (M-1) obtained from the slope of the linear plot. 

2.1.7. Relative Quantum Yield Calculation  

The quantum yield was estimated utilizing both the fluorescence and UV-VIS spectroscopy 

and compared with respect to fluorescein. Fluorescein, having a literature Φ = 0.92, was 

dissolved in 0.1 M NaOH solution in distilled water (η = 1.33), ThT and the ThT-dipeptide 

complexes were dissolved in PBS buffer (η = 1.33). The relative quantum yields were then 

calculated using the following Eq. (2.3).  

Φ = Φ𝑅 ×
𝐼

𝐼𝑅
×

𝐴𝑅

𝐴
×

𝜂2

𝜂𝑅
2                                 (2.3) 

Where Φ is the quantum yield, I symbolize the area under the emission spectra, A represents 

the absorbance at the excitation wavelength (445 nm), and η is the refractive index. The 

subscript R refers to the reference fluorophore of known quantum yield. 

2.1.8. Computational Details  

We conducted a detailed theoretical analysis to gain better insights into the non-covalent 

interactions (NCI). The initial structures of the species were taken from the crystal 
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structures FW (CCDC No: 2144263), VW (CCDC No: 2144259), and IW (CCDC No: 

2144261).5 The structure for LW was obtained from its isomer IW. A detailed 

conformational search of the adduct was performed using CREST.6 The appropriate and 

lowest energy conformation is considered for DFT calculation. The implicit solvation 

model SMD7 was applied to account for solvation effects without explicitly including 

solvent molecules. All DFT calculations were performed using Gaussian 16,8 with 

visualization done via GaussView 6.0.9 Geometry optimization and frequency calculations 

were performed using the dispersion corrected Becke, 3-parameter, Lee–Yang–Parr 

functional (B3LYP-D3)10 with 6-31++G11 basis set. The NCIs were confirmed through 

isosurface and RDG scatter plots generated using Multiwfn12 and visualized with VMD 

software.13 For the EDA, we have implemented the zeroth order Symmetry-adapted 

perturbation theory (SAPT0),14 incorporated in the PSI4 code15 with jun-cc-pVDZ basis 

set,16 to get a clear idea of the interactions involved in the complex. 

 

2.2. Instrumentations 

2.2.1. Nuclear Magnetic Resonance (NMR) Spectroscopy: 

Samples were prepared by dissolving peptides in 0.5 mL CDCl3 solvent to perform NMR. 

The Bruker Ascend 600 MHz and 400 MHz instrument was employed to collect the NMR 

data, and the data were analyzed using MestReNova software. The reported chemical shift 

(δ) and coupling constants (J) values were measured in ppm and Hz units, respectively. 

2.2.2. Mass Spectrometry:  

Samples were prepared by dissolving peptides in a required volume of acetonitrile-water 

solvent mixture to perform HRMS. The Agilent-Q-TOF 6546 LC instrument and 

Electrospray ionization (ESI) technique ('+’ve mode) were adopted to get HRMS data. The 

data was analyzed by mass Hunter workstation software.  

2.2.3. MALDI-TOF Mass Spectrometry:  

For MALDI-TOF characterization of the purified peptides, the peptide solutions were 

dissolved in an ACN-H2O mixture and mixed with CHCA (α-cyano-hydroxy-cinnamic 

acid) matrix solution in a 1:1 ratio. The prepared sample was then analyzed using Bruker 

Daltonics FlexControl software on a BRUKER autoflex speed instrument. The mass of the 
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individual peaks of the purified peptides was assigned using the FlexAnalysis software. 

[M+H]+, [M+Na]+ and [M+K]+ peaks were observed for the purified peptides. 

2.2.4. High-performance liquid chromatography (HPLC):  

The purity of the synthesized peptides was examined using analytical HPLC. Thermo 

Scientific instrument was utilized for the purpose, along with a reverse-phase Poroshell 120 

EC, C18 column (4.6 × 100 mm). A linear solvent gradient with 5-95% ACN/H2O and 15 

minutes (in some cases, 10 minutes) runtime at 1 mL/min flow rate was set to carry out the 

experiment. 

2.2.5. Field Emission Scanning Electron Microscopy (FE-SEM):  

10 μL of each of the incubated peptide sample solutions at 37 ºC was taken out, and drop-

cast on an Al-foil wrapped glass slide at required time intervals. The prepared samples were 

then dried in an incubator overnight and kept in a desiccator at room temperature prior to 

imaging. FESEM images were captured on FE-SEM Gemini-300 (ZEISS) and SIGMA-

300 (ZEISS) instruments. 

2.2.6. Field Emission Transmission Electron Microscopy (FE-TEM):  

10 μL of each of the incubated peptide sample solutions at 37 ºC was taken out at required 

time intervals and spotted on the dark side of the carbon-coated copper grid.  2 mins after 

the spotting, the excess solution was removed using a blotting paper and the grid was 

allowed to dry. 10 μL of 2% uranyl acetate solution was then added on the same side of the 

grid as the staining agent and kept for another 2 mins; the excess solution was again 

removed using blotting paper. The samples were dried in an incubator overnight and kept 

in a desiccator at room temperature prior to imaging. TEM images were captured on a JEOL 

(Model: JEM-2100F Field Emission Electron Microscope) at 200 kV. 

2.2.7. Dynamic Light Scattering (DLS) Measurements:  

200 μL of each of the incubated peptide sample solutions at 37 ºC were taken in a 1 mL 

cuvette at required time intervals, and the DLS study was carried out at 25 °C using a 633 

nm He-Ne laser on a Zetasizer Nano series Nano-ZS90 (Malvern Instruments). The system 

was equilibrated for 120 seconds prior to scanning, and each measurement obtained was an 

average of three scans. The software data were then processed and plotted on OriginPro 8 
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software, and the intensity percentage vs size distribution of the particles was reported in 

the provided DLS experiment.  

2.2.8. Circular Dichroism (CD) Spectroscopy:  

Incubated peptide sample solutions at 37 ºC of specific concentrations at required time 

intervals were used to record CD spectra. Each of the sample solutions was taken in a 

cuvette of bandwidth 1 mm, and three scans were recorded for each sample on a JASCO J-

1500 spectropolarimeter. The processed software data were then plotted on OriginPro 8 

software, and mean residue molar ellipticity  (deg. cm2.dmol-1) vs wavelength (nm) was 

reported in the provided CD spectra. 

Observed ellipticity (mdeg) was converted to mean residue molar ellipticity using the 

following equation: 

 (deg. cm2.dmol-1) = Ellipticity (mdeg). 106 / (Pathlength (mm). [Protein] (μM). N 

Where [Protein] is the concentration of the peptide samples (in μM), and N represents the 

number of amide bonds in the peptide sequence. 

2.2.9. Fourier-Transform Infrared (FT-IR) Spectroscopy:  

Incubated peptide sample solutions of specific concentrations were lyophilized at required 

time intervals to get the solid samples. FT-IR spectra of the solid peptide samples were then 

recorded using a PerkinElmer UATR Two FT-IR spectrometer. (KBr pellet technique was 

not used). 

2.2.10. N2 Gas Adsorption Experiment:  

N2 gas adsorption and desorption studies were analyzed using Quantachrome Instruments 

at STP. For this experiment, the peptide sample solutions were first incubated for the 

required time interval at 37 °C and then lyophilized to get the solid samples. These solid 

samples were then used for further analysis. Initially, all the solid peptide samples were 

degassed for 3 hrs at 70 °C. BET surface areas were measured using the Brunauer-Emmett-

Teller (BET) equation.  

2.2.11. Fluorescence Spectroscopy and Fluorescence Microscopy:  

For the Thioflavin T fluorescence assay, ThT having concentration of 50 μM was prepared 

in PBS (pH 7.4). For the dose-dependent study, Aβ1-40 (20 μM) and the purified peptide 
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samples were dissolved in PBS and mixed to obtain the desired different molar ratios (1:5, 

1:15, 1:30). For the fluorescence titration study for peptides with ThT (50 μM), peptide 

solutions of desired concentrations (10 μM to 600 μM) were prepared as mentioned above, 

and all the samples mentioned above were kept for incubation at 37 ºC.  

To perform the fluorescence experiment, 40 μL of the peptide solutions were taken from 

the incubated sample solution and mixed with 160 μL of PBS and 200 μL of the ThT 

solution at each time interval. The excitation wavelength was set at 445 nm for the 

experiment, and the emission was recorded at 485 nm.  

For the drug encapsulation study, 500 μM of each of the peptide solutions was co-incubated 

with 30 μM curcumin solution, and fluorescence emission spectra (wavelength 450−700 

nm) were recorded on a Fluoromax-4 Horiba Fluorospectrometer at different time intervals. 

For this experiment, a total of 400 μL of the incubated mixture sample solutions was taken 

in a 1 mL quartz cuvette, and a slit of 5 nm was used. Each scan was repeated three times.   

For the ThT dye binding study, 10 μL of each of the incubated dipeptide sample solutions 

(300 μM), after 4 days of incubation, were taken in an Eppendorf and mixed with 10 μL 

ThT solution (50 μM). The mixture solution was then drop-cast on a clean microscopic 

glass slide and kept in an incubator for drying.  

For the curcumin drug encapsulation study, 10 μL of each of the curcumin mixed peptide 

solutions after 36 hr of incubation were taken out and drop cast on a clean glass slide. It 

was kept for drying at room temperature. For the salt-mediated disruption study, KCl 

solution (1.5 mM) was added to the 2-day incubated curcumin mixed peptide solution and 

then kept for further incubation at 37 °C up to 36 hr. Fluorescence microscopic imaging 

was then conducted for each case on an Olympus BX 51 fluorescence microscope with 50× 

and 100× magnification. 

2.2.12. Thermogravimetric analysis (TGA):  

Incubated peptide solution at 37 °C were first lyophilized at the required time interval to 

get the dry solid samples. The obtained solid samples were subjected to thermogravimetric 

analysis using a PerkinElmer TGA analyzer (TGA 4000). The parameters used for this 

experiment are as follows. The heating rate of the sample = 10 °C/min in an alumina 

crucible, and the flow rate of dynamic atmospheric N2 = 30 cm3/min. 

2.2.13. Melting Point 
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Melting points were recorded on the Buchi melting point apparatus. 

2.2.14. UV-Vis Spectroscopy  

UV/Vis spectra of the compounds analyzed were recorded in a PerkinElmer Lambda 365+ 

spectrometer at room temperature. 

 

2.3. Solid Phase Peptide Synthesis (SPPS) Protocol 

All the above-mentioned solid-phase peptide syntheses were done manually inside a frit-

fitted plastic syringe. A Stuart tube rotator with 40 rpm was used following standard 

protocols of solid phase peptide synthesis (SPPS).17,18 The Rink Amide MBHA resin (200 

mg) of loading 0.7 mmol/g was taken inside a 5 mL frit-fitted plastic syringe and swollen 

in DCM for 3 h, followed by DMF for another 1h. 

2.3.1. Peptide coupling 

All peptide couplings were performed at room temperature. For a standard coupling, 3 

equivalents of Fmoc-amino acid, 3.5 equivalents of BOP or o-NosylOxy as coupling 

reagent and 7 equivalents of DIPEA as base were dissolved in DMF and added to the resin 

inside the syringe. The coupling time varied from 3 h to 12 h, depending on the environment 

and nature of the amino acids being coupled. In case of any incomplete coupling, the 

coupling reaction was repeated. After each coupling, resin was washed thoroughly with 

DMF and DCM, respectively, for 5 mins each. 

2.3.2. Fmoc deprotection  

After each coupling, Nα-Fmoc was deprotected using 20% piperidine in DMF for 21 mins 

(7 mins × 3). After deprotection, the resin was washed thoroughly with DMF for 5 mins 

prior to the next coupling. 

2.3.3. Kaiser test  

Successful coupling of each amino acid was monitored by performing the Kaiser test.19 For 

the test, a few beads of resin (should be in DCM medium) were taken out of the syringe in 

a fusion tube, and to it, 1:1 Kaiser A solution and Kaiser B solution were added. In another 

fusion tube, only Kaiser A and B solutions (1:1) were taken, and both the tubes were heated 

over a sand bath at 80 °C for 5 mins. The appearance of blue/purple colour in the tube 
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containing resin beads indicated a positive Kaiser test, whereas the fusion tube containing 

only Kaiser solutions remained red/brown in colour. The composition of the Kaiser 

solutions is mentioned below:  

Kaiser A: 0.5 g ninhydrin in 10 mL ethanol  

Kaiser B: 0.4 mL of 0.001 M KCN (aq) in 20 mL pyridine 

2.3.4. Acetylation (capping)  

Acetylation or capping was performed when, even after repeated coupling, some free NH2 

groups remained. In such cases, after coupling, the resin was washed with DCM for 5 times. 

Thereafter, a 1:1 mixture of acetic anhydride (Ac2O) and N-methyl imidazole (NMI) was 

dissolved in DCM and added to the resin. The reaction was carried out for 1h to 2h and 

then thoroughly washed with DCM. 

2.3.4. Final cleavage of peptide from resin  

After complete synthesis of the peptide sequence, the resin was treated with a mixture of 

TFA/DCM/H2O (9/0.5/0.5) solution for 3h. Approximately 2.5-3 mL of the cocktail 

solution was used for 200 mg of resin. After completion of the final cleavage of the peptide 

from resin, the crude peptide was precipitated in cold diethyl ether. The precipitate was 

then washed thoroughly with diethyl ether and centrifuged to obtain the crude solid product. 

The crude peptide was first dried and then purified by semi-preparative HPLC. 

 

2.4. Synthetic Procedure of the Designed Peptides  

2.4.1. Procedure for the Synthesis of Dipeptides  

The dipeptides FW, VW, LW and IW (discussed in Chapter 3, below) were synthesized 

as follows: 

 For FW, Boc-Phe-OH (400 mg, 1.5 mmol), DIPEA (193.5 mg, 1.5 mmol), and o-

NosylOXY (490.5 mg, 1.5 mmol) were taken in 50 ml R.B. and dissolved in DCM. The 

whole reaction mixture was stirred at room temperature for 15 min for pre-activation. After 

that, neutralized H2N-Trp-OMe (392 mg, 1.8 mmol) solution in DCM was added to the 

reaction mixture and stirred for 4 h continuously. Then, the diluted reaction mixture in 

DCM was treated separately for workup with 10% citric acid (3 times) and 10% NaHCO3 
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solution (3 times). The crude reaction mixture is concentrated with the assistance of a rotary 

evaporator. Finally, column chromatography was performed to obtain the pure dipeptide, 

FW. The peptide was characterized using 1D 1H and 13C NMR spectroscopy and Mass 

spectrometry. 

The other dipeptides, VW, LW and IW were synthesized using the same protocol as 

mentioned above. 

2.4.2. Procedure for the Synthesis of Tripeptides  

The tripeptides LVL, IVI, LVI and IVL (discussed in Chapter 4, below) were synthesized 

as follows:  

For LVL, the solution of Boc-L-Val-OH (300 mg, 1.38 mmol), o-NosylOXY (451 mg, 

1.38 mmol), and DIPEA (178 mg, 1.38 mmol) in 50 mL DCM were stirred for 10 minutes 

for pre-activation of the acid. After that, neutralized H2N-L-Leu-OMe (304 mg, 2.1 mmol) 

in DCM was gradually added to the reaction mixture, and the whole solution was kept 

stirring for 4 h at room temperature for successful coupling of the amino acid. Then, the 

reaction mixture was washed three times individually with 10% citric acid and sodium 

bicarbonate solution, respectively. The organic layer was concentrated to obtain protected 

dipeptide Boc-L-Val-L-Leu-OMe by using a rotary evaporator. After that, the Boc 

protecting group was cleaved by trifluoroacetic acid in DCM and neutralized by the 

required amount of DIPEA, which was monitored by pH check. The amine-free di-peptide 

was combined with Boc-L-Leu-OH to obtain the intended tripeptide, LVL. At last, the 

crude tripeptide was purified by column chromatography (stationary phase: silica gel, 

mobile phase: EtOAc/Hexane). The reversed-phase analytical HPLC was performed to 

verify the purity of the tripeptide. 

The other tripeptides, IVI, LVI and IVL were synthesized using the same protocol as 

mentioned above. 

2.4.3. Procedure for the Synthesis of Fmoc-Glu-OMe and Fmoc-Glu-OBn. 

The acid, Fmoc-Glu(OtBu)-OH (850 mg, 1 equiv), was dissolved in ACN, followed by the 

addition of DIPEA (516 mg, 2 equiv). The solution was stirred for 2-3 mins for thorough 

mixing, followed by the addition of MeI (1128 mg, 4 equiv)/BnBr (1368 mg, 4 equiv) to 

obtain the required ester of glutamic acid. The reaction mixture was stirred for 12-15 h at 
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room temperature. After completion of the reaction, acetonitrile was evaporated 

completely, and the reaction mixture was diluted with ethyl acetate; the organic layer was 

washed thoroughly with 5% citric acid and 5% NaHCO3 solution, dried with anhydrous 

Na2SO4, and the product was purified by silica gel column chromatography to obtain the 

methyl/benzyl ester product. The product thus obtained was dissolved in a 1:1 TFA-DCM 

mixture solution and was stirred at room temperature for 1.5 h for the removal of the -OtBu 

group. After completion of the reaction, TFA was evaporated completely by purging 

nitrogen gas and then by rotary evaporator. The reaction mixture was washed thoroughly 

with DCM several times to ensure complete removal of TFA, followed by the addition of 

hexane to obtain the solid products of Fmoc-Glu-OMe and Fmoc-Glu-OBn.  

2.4.4. Procedure for the Synthesis of Linear Peptides  

The linear peptides LP1, A-LP1, G-LP1, LP2, A-LP2, G-LP2, LP3, A-LP3 and G-LP3 

(discussed in Chapters 5 & 6, below) were synthesized as follows:  

All the linear peptides were synthesized first by anchoring Fmoc-Glu-OBn through the C-

terminus of its side chain on 200 mg Rink amide MBHA resin (loading 0.7 mmol/g). Each 

coupling was carried out with 3 equivalents of Fmoc-amino acid, 3.5 equivalents of o-

NosylOXY as coupling reagent and 7 equivalents of DIPEA as base. After each coupling, 

the resin was washed with DMF and DCM and the Kaiser test was performed. Fmoc-

deprotection was performed using 20% piperidine in DMF for (7 mins × 3). After 

deprotection, the resin was washed thoroughly with DMF and proceeded for next coupling. 

After completion of the linear sequences, the peptides were cleaved from the resin using 3 

mL solution of a mixture of TFA/DCM/H2O (9/0.5/0.5) for 3h. The crude peptides after 

cleavage were precipitated in cold diethyl ether. The precipitate was washed thoroughly 

with ether and centrifuged to obtain the crude solid products. The crude peptides were then 

dried and dissolved in CH3CN/H2O solvents. The purification was performed using a semi-

preparative RP-HPLC (Thermo Fisher Scientific) using C18 μ-Bondapak column 

(dimensions 250  10 mm, particle size 12 µm, pore size 175 Å) at a flow rate of 5 mL/min 

using a binary solvent system of A (0.1% TFA in H2O) and solvent B (0.1% TFA in 

CH3CN) and a linear gradient from 5 to 100% CH3CN till 25 mins, followed by 100% 

CH3CN till 30 mins and finally lyophilized to obtain the pure peptides. 

2.4.5. Procedure for the Synthesis of Cyclic Peptides  
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The cyclic peptides T1, T2 and T3 (as discussed in Chapters 4 & 5) were synthesized as 

follows:  

All the cyclic peptides were synthesized first by anchoring Fmoc-Glu-OMe through the C-

terminus of its side chain on 200 mg Rink amide MBHA resin, and proceeded further as 

discussed above. After completion of the linear sequences, the methyl ester at the C-

terminus was cleaved using 5 equivalents of LiOH in a minimal amount of H2O along with 

DMF for 4 h, followed by Fmoc-cleavage at the N-terminus using 20% piperidine in DMF. 

Thereafter, on-resin head-to-tail cyclisation were carried out using 3.5 equiv of BOP as the 

coupling reagent and 7 equiv of DIPEA as base for 24 h. Finally, the cyclic peptides were 

cleaved from the resin using the above-mentioned cocktail solution and purified.  
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3.1. Background  

Thioflavin T (ThT), a benzothiazole-based fluorescent dye, has long served as a sensitive 

probe for identifying and characterizing amyloid fibrils; insoluble protein aggregates 

implicated in various neurodegenerative disorders such as Alzheimer’s and Parkinson’s 

diseases. Beyond its classical role in amyloid detection, ThT has recently gained attention 

for its broader binding versatility. Several studies have demonstrated that ThT can also 

interact with peptides and biomolecules lacking the characteristic β-sheet-rich fibrillar 

organization typically associated with amyloids.1-4 

Notably, the interaction of ThT with non-fibrillar systems has revealed alternative binding 

mechanisms and diverse fluorescence behaviors. For instance, Rosenberry et al.5 

discovered that ThT selectively binds to the peripheral anionic site (P-site) of human 

acetylcholinesterase (AChE), a region devoid of amyloid-like β-sheet structure could 

induce a significant ∼1000-fold increase in fluorescence emission. Similarly, Dzwolak and 

co-workers6 showed that ThT can form ordered complexes with α-helical poly-L-glutamic 

acid (PLGA), suggesting that β-sheet stacking and π–π interactions are not the only 

structural prerequisites for ThT-protein association. In addition, Ranjan et al.2 

demonstrated that ThT can act as a powerful fluorescence reporter for non-canonical 

nucleic acid conformations, including duplexes, triplexes, and G-quadruplexes, thereby 

broadening its scope to monitor DNA conformational transitions, enzymatic processes, and 

cellular binding events. Moreover, Sulatskaya et al.7 reported that under highly acidic 

conditions (pH 2), proteins and peptides possessing a net positive charge exceeding +0.18 

fail to exhibit ThT staining. Consequently, amyloid detection under such conditions may 

yield false negatives, as increasing acidity was found to suppress ThT fluorescence 

intensity even upon fibril binding.8,9 In this study, we aim to explore how Thioflavin T 

(ThT) interacts with peptide structures that do not exhibit fibrillar morphology and neither 

remain in β-sheet-rich conformations. 

3.2. Design, Synthesis & Characterization of the Peptides 

The design of the dipeptides was inspired by the hydrophobic core motif of the Aβ-peptide. 

Recently, our group has investigated on the atomic-level molecular arrangement, self-

assembly, and morphology of FW (Boc-FW-OMe) and VW (Boc-VW-OMe), tryptophan-
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containing analogs of biologically relevant VF and FF dipeptides.10 It was observed that, 

just by replacing Phe with Trp, the morphology of the dipeptides changes from fiber to 

nanosphere.  

Therefore, we designed four dipeptides, namely, Boc-Phe-Trp-OMe (FW), Boc-Val-Trp-

OMe (VW), Boc-Leu-Trp-OMe (LW), and Boc-Ile-Trp-OMe (IW), which gave rise to 

distinct nano-spherical morphologies. The N-terminus and C-terminus of the peptides were 

protected using Boc and OMe groups, respectively, ensuring that any variations in their 

self-assembly behaviour arise solely from differences in the peptide side chains, and with 

these designed dipeptides, we aimed to evaluate their ability to inhibit Aβ1-40 fibril 

formation under near-physiological conditions. 

The designed dipeptides were synthesized in the solution phase using a standard synthetic 

protocol (Scheme 3.1).11,12 

 

Scheme 3.1. Schematic representation of the synthesis of dipeptides in solution. 

The protected dipeptides were synthesized in solution phase using o-NosylOXY, a recently 

developed modern coupling reagent, with DCM serving as the reaction solvent. For the 

synthesis, one amino acid contained a Boc (tert-butyloxycarbonyl) group protecting at the 

N-terminus, while the other was used in its methyl ester-protected C-terminal form. 

Following successful coupling, the crude products were purified through column 

chromatography to obtain the desired pure dipeptides. The characterisation of the 

synthesized compounds was achieved using 1D 1H and 13C NMR spectroscopy and Mass 

spectrometry. 

3.3. Fluorescence Spectroscopic & Microscopic Study 

In order to examine how tryptophan-containing dipeptides influence the aggregation 

process of Aβ₁₋₄₀ under conditions that closely mimic physiological environments, we 
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performed the following experiments. Initially, Aβ1-40 (20 μM) was incubated alone in 

phosphate-buffered saline (PBS, 50 mM, pH 7.4) at 37 °C, and its aggregation was 

monitored using Thioflavin T (ThT) fluorescence. As expected, the fluorescence intensity 

gradually increased over time, reaching its highest value after approximately 48 hours, 

indicating the progressive formation of amyloid fibrils. When Aβ1-40 (20 μM) was co-

incubated with a fivefold molar excess of the dipeptides FW (100 μM) and VW (100 μM), 

only a slight or negligible reduction in fluorescence intensity was observed, suggesting that 

at this concentration, the dipeptides had little to no impact on fibril formation (Figure 3.1a). 

To further explore their potential inhibitory capacity, we increased the dipeptide 

concentrations. Interestingly, rather than suppressing amyloid formation, higher 

concentrations of FW and VW corresponding to 15- and 30-fold molar excess (300 μM and 

600 μM, respectively), produced an even greater increase in ThT fluorescence compared to 

Aβ1-40 alone (Figure 3.1b). This observation was contrary to our initial expectation that the 

dipeptides would interfere with or reduce fibril formation. 

 

Figure 3.1. Time-dependent ThT fluorescence assay of a). Aβ1–40 in the absence and the presence of 5- fold 

molar excesses of FW and VW. b). Aβ1–40 in the absence and the presence of 15- and 30- fold molar excess 

of FW and VW. 

To gain insights into the structural consequences of this co-incubation, field emission 

transmission electron microscopy (FETEM) was conducted on the samples containing Aβ1-

40 (20 μM) incubated with FW (300 μM) and VW (300 μM) for 48 hours under identical 

conditions. The microscopic images revealed that both components retained their 

characteristic morphologies: the fibrous structures of Aβ1-40 and the spherical assemblies of 

the dipeptides were clearly visible and coexisted without any noticeable disruption (Figure 
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3.2). These findings imply that the dipeptides do not interfere with the fibrillation of Aβ1-

40 nor alter its morphology. Instead, the unexpected increase in ThT fluorescence can be 

rationalized as an additive effect, most likely arising from the independent interaction of 

ThT with both the Aβ1-40 fibrils and the self-assembled dipeptide nanostructures. 

 

Figure 3.2. FETEM images of Aβ1–40 (20 μM) co-incubated with (a) FW (300 μM), (b) VW (300 μM) after 4 

days of incubation in PBS, pH 7.4 at 37 ºC. 

To further understand the unexpected fluorescence enhancement observed in the co-

incubation studies, we examined the intrinsic interaction of the dipeptides with ThT through 

time-dependent fluorescence assays. Interestingly, even in the absence of Aβ1-40, the 

fluorescence intensity of ThT gradually increased when incubated with the dipeptides 

alone, indicating that the dipeptides themselves are capable of binding to ThT. Moreover, 

the intensity of fluorescence was found to rise gradually with increasing concentrations of 

the dipeptides, suggesting a concentration-dependent association between ThT and these 

peptide assemblies. 

To determine whether this interaction was specific to the dipeptides FW and VW or 

reflected a broader phenomenon, two additional dipeptides, LW and IW, were synthesized 

following the same design strategy (Scheme 3.1). ThT fluorescence assays conducted under 

identical conditions demonstrated that LW and IW, both of which self-assemble into 

distinct spherical nanostructures, also exhibited a time-dependent and concentration-

dependent increase in ThT fluorescence (Figure 3.3). These results imply that ThT binding 

is not unique to a particular dipeptide sequence but may represent a more general property 

of peptides that organize into spherical morphologies with heterogeneous conformational 

characteristics. 
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Figure 3.3. Time-dependent ThT fluorescence assay of the dipeptides alone. 

Comparable findings have been reported by Zhang et al.,13 who investigated a series of 

fluorinated dipeptides constructed from fluorinated phenylalanine (Z) linked with natural 

amino acids such as phenylalanine (F), tyrosine (Y), and tryptophan (W). Their study 

revealed that while FZ, ZF, and ZY formed ribbon-like nanofibers that strongly interacted 

with ThT, the dipeptides YZ, WZ, and ZW self-assembled into spherical nanoparticles that 

also bound ThT, albeit with comparatively weaker fluorescence enhancement. This 

correlation between molecular architecture and ThT response highlights how 

supramolecular organization can influence the extent of dye binding. Although the 

fluorescence intensity associated with spherical aggregates is generally lower than that 

produced by amyloid-like fibrils, such observations provide important clues regarding the 

structural and chemical factors that modulate ThT association. 

To further validate the ThT-dipeptide interaction, fluorescence microscopy was employed. 

Samples of the dipeptides (300 μM), incubated for four days, were mixed with ThT (50 

μM) in a 1:1 ratio and drop-cast onto glass slides for imaging. Upon microscopic 

examination, the spherical structures displayed bright green fluorescence, offering clear 

visual confirmation of ThT binding to the dipeptide assemblies (Figure 3.4). This direct 

observation complements the fluorescence assay data and establishes that the self-

assembled dipeptide nanostructures possess distinct affinity toward the ThT molecule. 
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Figure 3.4. Thioflavin T (50 μM) mixed dipeptides (300 μM each) displaying bright green, fluorescent 

images on binding with a) FW, b) VW, c) LW, and d) IW. 

3.3.1. Fluorescence Titration Analysis: 

To gain deeper insight into the fluorescence enhancement behaviour observed upon 

increasing the concentration of the dipeptides and to extract relevant quantitative 

parameters, fluorescence titration experiments were carried out using ThT and the dipeptide 

assemblies. In this study, peptide solutions of FW, VW, LW, and IW, each pre-incubated 

for three days, were prepared at varying concentrations ranging from 10 μM to 600 μM. 

Upon performing a fluorescence assay using these peptide solutions of different 

concentrations with ThT, a progressive enhancement in fluorescence intensity was 

observed with increasing peptide concentration (Figure 3.5). The fluorescence signal 

continued to rise until it reached a plateau near 400 μM, indicating saturation of the binding 

sites. 

From this titration analysis, important parameters such as the limit of detection (LOD) and 

apparent binding constants were determined (Figure 3.6). The binding constants were 

calculated using the Benesi–Hildebrand method, where emission intensity values at 485 

nm were employed to construct double reciprocal plots of (Imax − Imin) / (I − Imin) versus 1/ 
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[peptide]. Each plot exhibited a strong linear relationship with correlation coefficients (r² ≈ 

0.99), confirming the formation of a 1:1 complex between ThT and the respective 

dipeptides.14 

 

Figure 3.5. Fluorescence titration spectra of ThT (50 μM) with varying concentrations of a) FW, b) VW, c) 

LW, and d) IW. [Inset: Fluorescence intensity at 485 nm vs. concentration of dipeptides, λex = 445 nm]. 
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Figure 3.6. Determination of detection limit and binding constants for a,b) ThT-FW complex, c,d) ThT-VW 

complex, e,f) ThT-LW complex, and g,h) ThT-IW complex, respectively. 

The calculated LOD and binding constant (K) values were tabulated below (Table 3.1). 

These K values indicate a moderate but definite binding affinity between ThT and the 

dipeptides. Moreover, the observed binding constants were lower than those reported for 
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ethidium bromide (1.6 × 10⁶ M⁻¹)15, implying that the interaction between ThT and the 

dipeptide assemblies is not of an intercalative nature.16 

Table 3.1. Calculated Limit of Detection and Binding constant values for ThT-dipeptide 

complexes. 

Sample Solvent system Limit of detection 

(LOD) 

Binding constant, K 

(M-1) 

ThT-FW complex PBS (pH 7.4) 9.2 μM 0.22 × 10^4 

ThT-VW complex PBS (pH 7.4) 14.4 μM 0.28 × 10^4 

ThT-LW complex PBS (pH 7.4) 15.3 μM 0.19 × 10^4 

ThT-IW complex PBS (pH 7.4) 14.3 μM 0.24 × 10^4 

 

3.3.2. Quantum Yield Calculations: 

The relative quantum yields of free ThT and its complexes with the dipeptide assemblies 

were evaluated using fluorescein as the reference standard. Interestingly, the ThT–

dipeptide complexes exhibited significantly higher quantum yield values than the free dye, 

which showed a comparatively low quantum yield (Φ = 0.006) (Table 3.2). This 

enhancement indicates that upon association with the dipeptide aggregates, the 

photophysical properties of ThT are altered in a way that promotes greater fluorescence 

efficiency. Such an effect can be attributed to the stabilization of the dye’s excited state 

through its interaction with the peptide matrix. The binding likely restricts the rotational 

and vibrational degrees of freedom of the ThT molecules, thereby suppressing nonradiative 

relaxation pathways and enhancing radiative emission processes.17 As a result, the ThT–

dipeptide complexes display enhanced fluorescence emission relative to the unbound dye. 

Table 3.2. Calculated relative quantum yield values for ThT and ThT-dipeptide complexes. 

Sample Area under 

emission 

spectra 

Abs at 

445 nm 

Refractive 

Index 

Relative 

Quantum Yield 

Fluorescein 1.6 × 10^7 0.0098 1.33 92 % (Known) 

ThT 4.77 × 10^5 0.0427 1.33 0.6 % 
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ThT-FW complex 7.02 × 10^5 0.0219 1.33 1.8 % 

ThT-VW complex 6.63 × 10^5 0.0254 1.33 1.4 % 

ThT-LW complex 5.68 × 10^5 0.0277 1.33 1.1 % 

ThT-IW complex 5.82 × 10^5 0.0355 1.33 1.0 % 

 

3.4. Theoretical Study 

To further validate the experimental findings and understand the atypical interaction 

between ThT and the designed dipeptides, density functional theory (DFT) calculations 

were carried out. DFT was chosen as it offers valuable insights into the electronic structure, 

spatial orientation, and reactivity of molecular systems, thereby enabling a deeper 

understanding of intermolecular associations. In particular, non-covalent interaction (NCI) 

analysis combined with reduced density gradient (RDG) mapping was employed to 

characterize the nature and strength of the weak forces governing the ThT–dipeptide 

complexes. These computational tools are particularly useful for visualizing non-covalent 

regions and distinguishing among hydrogen bonding, van der Waals, and steric interactions 

within a molecular system.18-20 

3.4.1. NCI-RDG Analysis: 

The NCI plot serves as an efficient means to locate and interpret regions of weak 

interactions in molecular assemblies. This method utilizes RDG values to identify 

interaction zones based on electron density and its derivatives. In the corresponding scatter 

plots, blue regions denote attractive hydrogen-bonding interactions, green regions represent 

van der Waals forces, and red areas correspond to steric repulsion between molecular 

fragments. The RDG is plotted against the product of electron density (ρ) and the sign of 

the second-largest eigenvalue of the Hessian matrix (λ₂), according to the following 

Equation (3.1).21-23 

𝑅𝐷𝐺(𝑟) =
1

2(3𝜋2)
1
3

×
|∇𝜌(𝑟)|

𝜌(𝑟)
4
3

                               (3.1) 
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Positive values of sign (λ₂) ρ indicate repulsive (steric) interactions, negative values 

correspond to attractive interactions such as hydrogen bonding, and values near zero 

represent weak van der Waals interactions arising from dispersion and dipole-induced 

effects.24,25 

The 2D scatter plots and RDG isosurfaces for the ThT–dipeptide complexes (Figure 3.7) 

reveal distinct interaction profiles. For the ThT–FW complex, the sign (λ₂) ρ values range 

from approximately −0.02 to 0.03 a.u., whereas for the ThT–VW, ThT–LW, and ThT–IW 

complexes, the values fall within the range of −0.015 to 0.03 a.u. All complexes exhibit 

similar steric repulsive interactions in the positive region of the plots. However, comparison 

of the left (negative) region of the scatter plots, which represents attractive forces, shows 

that the ThT–FW complex exhibits relatively stronger van der Waals interactions, with sign 

(λ₂) ρ around −0.02 a.u., compared to the slightly weaker interactions observed for the other 

three dipeptides (around −0.015 a.u.). 

These observations suggest that ThT interacts with all the studied dipeptides predominantly 

through non-covalent interactions such as van der Waals forces and π–π stacking. The 

relatively enhanced interaction in the ThT–FW complex may originate from the additional 

aromatic π-system in FW, which facilitates stronger π–π interactions with ThT. Moreover, 

FW displays a higher degree of β-sheet content compared to VW, LW, and IW (as shown 

in Table 3.6), which may further stabilize its interaction with ThT molecules. Overall, the 

computational analysis strongly supports the experimental results obtained from 

fluorescence spectroscopy and microscopy, reinforcing that the ThT–dipeptide association 

is governed mainly by non-covalent forces, with FW showing a slightly higher affinity due 

to its aromatic character and secondary structural features. 
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Figure 3.7. 2D scatter graph and reduced gradient density surface analysis for (a) FW-ThT complex, (b) 

VW-ThT complex, (c) LW-ThT complex, and (d) IW-ThT complex. 

3.4.2. EDA Analysis: 

To gain deeper insight into the nature of interactions between Thioflavin T (ThT) and the 

dipeptides, computational studies were performed using the zeroth-order symmetry-

adapted perturbation theory (SAPT0) approach.26 In this method, ThT and each dipeptide 

were treated as separate molecular fragments interacting within a singlet electronic state 
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framework. The total interaction energy, [ΔEint (SAPT0)], was divided into four primary 

components: electrostatic (Eelst), exchange (Eexch), induction (Eind), and dispersion (Edisp) 

terms27,28. The electrostatic term (Eelst) represents the classical Coulombic attraction 

between the charge distributions of the interacting fragments, while the exchange term 

(Eexch) arises from the Pauli exclusion principle, accounting for repulsive interactions due 

to electron density overlap. The induction component (Eind) corresponds to the interaction 

between the permanent and induced multipoles, and the dispersion term (Edisp) reflects the 

electron correlation effects responsible for London dispersion or van der Waals forces. The 

overall interaction energy can therefore be expressed as the sum of these four contributions, 

as shown in Equation (3.2). 

∆𝐸𝑖𝑛𝑡(𝑆𝐴𝑃𝑇0) = 𝐸𝑒𝑙𝑠𝑡 + 𝐸𝑒𝑥𝑐ℎ + 𝐸𝑖𝑛𝑑 + 𝐸𝑑𝑖𝑠𝑝                       (3.2) 

The results of the energy decomposition analysis (EDA) revealed that the dispersion term 

(Edisp) contributes most significantly to the total interaction energy (Table 3.3). This 

indicates that weak non-covalent interactions, particularly van der Waals forces, are the 

primary stabilizing factor in the ThT–dipeptide complexes. Such dominance of dispersion 

interactions suggests that ThT binding to the dipeptide assemblies is largely governed by 

these weak but pervasive attractive forces. 

Table 3.3. Energy decomposition analysis (EDA) displaying the contribution of different 

factors in the total interaction energy (kcal/mol) for the ThT-dipeptide complexes. 

Complex Eelst Eexch Eind Edisp ∆𝑬𝒊𝒏𝒕(𝑺𝑨𝑷𝑻𝟎) 

THT-FW −13.82 26.11 −6.33 −32.92 −26.85 

THT-VW −17.28 25.00 −5.39 −31.36 −29.04 

THT-LW −20.58 26.33 −7.67 −31.38 −33.31 

THT-IW −15.74 29.11 −7.69 −34.69 −29.02 
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3.4.3. Thermodynamic Parameters Study: 

The optimized energies of all systems, including Thioflavin T (ThT), the individual 

dipeptides, and their corresponding ThT–dipeptide complexes, were evaluated using 

density functional theory (DFT) at the B3LYP-D3/6-31++G level of theory. The computed 

parameters, namely, the corrected zero-point energies (EE + ZPE), enthalpies (H), and 

Gibbs free energies (G), are summarized (Table 3.4). Based on these values, the 

thermodynamic parameters such as the change in Gibbs free energy (ΔGº), enthalpy (ΔHº), 

and entropy (ΔSº) associated with the complex formation were subsequently determined 

and are presented (Table 3.5). The entropy change was calculated using Equation (3.3). 

𝛥𝐺∘ = 𝛥𝐻∘ − 𝑇𝛥𝑆∘                            (3.3) 

Thermodynamic quantities provide valuable insights into the nature of non-covalent 

interactions that stabilize molecular complexes. Generally, positive values of both ΔHº and 

ΔSº are indicative of hydrophobic interactions, while a negative ΔHº coupled with a 

positive ΔSº reflects electrostatic forces. Conversely, when both ΔHº and ΔSº exhibit 

negative values, the dominant interactions are attributed to hydrogen bonding and van der 

Waals forces.29,30 In the present study, the calculated Gibbs free energy changes (ΔGº) for 

all ThT–dipeptide complexes were negative, signifying that the binding process occurs 

spontaneously. Moreover, the simultaneous negative values of ΔHº and ΔSº suggest that 

the association between ThT and the dipeptides is primarily driven by van der Waals 

interactions. The exothermic nature of all the ThT–dipeptide complexes formation was 

reflected by the negative ΔHº values. 

Table 3.4. The corrected zero-point energies (EE+ZPE), enthalpies (H), and Gibbs free 

energies (G) of the species were computed at the B3LYP-D3/6-31++G level. All energies 

are in Hartree. 

Species EE+ZPE Enthalpy, H Gibbs Free Energy, G 

THT −1166.321483 −1166.301662 −1166.369380 

FW −1549.090698 −1549.056794 −1549.159613 

VW −1396.712707 −1396.680492 −1396.776971 

LW −1435.987969 −1435.954451 −1436.055487 

IW −1435.990114 −1435.956396 −1436.058294 
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THT-FW −2715.447962 −2715.393822 −2715.539327 

THT-VW −2563.063845 −2563.011599 −2563.151445 

THT-LW −2602.339120 −2602.285474 −2602.428359 

THT-IW −2602.341980 −2602.288275 −2602.431404 

 

Table 3.5. Thermodynamic parameters for the interaction between ThT and the dipeptide 

molecules at temperature, T = 298 K, computed at the B3LYP-D3/6-31++G level. 

Complexes ΔGº 

(kcal/mol) 

ΔHº 

(kcal/mol) 

ΔSº 

(cal/mol.K) 

THT-FW −6.4845 −22.1921 −52.6219 

THT-VW −3.1964 −18.4767 −51.2700 

THT-LW −2.1912 −18.4240 −54.4724 

THT-IW −2.3405 −18.9611 −55.7738 

 

3.5. Morphology Study 

To examine the morphological characteristics of the designed peptides, we employed field 

emission scanning electron microscopy (FE-SEM) and field emission transmission electron 

microscopy (FE-TEM). For these analyses, 300 μM solutions of each peptide (FW, VW, 

LW, and IW) were prepared in phosphate-buffered saline (PBS, pH 7.4) and incubated at 

37 °C for four days to allow self-assembly. The FE-SEM images revealed that all four 

peptides self-assembled into well-defined spherical nanostructures with diameters ranging 

between 400 and 600 nm (Figure 3.8). 
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Figure 3.8. FESEM images displaying the spherical morphology of the dipeptides (a) FW, (b) VW, (c) LW, 

and (d) IW and their respective diameters. 

To gain a more detailed understanding of their morphology, FE-TEM measurements were 

also carried out under similar conditions. Consistent with the FE-SEM observations, the 

FE-TEM images confirmed that each peptide formed uniform nano-spherical assemblies 

within the same size range of approximately 400-600 nm (Figure 3.9). The close agreement 

between the FE-SEM and FE-TEM results indicates the reproducibility and structural 

stability of these spherical nanostructures formed by the Trp-containing dipeptides. 

 

Figure 3.9. FETEM images displaying the spherical morphology of the dipeptides (a) FW, (b) VW, (c) LW, 

and (d) IW and their respective diameters. 
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3.6. DLS Study 

The particle size distribution of the spherical assemblies was further analyzed using 

dynamic light scattering (DLS) to complement the morphological observations obtained 

from FE-SEM and FETEM analyses. For this measurement, peptide solutions (300 μM) 

that had been incubated in PBS buffer for four days were used. The DLS results revealed 

that the hydrodynamic diameters of the spherical assemblies formed by FW, VW, LW, and 

IW were approximately 615.5 nm, 650.0 nm, 501.0 nm, and 523.1 nm, respectively (Figure 

3.10). These values are in good agreement with the dimensions observed in the electron 

microscopy studies, thereby confirming the formation of well-defined spherical 

nanostructures in solutions. 

 

Figure 3.10. Size distribution plot in DLS experiment of dipeptides (a) FW, (b) VW, (c) LW, and (d) IW 

exhibiting hydrodynamic diameters of 615.5 nm, 650 nm, 501 nm, and 523.1 nm, respectively, with 

polydispersity index of 0.372, 0.441, 0.638, and 0.603, respectively. 

3.7. Conformational Analysis 

To gain insight into the conformational characteristics of the dipeptides, circular dichroism 

(CD) and solid-state Fourier-transform infrared (FTIR) spectroscopy analyses were carried 
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out. All sample solutions were prepared following the same procedure described earlier, 

and those incubated for four days were used for CD measurements. For FTIR analysis, the 

corresponding four-day-old solutions were lyophilized to obtain solid samples. 

The CD spectra of all Trp-containing dipeptides, FW, VW, LW, and IW, displayed a 

distinct positive band around 230 nm, a characteristic feature of the tryptophan moiety.31,32 

In addition, each dipeptide exhibited a negative band in the 200–220 nm region, indicative 

of a combination of random coil and β-sheet conformations.33,34 Among them, the FW 

dipeptide, which consists of two aromatic residues, showed a pronounced negative band 

near 217 nm, signifying the presence of both β-turn and β-sheet structural elements. In 

contrast, VW, LW, and IW, composed of aliphatic–aromatic amino acid residues, displayed 

two negative bands around 200 and 217 nm, suggesting the coexistence of random coil and 

β-sheet conformations (Figure 3.11). The relative contributions of different secondary 

structural motifs were further quantified using Reed’s reference spectra, and the estimated 

values are summarized (Table 3.6). 

 

Figure 3.11. CD spectra of 4-days old, incubated sample solution of (a) FW, (b) VW, (c) LW, and (d) IW 

(300 M each) in PBS buffer, pH 7.4 at 37 ºC. 
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Table 3.6. Estimation of % of Secondary Structure for the analyzed Dipeptides. 

 

Peptide Beta (%) Turn (%) Random (%) 

FW 27.3 23.3 49.4 

VW 23.8 24 52.2 

LW 25.5 23.5 51.1 

IW 26.5 21.2 52.3 

 

Complementary solid-state FTIR measurements were conducted to substantiate the CD 

observations. The amide I region (1600–1700 cm⁻¹), primarily arising from C=O stretching 

vibrations, and the amide II region (1510–1580 cm⁻¹), corresponding to N–H bending and 

C–N stretching, provide crucial information about peptide backbone conformations. All 

four dipeptides exhibited similar spectral features, with amide I bands appearing between 

1651 and 1694 cm⁻¹ and amide II bands near 1519–1521 cm⁻¹. Specifically, FW showed 

amide I peaks at 1668 and 1688 cm⁻¹ and an amide II band at 1519 cm⁻¹; VW exhibited 

amide I peaks at 1651 and 1689 cm⁻¹ and an amide II band at 1521 cm⁻¹; LW displayed 

amide I bands at 1658 and 1694 cm⁻¹; and IW showed peaks at 1653 and 1688 cm⁻¹ with 

an amide II band at 1520 cm⁻¹. These spectral signatures are consistent with the coexistence 

of β-turns, hydrogen-bonded antiparallel arrangements, and disordered structures35-37 

(Figure 3.12). Overall, the results indicate that the dipeptides do not adopt a single well-

defined conformation but rather exist as a dynamic mixture of secondary structural motifs. 
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Figure 3.12. FTIR spectra of 4-day incubated peptide aggregate of FW, VW, LW, and IW, respectively, 

(300 M each) in solid state. 

3.8. Probable Binding Mechanism 

The affinity of Thioflavin T (ThT) towards the nanoparticles formed by the designed 

dipeptides can largely be explained by the interplay of van der Waals and hydrophobic 

interactions. Although ThT carries a positive charge, it also contains a hydrophobic 

benzothiazole ring system that readily associates with nonpolar regions on the peptide 

nanoparticle surface through London dispersion forces. The spherical assemblies of these 

dipeptides are characterized by exposed hydrophobic surfaces, providing favourable 
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binding sites for ThT molecules. Such weak, non-covalent interactions play a key role in 

stabilizing the association between ThT and the peptide assemblies. 

In addition to these hydrophobic contacts, π–π stacking and cation–π interactions further 

enhance the binding affinity. Each of the designed dipeptides includes a tryptophan residue, 

whose aromatic indole ring can engage in π–π stacking with the aromatic system of ThT. 

Moreover, the electron-rich nature of the indole ring makes it well suited for cation–π 

interactions with the positively charged benzothiazole moiety of the dye. The partial β-

sheet organization exhibited by these dipeptides (Table 3.6) may also contribute by 

providing ordered domains that support stable ThT attachment. 

Taken together, these multiple non-covalent forces, namely, hydrophobic, van der Waals, 

π–π, and cation–π interactions, collectively anchor ThT molecules onto the peptide 

nanoparticle surface. This immobilization restricts the internal rotational freedom of ThT’s 

molecular framework, thereby enhancing its fluorescence emission, a phenomenon 

commonly known as the “molecular rotor” effect.1,38 

3.9. Conclusion 

In conclusion, this study highlights a distinctive property of Thioflavin T (ThT), showing 

its strong interaction with the well-organized spherical assemblies formed by designed Trp-

containing dipeptides. Unlike its typical association with fibrillar or β-sheet-rich structures, 

ThT binding to these spherical aggregates represents an unusual phenomenon. Microscopic 

and fluorescence analyses confirmed the formation of stable ThT–dipeptide complexes, 

characterized by enhanced fluorescence and good binding affinity. Computational studies 

further supported these results, revealing that the interaction is spontaneous and 

predominantly stabilized by dispersion and van der Waals forces. Overall, this work 

expands the current understanding of ThT’s binding behavior and opens up new 

possibilities for its use in peptide-based materials, sensing, and diagnostic applications. 
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3.10. Characterization data  

Boc-Phe-Trp-OMe (FW) 

White solid, (560 mg, 80%), 1H NMR (CDCl3; 600 MHz) δ 

1.37 (9H, s); 3. 06-3.01 (2H, m); 3.30-3.23 (2H, m); 3.64   

(3H, s); 4.37 (1H, s); 4.90-4.87 (1H, m); 4.96 (1H, s); 6.41 

(1H, s); 6.88 (1H, s);  7.08 (1H, t, J = 7.8 Hz); 7.19 (3H, t, J 

= 7.2 Hz); 7.25-7.22 (1H, m); 7.29-7.26 (2H, m); 7.34 (1H, 

d, J = 8.4 Hz); 7.38 (1H, d, J = 7.8 Hz);  8.21 (1H, s); 13C NMR (CDCl3; 150 MHz) δ 27.8, 

28.3, 38.5, 52.5, 53.1, 55.8, 80.2, 109.9, 111.5, 118.6, 119.8, 122.4, 123.1, 127.1, 127.6, 

128.7, 129.6, 136.2, 136.7, 155.4, 171.0, 171.9. HRMS (ESI): calculated [M+H]+ 466.2297, 

found m/z. 466.2351. 

 

 

Figure 3.13. 1H NMR spectra of peptide Boc-Phe-Trp-OMe (FW). 
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Figure 3.14. 13C NMR spectra of peptide Boc-Phe-Trp-OMe (FW). 

 

 

Figure 3.15. MS spectra of peptide Boc-Phe-Trp-OMe (FW). 
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Boc-Val-Trp-OMe (VW) 

White solid, (652 mg, 85%), 1H NMR (CDCl3; 600 

MHz) δ 0.83 (3H, d, J = 6.6 Hz); 0.90 (3H, d, J = 6.6 

Hz); 1.42 (9H, s); 2.08-2.03 (1H, m); 3.34-3.25 (2H, 

m); 3.64 (3H, s); 3.94 (1H, s); 4.93-4.89 (1H, m); 5.07 

(1H, s); 6.42 (1H, s); 7.00 (1H, s); 7.11 (1H, t, J = 7.2 

Hz); 7.17 (1H, t, J = 7.2 Hz); 7.33 (1H, d, J = 7.8 Hz); 7.52 (1H, d, J = 7.8 Hz); 8.27 (1H, 

s); 13C NMR (CDCl3; 150 MHz) δ 17.7, 19.2, 27.8, 28.5, 31.2, 52.5, 52.9, 59.9, 80.0, 

109.8, 111.5, 118.6, 119.9, 122.4, 123.2, 127.6, 136.3, 156.0, 171.5, 172.2. HRMS (ESI): 

calculated [M+H]+ 418.2297, found m/z. 418.2353. 

 

 

Figure 3.16. 1H NMR spectra of peptide Boc-Val-Trp-OMe (VW). 
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Figure 3.17. 13C NMR spectra of peptide Boc-Val-Trp-OMe (VW). 

 

 

Figure 3.18. MS spectra of peptide Boc-Val-Trp-OMe (VW). 
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Boc-Leu-Trp-OMe (LW) 

White solid, (581 mg, 84%), 1H NMR (CDCl3; 600 

MHz) δ 0.89-0.87 (6H, m); 1.31-1.21 (1H, m); 1.41 

(9H, s); 1.64-1.55 (2H, m); 3.34-3.27 (2H, m); 3.64 

(3H, s); 4.12-4.08 (1H, m); 4.90-4.85 (2H, m,); 6.62-

6.60 (1H, m); 7.03 (1H, s); 7.10 (1H, t, J = 7.2 Hz); 

7.17 (1H, t, J = 7.2 Hz); 7.33 (1H, d, J = 8.4 Hz); 7.51 

(1H, d, J = 7.8 Hz); 8.26 (1H, s); 13C NMR (CDCl3; 150 MHz) δ 22.0, 23.1, 24.8, 27.7, 

28.4, 41.5, 52.5, 53.0, 53.3, 80.1, 109.9, 111.4, 118.7, 119.7, 122.3, 123.3, 127.7, 136.2, 

155.7, 172.2, 172.4. HRMS (ESI): calculated [M+H]+ 432.2454, found m/z. 432.2496. 

 

 

Figure 3.19. 1H NMR spectra of peptide Boc-Leu-Trp-OMe (LW). 
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Figure 3.20. 13C NMR spectra of peptide Boc-Leu-Trp-OMe (LW). 

 

 

Figure 3.21. MS spectra of peptide Boc-Leu-Trp-OMe (LW). 
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Boc-Ile-Trp-OMe (IW) 

White solid, (574 mg, 83%), 1H NMR (CDCl3; 600 

MHz) δ 0.87-0.82 (6H, m); 1.06-0.99 (1H, m); 1.42 

(9H, s); 1.82-1.72 (2H, m); 3.35-3.25 (2H, m); 3.64 

(3H, s); 3.95 (1H, t, J = 7.8 Hz); 4.92-4.89 (1H, m); 

5.06 (1H, d, J = 7.2 Hz); 6.40 (1H, s); 7.03 (1H, s);  7.11 

(1H, t, J = 7.8 Hz); 7.17 (1H, t, J = 7.2 Hz); 7.34 (1H, 

d, J = 8.4 Hz); 7.52 (1H, d, J = 7.8 Hz); 8.23 (1H, s); 13C NMR (CDCl3; 150 MHz) δ 11.6, 

15.5, 24.7, 27.8, 28.5, 37.6, 52.5, 52.9, 59.3, 80.0, 109.8, 111.4, 118.6, 119.9, 122.4, 123.2, 

127.6, 136.3, 155.8, 171.4, 172.2. HRMS (ESI): calculated [M+H]+ 432.2454, found m/z. 

432.2493. 

 

 

Figure 3.22. 1H NMR spectra of peptide Boc-Ile-Trp-OMe (IW). 
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Figure 3.23. 13C NMR spectra of peptide Boc-Ile-Trp-OMe (IW). 

 

 

Figure 3.24. MS spectra of peptide Boc-Ile-Trp-OMe (IW). 
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4.1. Background 

The ability of peptides to self-assemble into ordered structures has become an exciting and 

rapidly growing focus in biomolecular science, offering vast potential for creating new 

materials with unique functions. Among the many aspects of this phenomenon, the 

transformation of peptide morphology over time has emerged as a particularly intriguing 

subject. Such transformations are not only relevant to material design but also play a central 

role in biological systems. For instance, in various neurodegenerative diseases, specific 

peptides undergo abnormal structural rearrangements, leading to the accumulation of toxic 

aggregates.1-3 Studying how these peptides change shape and organize provides valuable 

insight into the mechanisms behind disease progression, helping to identify possible 

therapeutic approaches. The shift in peptide morphology is often governed by a delicate 

balance between the peptide’s own molecular features and the surrounding environmental 

factors. Slight variations in conditions such as pH, temperature, or solvent composition can 

dramatically influence peptide conformation, driving the formation of distinct architectures 

and assemblies.4-9 

In this regard, several studies have explored how variations in environmental or molecular 

factors can influence peptide morphology. Zhang et al.10 investigated amphiphilic, 

surfactant-like peptides that exhibited structural transitions between nanovesicles and 

nanotubes. Gazit and co-workers11 demonstrated that incorporating a thiol functionality 

into the diphenylalanine motif induces a morphological shift from tubular assemblies to 

spherical nanoparticles. Similarly, Li et al.12,13 observed that the dipeptide FF transforms 

from nanotubular structures to vesicle-like morphologies when its concentration is altered. 

Shellnut and co-workers14 reported a comparable transition in D-Phe-D-Phe assemblies, 

where dilution prompted a change in their morphology from nanotubes to vesicles. Matsui 

and Holtman15 further revealed that benzoic diacid diamide molecules display a pH-

dependent structural reorganization, evolving from microspheres to nanotubes. Consistent 

with these findings, Zhang et al.16 also examined pH-responsive morphological transitions 

in peptide systems. Halder and co-workers17 described a dilution-driven change in peptide 

assemblies, where spherical aggregates elongated into rod-like structures. Parquette et al.8 

demonstrated that peptide-dendron hybrids can reversibly interconvert between fibrillar 

and tubular nanostructures in response to pH variations or salt concentration. Kimura and 
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colleagues7 reported a transformation from nanotubes to vesicular assemblies through the 

fusion of helically ordered segments via stereo-complex formation. In another study, Yao 

et al.6 achieved controlled morphological switching in bipyridine-tripeptide assemblies by 

applying external stimuli such as temperature changes and ultrasound. Ulijn and co-

workers5 presented an enzyme-mediated mechanism that drives morphological transitions 

in aromatic peptide amphiphiles. Interestingly, unlike most of these examples where 

external triggers govern the transformation, Stupp et al.4 observed a spontaneous temporal 

evolution of morphology from short, twisted ribbons to extended helical ribbons, occurring 

naturally over time. 

4.2. Design, Synthesis & Characterization of the Peptides 

The design of the tripeptides was inspired by the structural insights from Charcot–Marie–

Tooth (CMT) disease, a prevalent inherited neuropathy. Alteration in the first 

transmembrane segment (TM1) of peripheral myelin protein 22 (PMP22) plays a central 

role in CMT type 1A disease. While Yamada and co-workers18 previously synthesized the 

putative TM1 sequence (Boc-IVLH(Bom)VAVLVLLFVSTIV-OMe) and examined the 

impact of a proline mutation, our work focuses on the hydrophobic core region of the TM1 

fragment. By reducing the segment to minimal tripeptide motifs, we aimed to investigate 

how subtle changes, particularly the exchange of leucine and isoleucine residues, impact 

the self-assembly pathways.  

Therefore, we designed four fully protected hydrophobic tripeptides, namely, Boc-LVL-

OMe (LVL), Boc-IVI-OMe (IVI), Boc-LVI-OMe (LVI), and Boc-IVL-OMe (IVL), and 

explored their time-dependent morphological transformation through supramolecular self-

associations. 

The designed tripeptides were synthesized using a conventional solution-phase method 

(Scheme 4.1), employing o-NosylOXY as the coupling reagent. 
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Scheme 4.1. A schematic representation of the synthesis of a tripeptide in solution. 

 

The protected tripeptides were synthesized in solution phase using o-NosylOXY, a recently 

developed modern coupling reagent, with DCM serving as the reaction solvent. For the 

synthesis, initially, Boc-L-Val-OH was used, followed by coupling with the required 

methyl ester-protected C-terminal amino acid. After successful coupling, the Boc group 

from the valine moiety was removed, followed by coupling with the required Boc (tert-

butyloxycarbonyl) group, protecting the N-terminal amino acid. The crude products were 

purified through column chromatography to obtain the desired pure tripeptides. The 

characterisation of the synthesized compounds was achieved using 1D 1H and 13C NMR 

spectroscopy and Mass spectrometry. The reversed-phase analytical HPLC was performed 

to verify the purity of the tripeptide. 

4.3. Morphological Transformation Study 

The time-dependent morphological evolution of the designed tripeptides through molecular 

self-assembly was examined using field-emission scanning electron microscopy (FESEM, 

Figure 4.1) and field-emission transmission electron microscopy (FETEM, Figure 4.2). The 

observations obtained from these microscopic analyses were further corroborated by 

dynamic light scattering (DLS) measurements, which showed consistent results with the 

proposed transformation behaviour (Figure 4.3). 

4.3.1. Time-dependent FESEM & FETEM Study 

For both sets of experiments, peptide solutions of 500 µM were prepared using a 1:1 

methanol-water solvent system. The samples were then incubated at 37 °C, and 
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morphological studies were performed at specific time intervals using FESEM and 

FETEM. Remarkably, all tripeptides except IVL displayed a noticeable evolution in 

morphology over time. Within the initial hour of incubation, both FESEM and FETEM 

images revealed the formation of uniformly distributed spherical assemblies with diameters 

ranging between 400 and 600 nm. After 24 hours, distinct changes became apparent: for all 

tripeptides except IVL, the initially formed nanospheres appeared to interact and connect 

with each other, as observed by the formation of visible neck-like junctions, suggesting 

fusion between neighbouring spheres. By the fourth day, this fusion process had progressed 

significantly, resulting in elongated, rod-like nanostructures that seemed to arise from the 

merging of multiple spherical units. The transition from spherical to rod-shaped 

morphology was particularly pronounced in the LVL and IVI peptides, less evident in LVI, 

and completely absent in IVL. 
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Figure 4.1. FESEM images displaying morphological transformations of the tripeptides a) LVL, b) IVI, c) 

LVI, and d) IVL, at different time intervals.  

TH-4105_196122038



 

Chapter 4      Morphology transition of tripeptides …… 

82 

 

 

Figure 4.2. FETEM images displaying morphological transformations of the tripeptides a) LVL, b) IVI, c) 

LVI, and d) IVL, at different time intervals.  
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4.3.2. Time-dependent DLS Study  

Dynamic light scattering (DLS) measurements were performed at the same time intervals 

corresponding to those used in the FESEM and FETEM analyses, employing the same 

incubated peptide solutions. At the initial time point of 1 hour, the DLS results indicated 

the formation of uniform nanoparticles for all tripeptides, with hydrodynamic diameters 

ranging from approximately 400 to 600 nm. After 24 hours of incubation, a noticeable 

increase in particle size distribution was observed, suggesting the coexistence of self-

assembled structures of varying lengths. This growth in particle size is likely attributed to 

the gradual fusion or aggregation of nanospheres, resulting in the emergence of larger 

assemblies. By the fourth day, the samples exhibited even broader size distributions with 

significantly higher hydrodynamic diameters across all tripeptides, except in the case of 

IVL, which consistently showed particles of nearly the same size throughout the incubation 

period. The DLS findings are in strong agreement with the morphological evolution 

observed in FESEM and FETEM studies, further confirming the transformation in the self-

assembled structures over time. 

 

Figure 4.3. Size distribution plot in DLS experiment of the tripeptides a) LVL, b) IVI, c) LVI, and d) IVL, at 

different time intervals.  
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4.3.3. Plausible Mechanism  

The gradual transformation of self-assembled tripeptides from spherical nanostructures to 

elongated, rod-like assemblies is an intriguing process. However, the underlying 

mechanism is often intricate and not yet completely understood. Several factors can 

influence this morphological evolution. For instance, the specific arrangement and position 

of amino acids within a peptide sequence can determine the nature and pattern of both 

intramolecular and intermolecular hydrogen bonding interactions. These hydrogen bonds 

play a crucial role in defining the overall architecture of the assembly: while hydrogen 

bonds formed along the peptide backbone typically favour linear, longitudinal growth, 

those involving side chains often facilitate the formation of more complex and ordered 

nanostructures.19,20 

A plausible explanation for the observed transition can be proposed as follows. Initially, 

the tripeptides may rapidly organize into nanospheres, representing a kinetically trapped, 

metastable state formed during the early stages of self-assembly. These spherical 

aggregates correspond to a local energy minimum under the prevailing conditions. As time 

progresses, hydrophobic interactions among adjacent nanospheres may drive them closer 

together, leading to their fusion as a means to minimize the overall surface energy. With 

continued molecular rearrangement, additional non-covalent interactions, such as hydrogen 

bonding and π–π stacking, can further stabilize the growing assemblies, promoting their 

alignment and elongation into rod-like morphologies. In many peptide-based systems, such 

elongated structures are energetically more favourable than spherical ones, as their reduced 

curvature and surface free energy contribute to a more thermodynamically stable 

configuration.21 

4.4. Conformational Study  

For the conformational analysis, circular dichroism (CD) spectroscopy and solid-state 

Fourier-transform infrared (FTIR) spectroscopy were employed. Peptide samples of 500 

µM were prepared in a 1:1 mixture of methanol and water, as described earlier, and 

incubated at 37 °C for four days. The CD measurements were performed using aliquots 

taken directly from the incubated solutions after four days. For FTIR analysis, the four-

day-incubated samples were first lyophilized to obtain the solid material, which was then 

used for the solid-state spectral measurements. 
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4.4.1. Analysis by CD Spectroscopy  

Circular dichroism (CD) analysis (Figure 4.4) revealed distinct spectral features for the 

LVL and IVI tripeptides, both of which displayed a pronounced negative band near 220 

nm. In comparison, the intensity of this band was noticeably weaker for LVI and even more 

subdued for IVL. This trend suggests that LVL and IVI predominantly adopt β-sheet-rich 

conformations, while LVI and IVL exhibit a comparatively lower degree of β-sheet 

character. In addition, a subtle negative shoulder observed between 195 and 200 nm for all 

four tripeptides indicates the coexistence of some random coil components within their 

overall secondary structure.22,23 

 

Figure 4.4. CD spectra of 4 a 4-day-old, incubated sample solution (500 µM) of LVL, IVI, LVI, and IVL in 

50% MeOH/H2O at 37 ºC. 

 4.4.2. Analysis by FTIR Spectroscopy  

To complement the CD spectroscopy findings, FT-IR analysis was performed (Figure 4.5). 

The amide I region (1600–1700 cm⁻¹), primarily corresponding to C=O stretching 

vibrations, and the amide II region (1510–1580 cm⁻¹), associated with N–H bending and 
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C–N stretching, provide valuable insights into the secondary structural features of peptides. 

All four tripeptides exhibited an amide I absorption within the range of 1640–1692 cm⁻¹, 

along with a comparable amide II band appearing between 1516–1518 cm⁻¹. The amide I 

peaks observed at 1642 cm⁻¹ for LVL and IVL, and at 1641 cm⁻¹ for IVI and LVI, are 

characteristic of random coil conformations. In contrast, the bands located near 1692 cm⁻¹ 

(LVL and LVI), 1691 cm⁻¹ (IVL), and 1690 cm⁻¹ (IVI) indicate the presence of antiparallel 

β-sheet structures. Furthermore, the appearance of the amide II bands at 1517 cm⁻¹ for LVL 

and IVL, 1518 cm⁻¹ for IVI, and 1516 cm⁻¹ for LVI further supports the existence of β-

sheet arrangements in these tripeptides.24-27 

 

Figure 4.5. FTIR spectra of 4-day incubated peptide aggregate of LVL (green), IVI (blue), LVI (red), and 

IVL (black), respectively, (500 M each) in a solid state. 
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4.5. N2 Gas Adsorption Study  

As the designed self-assembled tripeptides exhibited hollow nanostructures, clearly 

observed in the FESEM micrographs, their porosity characteristics were subsequently 

investigated. To assess this, nitrogen adsorption-desorption experiments were performed 

for all four tripeptides. The analysis revealed that, except for IVL, the other three 

sequences, namely, LVL, IVI, and LVI, displayed mesoporous behavior and followed type-

III isotherm patterns (Figure 4.6). It is essential to note that purely organic mesoporous 

frameworks are typically characterized by relatively low surface areas.28-35 In contrast, the 

N₂ sorption profiles of our peptide-based materials demonstrated appreciable adsorption 

capacities, with Brunauer-Emmett-Teller (BET) surface areas of 111.5 m²/g for IVI, and 

58.5 and 44.7 m²/g for LVL and LVI, respectively, whereas IVL showed no adsorption 

activity. 

 

Figure 4.6. N2 gas sorption isotherm of tripeptides LVL, IVI, and LVI, respectively. 
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4.6. Drug Encapsulation and Release Study  

Another promising application of these nano-porous, hollow peptide-based assemblies lies 

in their potential use as carriers for targeted drug delivery. The encapsulation of small, 

biologically active drug molecules within peptide-based materials has rarely been 

documented.36-39 

In this study, we investigated the encapsulation behaviour of curcumin, a hydrophobic 

fluorescent molecule known for its anticancer properties, within self-assembled tripeptide 

structures. To achieve this, 500 µM peptide solutions were prepared as previously described 

and co-incubated with 30 µM curcumin in a methanol–water (1:1) mixture at 37 °C. The 

encapsulation process was monitored using time-dependent fluorescence emission 

spectroscopy. Free curcumin (30 µM) displayed strong fluorescence intensity upon 

excitation at 435 nm; however, when incubated with the tripeptides, its fluorescence 

intensity gradually decreased over time, indicating encapsulation within the peptide 

assemblies. The monitoring was carried out for 36 hours, after which no notable change in 

intensity was observed. Among the samples, the curcumin–IVI mixture exhibited the most 

pronounced quenching (approximately 62% reduction in fluorescence intensity), followed 

by the curcumin–LVL mixture (around 50% reduction). Comparatively, the curcumin–LVI 

and curcumin–IVL mixtures showed very minimal inhibition (Figure 4.7). 

Further confirmation of drug encapsulation was obtained through fluorescence microscopy. 

After 36 hours of co-incubation at 37 °C, each peptide–curcumin mixture (30 µM curcumin 

with 500 µM peptide) was drop-cast on clean glass slides and air-dried at room temperature 

before imaging. The emergence of distinct green fluorescence in the micrographs 

confirmed the successful entrapment of curcumin within the hollow, self-assembled 

architectures of the tripeptides (Figure 4.8). Also, the optical microscopy images for the 

tripeptide assemblies in the presence and absence of curcumin reveals that the overall 

morphology remained largely similar (Figure 4.8.e). 
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Figure 4.7. Time-dependent fluorescence emission spectra displaying curcumin encapsulation property of 

the peptides: a) LVL, b) IVI, c) LVI, and d) IVL.  

 

Figure 4.8. Fluorescence microscopic images of curcumin (30 µM) mixed tripeptide solutions of a) LVL, b) 

IVI, c) LVI, and d) IVL (500 µM each) after 36 hr incubation at 37 ºC. 
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Figure 4.8. e). Optical microscopy images of LVL and LVI tripeptides in presence and absence of 

curcumin. 

To explore the release behaviour of the encapsulated drug, we examined the disruption of 

peptide assemblies triggered by salt treatment. 1.5 mM KCl solution was added to 2-day-

old incubated curcumin–IVI and curcumin–LVL for this purpose, followed by an additional 

incubation of 12 hours under the same experimental conditions. This led to an increase in 

fluorescence intensity of the curcumin molecule, suggesting the release of curcumin from 

the peptide framework (Figure 4.9). Microscopic analysis (Figure 4.10) and FESEM 

imaging (Figure 4.11) further confirmed the salt-induced disintegration of the hollow 

nanostructures, validating the release mechanism. As the encapsulation efficiency of the 

curcumin–LVI and curcumin–IVL systems was comparatively low, their salt-mediated 

release behaviour was not further examined. 

 

Figure 4.9. Fluorescence emission spectra displaying the release of the encapsulated curcumin molecule 

for a) LVL, and b) IVI, when treated with KCl solution (1.5 mM). 
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Figure 4.10. Fluorescence microscopic images displaying disruption of curcumin mixed peptide 

morphology, a) LVL, and b) IVI, on being treated with KCl solution (1.5 mM). 

 

Figure 4.11. FESEM images displaying disruption of peptide morphology: a) LVL and b) IVI when treated 

with KCl solution (1.5 mM).  

To further probe how curcumin is encapsulated within the self-assembled tripeptide, FTIR 

analysis was carried out on peptide-curcumin mixtures prepared at the same concentration 

ratios as described above. Their spectra were then compared with those of the 

corresponding peptide assemblies recorded under identical experimental conditions. 

Although FTIR is not highly sensitive to the quantitative extent of encapsulation, 

qualitative differences between the spectra can still reveal how the guest molecule interacts 

with the peptide framework. Notably, the spectra of the curcumin-loaded samples (Figure 

4.12) retain the overall band shapes and positions seen for the peptide assemblies alone. 

This close similarity suggests that predominantly hydrophobic interactions govern the 

incorporation of curcumin into the nanostructures. Free curcumin typically displays a 

distinct and prominent C=O stretching band near 1622 cm⁻¹, the aromatic ring vibration 

around 1600 cm⁻¹, and mixed C=O/C=C vibrations near 1504 cm⁻¹. The absence of these 

characteristic signals suggests that curcumin got sequestered within the hollow interiors of 
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the self-assembled peptide assemblies. This interpretation is consistent with previous 

observations reported by Paramera and co-workers.40 

 

Figure 4.12. FTIR spectra of 4-day incubated curcumin mixed peptide aggregate of LVL, IVI, LVI, and 

IVL, respectively, in solid state.  

A comparison of the TGA profiles of the curcumin mixed tripeptides with those of the 

individual peptides under identical compositions and conditions (Figure 4.13) showed a 

modest increase in thermal stability upon addition of curcumin. This enhancement is 

consistent with the encapsulation of curcumin within the peptide assemblies. A similar 

stabilizing effect of curcumin incorporation has been noted previously by Park and co-

workers, aligning well with our findings.41  
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Figure 4.13. TGA profile of 4-day incubated curcumin mixed peptide aggregate: a) LVL, b) IVI, c) LVI, and 

d) IVL. 

A probable mechanism for the encapsulation of the curcumin molecule co-incubated with 

the tripeptide solutions can be discussed as follows: 

Our designed self-assembled tripeptides spontaneously organize into hollow 

nanostructures. During this assembly process, curcumin becomes integrated into the 

growing architecture rather than attempting to penetrate an already formed shell. Such co-

assembly enables curcumin to be efficiently confined within the developing internal cavity. 

The resulting hollow spaces provide a hydrophobic interior that is well-suited to 

accommodate the highly hydrophobic curcumin molecule. The inclusion of curcumin is 

primarily driven by hydrophobic interactions between the drug and the peptide-rich core, 

which help retain the molecule within the structure as it forms. These interactions are likely 

complemented by short-range van der Waals contacts that further stabilize the encapsulated 

drug molecule. Through this mechanism, the self-assembling peptides create nanoscale 

compartments that not only entrap the drug molecule but also shield it from the surrounding 

environment. This confinement not only improves curcumin’s stability and bioavailability 

but also supports a more gradual and controlled release profile. Overall, the co-assembly 

TH-4105_196122038



 

Chapter 4      Morphology transition of tripeptides …… 

94 

 

pathway offers a more effective and robust mode of incorporation compared to simple 

surface adsorption. 

4.7. Thermal Stability Study  

To evaluate the thermal stability of the designed tripeptides, thermogravimetric analysis 

(TGA) was performed. The tripeptide samples were incubated for four days in a 1:1 

methanol–water mixture, followed by lyophilization to obtain the aggregated solids used 

for analysis. Typically, in a TGA profile, the initial weight loss observed between 25 and 

200 °C corresponds to the evaporation of surface-adsorbed or bound water molecules. At 

the same time, the subsequent decrease in mass within the 200–500 °C range is attributed 

to the breakdown of peptide bonds.⁶⁷ In the present study, all tripeptide assemblies 

exhibited the onset of weight loss only above 200 °C, indicating that the self-assembled 

structures possess considerable thermal stability. Furthermore, the absence of any 

noticeable mass loss below 200 °C suggests that no residual water or solvent molecules 

were trapped within the dried peptide aggregates (Figure 4.14). 

 

Figure 4.14. TGA profile of the aggregated mass obtained from the peptides: a) LVL, b) IVI, c) LVI, and d) 

IVL. 
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4.8. Conclusion  

In summary, our study demonstrates a distinct time-dependent morphological 

transformation of tripeptides from nanospherical to rod-like structures through self-

assembly. Among the investigated sequences, the fully protected hydrophobic tripeptides 

with identical terminal residues (LVL and IVI) exhibited the most pronounced 

morphological transitions, while the change was less evident for LVI and absent in IVL. 

These structural variations were further correlated with their surface properties and 

functional behaviour: LVL and IVI showed enhanced nitrogen adsorption capacities and 

superior curcumin encapsulation efficiencies, resulting in 50% and 62% fluorescence 

quenching, respectively. The temporal evolution of morphology was confirmed using 

FESEM and FETEM analyses, and the results were further supported by a DLS study. CD 

and FTIR studies indicated the coexistence of random coil and β-sheet conformations 

within the self-assembled architectures. Moreover, the porous peptide nanostructures 

showed reversible KCl-triggered release of encapsulated curcumin, underscoring their 

potential as time-responsive biomaterials. Collectively, these findings highlight the 

significance of molecular design in controlling peptide self-assembly, and they pave the 

way for the development of controllable, peptide-based nanocarriers for drug delivery 

applications. 
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4.9. Characterization data  

Boc-Leu-Val-Leu-OMe (LVL) 

White solid, M.P 140-143 oC, (1H NMR (CDCl3; 

600 MHz) δ in ppm 0.94-0.88 (18H, m); 1.40 (9H, 

s); 1.65-1.57 (4H, m); 2.10-2.06 (1H, m); 2.47 

(1H, s); 3.70 (3H, s); 4.21-4.17 (1H, m); 4.37-4.34 

(1H, t, J = 8.4 Hz); 4.58-4.55 (1H, m); 5.43 (1H, 

s); 7.09 (1H, s); 7.28 (1H, s). 13C NMR (CDCl3; 150 MHz) δ in ppm 18.3, 19.2, 21.9, 22.3, 

22.9, 24.9, 28.4, 31.0, 41.1, 50.8, 52.3, 53.3, 58.6, 79.8, 155.8, 171.4, 172.9, 173.3. HRMS 

(ESI): calculated [M+H]+ =458.3230, observed m/z = 458.3225. HPLC: retention time (tR) 

= 12.621 min. The purified tripeptide 480 mg (Yield = 76% w.r.t. initial substrate Boc-L-

Val-OH). 

 

Figure 4.15. 1H NMR spectra of peptide Boc-Leu-Val-Leu-OMe (LVL). 
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Figure 4.16. 13C NMR spectra of peptide Boc-Leu-Val-Leu-OMe (LVL). 

 

 

Figure 4.17. MS spectra of peptide Boc-Leu-Val-Leu-OMe (LVL). 
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Figure 4.18. HPLC profile picture of purified peptide Boc-Leu-Val-Leu-OMe (LVL). 

 

Boc-Ile-Val-Ile-OMe (IVI) 

White solid, M.P 165-167 oC, (1H NMR (CDCl3; 

600 MHz) δ in ppm 0.86-0.82 (12H, m); 0.89 (6H, 

s); 1.18-1.07 (2H, m); 1.38 (9H, s); 1.54-1.53 (1H, 

m); 1.81-1.76 (1H, m); 1.91-1.85 (1H, m); 2.04-

2.00 (1H, m); 3.69 (3H, s);   4.01-3.98 (1H, t, J = 

9.0 Hz); 4.47-4.45 (1H, t, J = 7.8 Hz); 4.58-4.55 (1H, t, J = 6.0 Hz); 5.76 (1H, s); 7.28-7.21 

(1H, m); 7.54-7.52 (1H, m). 13C NMR (CDCl3; 150 MHz) δ in ppm 11.2, 11.5, 15.5, 18.6, 

19.1, 25.0, 25.1, 28.4, 30.9, 36.8, 37.5, 52.0, 56.5, 58.7, 59.4, 79.4, 156.0, 171.7, 172.4. 

HRMS (ESI): calculated [M+H]+ = 458.3230, observed m/z = 458.3226. HPLC: retention 

time (tR) = 12.703 min. The purified tripeptide 498 mg (Yield = 78% w.r.t. initial substrate 

Boc-L-Val-OH). 
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Figure 4.19. 1H NMR spectra of peptide Boc-Ile-Val-Ile-OMe (IVI). 

 

 

Figure 4.20. 13C NMR spectra of peptide Boc-Ile-Val-Ile-OMe (IVI). 
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Figure 4.21. MS spectra of peptide Boc-Ile-Val-Ile-OMe (IVI). 

 

 

Figure 4.22. HPLC profile picture of purified peptide Boc-Ile-Val-Ile-OMe (IVI). 
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Boc-Leu-Val-Ile-OMe (LVI) 

White solid, M.P 143-145 oC, (1H NMR (CDCl3; 

600 MHz) δ in ppm 0.92-0.86 (18H, m); 1.18-1.12 

(1H, m); 1.40 (9H, s); 1.51-1.48 (1H, m); 1.65-

1.61 (1H, m); 1.90-1.87 (1H, m); 2.08-2.03 (1H, 

m); 2.51 (1H, s); 3.71 (3H, s); 4.20-4.16 (1H, m); 

4.41-4.39 (1H, t, J = 7.2 Hz); 4.56-4.54 (1H, m); 5.46 (1H, s); 7.06 (1H, s); 7.28 (1H, s). 

13C NMR (CDCl3; 150 MHz) δ in ppm 11.6, 15.5, 18.3, 19.2, 22.2, 23.0, 24.8, 25.1, 31.0, 

37.6, 41.0, 52.1, 53.2, 56.6, 58.6, 79.8, 155.8, 171.5, 172.3, 173.0. HRMS (ESI): calculated 

[M+H]+ = 458.3230, observed m/z = 458.3218. HPLC: retention time (tR) = 12.653 min. 

The purified tripeptide 475 mg (Yield = 75% w.r.t. initial substrate Boc-L-Val-OH). 

 

Figure 4.23. 1H NMR spectra of peptide Boc-Leu-Val-Ile-OMe (LVI). 
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Figure 4.24. 13C NMR spectra of peptide Boc-Leu-Val-Ile-OMe (LVI). 

 

 

Figure 4.25. MS spectra of peptide Boc-Leu-Val-Ile-OMe (LVI). 
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Figure 4.26. HPLC profile picture of purified peptide Boc-Leu-Val-Ile-OMe (LVI). 

 

Boc-Ile-Val-Leu-OMe (IVL) 

White solid, M.P 169-172oC, (1H NMR (CDCl3; 

600 MHz) δ in ppm 0.94-0.83 (18H, m); 1.11-

1.06 (1H, m); 1.40 (9H, s); 1.43 (1H, s); 1.63-1.60 

(2H, m); 1.82-1.78 (1H, m); 2.09-2.03 (1H, m); 

3.70 (3H, s);   4.02-3.99 (1H, t, J = 8.4 Hz); 4.40-

4.37 (1H, t, J = 8.4 Hz); 4.59-4.56 (1H, m); 5.66 (1H, s); 7.28 (1H, s); 7.41 (1H, s). 13C 

NMR (CDCl3; 150 MHz) δ in ppm 11.3, 15.5, 18.5, 19.1, 21.7, 23.0, 24.8, 25.0, 28.4, 30.9, 

37.0, 40.9, 50.8, 52.3, 58.6, 59.5, 79.6, 156.0, 171.6, 172.4, 173.3. HRMS (ESI): calculated 

[M+H]+ = 458.3230, observed m/z = 458.3225. HPLC: retention time (tR) = 12.560. The 

purified tripeptide 473 mg (Yield = 74% w.r.t. initial substrate Boc-L-Val-OH).  

TH-4105_196122038



 

Chapter 4      Morphology transition of tripeptides …… 

104 

 

 

Figure 4.27.
 1H NMR spectra of peptide Boc-Ile-Val-Leu-OMe (IVL). 

 

Figure 4.28.
 13C NMR spectra of peptide Boc-Ile-Val-Leu-OMe (IVL). 
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Figure 4.29.
 
MS spectra of peptide Boc-Ile-Val-Leu-OMe (IVL). 

 

 

Figure 4.30. HPLC profile picture of purified peptide Boc-Ile-Val-Leu-OMe (IVL). 
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5.1. Background 

Cyclic peptides possess unique structural features that make them promising candidates for 

synthetic self-replicating systems. Unlike linear peptides, they exhibit enhanced resistance 

to enzymatic degradation and spontaneous hydrolysis due to the absence of free termini 

and their conformational rigidity.1,2 These characteristics provide a stable framework for 

investigating molecular self-replication under various conditions. However, no self-

replicating system based on cyclic peptides has yet been demonstrated. Previous studies 

have primarily focused on linear peptides, particularly those that form α-helical or β-sheet 

structures, which facilitate template-assisted replication.3-9 In this work, we examine how 

cyclic peptides, despite lacking conventional secondary structures, can undergo template-

directed self-replication through non-covalent interactions and catalytic processes. It offers 

new insights into peptide-based molecular replication, advantageous for prebiotic 

chemistry models and long-term functional systems. 

5.2. Proposed Hypothesis  

Amyloid-β (Aβ) peptide is widely studied for its characteristic ability to self-assemble into 

fibrillar aggregates, a hallmark of Alzheimer’s disease pathology. This self-assembling 

behaviour is largely driven by the hydrophobic core region (Aβ16-20) of Aβ.10,11 However, 

sequence cyclization significantly alters its self-assembling properties and effectively 

suppresses fibrillogenesis.12,13 Our study leverages the self-assembling properties of Aβ by 

designing cyclic peptides that incorporate its hydrophobic core motif with the aim of 

constructing a minimalist, self-assembling system capable of templated self-replication. 

5.3. Design of the Cyclic Peptides  

The design of the peptides used in this study was inspired by the hydrophobic core motif 

of the Aβ peptide (Table 5.1). The precursor molecule (LP1) was designed so that its C-

terminal is benzyl ester-protected and the N-terminal has a free -NH2 group, i.e., the 

electrophilic and nucleophilic sites are located within the same molecule. An 

intramolecular ester condensation will give rise to the desired self-replicating cyclic 

product. As for the template molecule (T1), it was head-to-tail cyclized utilizing the 

synthetic procedure explained below. Also, we intentionally acetylated the -NH2 group of 
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the lysine side chain in the precursor molecules so that it does not interfere or compete with 

the main chain -NH2 group while the cyclization reaction occurs. This brings in a slight 

structural difference between the cyclic products formed (where the lysine side chain is 

acetylated) and the template molecules (where the -NH2 group of the lysine side chain is 

kept free). This ingenious move not only helps us distinguish the template molecule from 

the cyclic product by a mass difference of 42 but also generates HPLC peaks at different 

retention times, which, in turn, helps in proper monitoring of the ligation reactions. 

Table 5.1. Sequence of the peptides synthesized along with their codes, molecular weights, 

and specific roles.a 

 

aStandard amino acids are represented by their one-letter code, Ac= acetyl group, Bn= benzyl group. 

5.4. Synthesis and Characterization of the Peptides  

The cyclic and linear peptides were synthesized manually using a standard Fmoc/tBu solid-

phase peptide synthesis (SPPS) protocol on a Stuart tube rotator, using Rink Amide MBHA 

resin as the solid support. The solid phase peptide syntheses were carried out first by 

anchoring Fmoc-Glu-OMe/Fmoc-Glu-OBn to Rink Amide resin through its side chain, and 

the peptide sequences were continued to obtain the sets of linear and cyclic peptides as 

mentioned in Table 5.1. For the cyclic peptides, methyl ester at the C-terminus was first 

cleaved using 5 equiv of LiOH dissolved in a minimal amount of H2O along with DMF for 

4 h, followed by Fmoc-cleavage at the N-terminus using 20% piperidine in DMF. 

Thereafter, head-to-tail cyclization was carried out using 3.5 equiv of BOP as the coupling 

reagent and 7 equiv of DIPEA as base for 24 h. 

After completion of the synthesis, the peptides were cleaved from resin using 80% TFA, 

15% DCM, and 5% H2O for 3 h. After cleavage from the amide resin, glutamic acid at the 

C-terminus was converted to glutamine. The crude peptides were precipitated with cold 
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diethyl ether, washed thoroughly with diethyl ether three times, centrifuged, and then 

characterized by mass spectrometry and RP-HPLC. 

5.5. Monitoring of the progress of self-replication reactions  

Precursor, LP1 solution (400 μM) was prepared in PBS (50 mM) of pH 7.4. The prepared 

sample solution was incubated at 37 °C, and the intramolecular ester condensation reaction 

was monitored by analytical HPLC and CD at different time points (Figure 5.1). 

 

Figure 5.1. Schematic representation of the proposed self-replication mechanism of the designed cyclic 

peptide. 

5.5.1. Time-dependent RP analytical HPLC  

The time-dependent HPLC study reveals that, in the absence of any template, the ligation 

reaction proceeded very slowly, producing a very small amount of the cyclized product. 

After 24 hours of careful monitoring of the ligation reaction, a slight increase in the product 

(CP1) formation was observed; however, the formation of the hydrolyzed product (side 

product) also increased significantly compared to the product formation (Figure 5.2). 

For a system to be called self-replicating, the reaction product should autocatalytically 

promote its own synthesis. To address this concern, we have performed additional 

experiments using the product (CP1) itself as the template (at various concentrations) for 

ligation with LP1. Under these conditions, we observed a significant enhancement in 

product formation under templated conditions compared to a non-templated reaction. These 

results indicate that the product CP1 can promote its own formation by promoting favorable 
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interactions between the reactants and are therefore consistent with an autocatalytic 

pathway of self-replication (Figure 5.3). 

 

Figure 5.2. a). Time-resolved HPLC chromatograms for the ligation reaction of LP1 (400 μM) in the 

absence of template. [HP1 represents the hydrolyzed product]. b). Kinetic plot for the quantity of CP1 

produced over time in the absence of template (T1). 

 

Figure 5.3. a). Time-resolved HPLC chromatograms for the ligation reaction of LP1 (400 μM) in the 

presence of CP1 (200 μM). b). Kinetic plots for the quantity of CP1 produced over time in the presence and 

absence of different amounts of template (CP1) concentration. [The amount of CP1 produced in the ligation 

reaction was calculated by subtracting the initial concentration of CP1 taken as template from the final 

amount. 

Next, to simplify the monitoring and analysis of the ligation reaction, we performed the 

same reaction with template molecule (T1) at different concentrations (200, 150, 100, and 

50 μM). The amount of product formed was increased by many folds compared to unseeded 

condition and also the amount of side product (HP1) formed was decreased significantly. 

The ligation reaction, when seeded, occurs faster than in unseeded conditions, and the 
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amount of product formation increases with increasing template concentration (Figure 5.4). 

In the ligation reaction under seeded conditions, after a lag phase of about 3 h, the rate of 

product formation increased significantly, monitored for up to 24 h. Beyond that time, the 

formation of the product reached a plateau, and a small amount of hydrolyzed product 

started to form. The ligation reaction, which was initially seeded with 200 μM template, 

produced 10-fold more product than that of the unseeded condition. 

 

Figure 5.4. a). Time-resolved HPLC chromatograms for the ligation reaction of LP1 (400 μM) in the 

presence of T1 (200 μM) were monitored up to 24 h. b). Kinetic plots for the quantity of CP1 produced over 

time in the presence and absence of different amounts of template (T1) concentration. c). Increase in 

product formation for the ligation reaction of LP1 (400 μM) in the presence of different T1 concentrations. 

d). Decrease in the hydrolyzed product formed for the ligation reaction of LP1 (400 μM) in the presence of 

different T1 concentrations. 

In Figure 5.3.b and 5.4.b, the kinetic profile for the quantity of CP1 produced during the 

ligation of LP1 in the absence of any template was monitored up to 24 h, where the product 

formation displayed a near-linear kinetic trajectory. The kinetic profiles were plotted up to 

24 h to facilitate a direct comparison between the quantity of product formed under seeded 
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and unseeded conditions. However, the kinetic profile for the amount of product formed 

upon the complete course of the ligation reaction in the absence of template is shown in 

Figure 5.2.b. Comparing the kinetic profiles in Figure 5.3.b/5.4.b and Figure 5.2.b, it was 

evident that the ligation reaction carried out in the absence of the template was much 

slower, with a lag phase of around 24 h, compared to that under seeded conditions (lag 

phase of 3 h). 

The presence of a lag phase in the kinetic profiles of both Figure 5.3.b and 5.4.b, even in 

the presence of a template, strongly indicates that the reaction is not a simple intramolecular 

cyclization process but rather involves an initial association step preceding catalytic 

acceleration. Thus, during this initial phase, supramolecular organization between the 

cyclic template and the linear precursor occurs, generating a structured microenvironment 

in which reactive termini are properly aligned. Once such precursor-template co-assemblies 

form, accelerated cyclization proceeds and ceases when the precursor molecules are 

exhausted, giving rise to the observed sigmoidal kinetics. 

Notably, the reaction kinetics in the presence of CP1 closely resemble those obtained with 

T1. Despite the slight structural difference between T1 and CP1, the comparable kinetic 

profiles observed for both T1- and CP1-mediated ligation reactions suggest that the 

templating effect is primarily governed by the precise cyclic backbone and overall 

supramolecular organization, rather than the presence or absence of a free lysine side chain. 

5.5.2. Time-dependent CD study  

To further investigate the conformational changes throughout the course of the ligation 

reaction and the production of CP1 over time from the precursor LP1 in the presence of T1, 

we performed a time-dependent CD spectroscopy. The time-dependent CD spectroscopic 

study suggests that, initially (after 5 minutes), the solution displays a weak negative band 

around 200 nm, probably due to the formation of an unordered structure, consistent with 

early-stage, non-specific peptide interactions prior to the formation of more ordered 

assemblies. However, after 12 h, the appearance of prominent negative bands around 230 

nm and 220 nm signifies the presence of both β-sheet and random coil conformations.14,15 

LP1 solution contributes to the formation of β-sheet conformation and presence of 

T1solution, and generation of in-situ CP1 contributes to the observed random coil 
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conformation. This observation is further backed and aligns with the CD spectroscopy of 

the individual species discussed below (section 5.6). After 24 h, the appearance of a single 

prominent negative band around 200 nm indicates the conversion of LP1 to CP1 in the 

presence of T1, and both the template and product molecule contribute to the observed 

random coil conformation (Figure 5.5). To further support the findings from the time-

dependent CD analysis, we conducted a FESEM study of the reaction mixture at 12 h. The 

microscopic image revealed the co-existence of fibrous and rod-like morphologies, 

indicating the simultaneous presence of both LP1 (contributing to the fibrous morphology) 

and CP1 + T1 (contributing to the rod-like morphology) in the reaction mixture. These 

results are consistent with the morphological observation discussed below. 

Figure 5.5. a). CD spectra of the reaction mixture LP1 (400 μM) and T1 (200 μM) at different time 

intervals. b). FESEM image of the reaction mixture at 12 h, displaying the morphology of both fiber and 

rod-like structures. 

5.6. Morphology & Conformational Analysis  

Morphology studies using both FESEM and FETEM reveal that the designed precursor 

molecule (LP1) displays long fibrillar morphology, whereas both the template molecule 

(T1) and the product molecule (CP1) exhibit highly organized rod-type structures under 

both microscopic analyses. Conformational studies suggest that LP1 adopts a β-sheet 

conformation, as evidenced by a negative band at around 220-230 nm and a positive band 

at around 190-200 nm. For both T1 and CP1, a prominent negative band around 190-200 

nm indicates that these peptides exist mainly in random coil conformations (Figure 5.6). 

Thus, a change in morphology and conformation occurs when LP1 reacts to form self-

replicating CP1. 
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Figure 5.6. a), b), c). FESEM images, d), e), f). FETEM images displaying morphologies, and g). CD 

spectra displaying the conformations of LP1, T1, and CP1. 

5.7. Sequence Selectivity  

As a control reaction, we synthesized two additional linear peptides, A-LP1 and G-LP1 

(Table 5.1), which differ from our original precursor molecule LP1 only at the N-terminus. 

A-LP1 contains alanine, and G-LP1 possesses a more flexible glycine moiety in place of 

lysine in LP1. With the aim of demonstrating that even a subtle mutation in the precursor 

molecule can significantly disrupt the efficiency of templated reactions, we set up two 

additional experimental designs. Both the A-LP1 and G-LP1 molecules (400 μM) were 

seeded with T1 (200 μM) and incubated under the same experimental conditions as 

described above. The ligation reactions were then monitored using time-dependent 

analytical HPLC. This study reveals that a very small amount of ligating products was 

formed during the ligation reaction. The quantity of products formed was negligible when 

compared to that of the product formed when LP1 was used as precursor, and its production 

proceeded linearly over the entire 24-hours of monitoring (Figure 5.7). 
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Figure 5.7. Production of corresponding cyclic products (P) over time with mutated precursors A-LP1 and 

G-LP1 in the presence of T1. [Formation of P over time for LP1 + T1 is shown for comparison. The cyclic 

products other than CP1 are the ligating products of A-LP1 and G-LP1 formed under the experimental 

conditions. The concentration for all the cyclic products (P) was calculated by comparing it with the HPLC 

peak of the same molecule with a known concentration.] 

This experiment concludes that the significant enhancement of ligation when LP1 was used 

as a precursor in the presence of template T1 is not simply due to the crowding effect but 

rather a result of molecular recognition. Thus, peptide self-replication relies on precise, 

sequence-specific molecular recognition between the template and the precursor molecules. 

This is a case where sequence fidelity is required for functional molecular recognition. 

Even a single point mutation (K → A or G) abolishes the specific interactions required for 

templating, much like a missense mutation disrupting protein-protein interactions. 

5.8. Kinetic Study  

The kinetics of the self-replicating system can be described by the following set of chemical 

equations shown below. At first, the linear/precursor peptide (𝐿𝑃) binds reversibly with the 

template molecule (𝑇) to form a precursor-template (𝐿𝑃 ∙ 𝑇) complex. The presence of the 

pre-formed cyclic template molecule brings the reactive ends of the LPs into closer 

proximity, facilitating ligation to form the product-template (𝐶𝑃∙𝑇) complex. In the last 

step, the product-template complex dissociates, producing two copies of product molecules 

(𝐶𝑃 𝑎𝑛𝑑 𝑇) each of 𝐶𝑃 and 𝑇 can re-enter the next self-replicating cycle and continue it. 
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𝐿𝑃 + 𝑇 ⇌ 𝐿𝑃 ∙ 𝑇                   (1) 

𝐿𝑃 ∙ 𝑇 → 𝐶𝑃 ∙ 𝑇                     (2) 

𝐶𝑃 ∙ 𝑇 ⇌ 𝐶𝑃 + 𝑇                   (3) 

𝐿𝑃 ∙ 𝐶𝑃 → 𝐶𝑃 ∙ 𝐶𝑃                (4) 

𝐶𝑃 ∙ 𝐶𝑃 ⇌ 𝐶𝑃 + 𝐶𝑃             (5) 

 

The proposed mechanism is further supported by kinetic analysis using a logarithmic plot 

of initial reaction rates versus seeded template concentration (Figure 5.8). This analysis 

demonstrates exponential growth, with a catalytic reaction order of p ≈ 1. This value 

suggests an efficient self-replication process in which each ligation step generates a new 

catalytic site that retains the original functionality. In the context of synthetic self-

replicating systems, demonstrating exponential growth in the concentration of the 

replicator is essential to establish its potential for Darwinian-like evolution. Exponential 

amplification is a hallmark of systems capable of selective propagation. The reaction order 

(p) serves as an important indicator of replication efficiency: as p approaches 1, the system 

exhibits behavior closer to ideal exponential growth.16,17 This, in turn, enhances the 

system's ability to selectively amplify the most efficient replicators, effectively mimicking 

natural selection. 

We have further investigated the early events of the conformational transformation for both 

the precursor (LP1) and the hydrolyzed product (HP1) using time-dependent CD 

spectroscopy (Figure 5.8 c-f). A consistent change in the CD spectra was observed for both 

species as they transitioned from a random coil to a β-sheet conformation. A similar time-

dependent cooperative conformational transition has been reported previously for many 

peptide systems18,19 and is consistent with our observation. This change in conformation 

over time exhibited sigmoidal behavior, characterized by a lag phase followed by a 

cooperative growth phase, similar to the curve obtained for the product formation of the 

self-replicating cyclic peptides discussed above.  This suggests that the conformational 

mutation of the peptides is also self-replicatory in nature, and for linear peptides (such as 

LP1 and HP1) it evolves to β -sheets followed by fibril formation. 
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Figure 5.8. a). Schematic representation of the self-replicatory process generating copies from the parent 

structure. b). Logarithmic plot of the initial rates extracted from the graph (Figure 5.4.b) as a function of 

seeded template concentrations. c) CD spectra, d) Time course measurement, of the random coil to β-sheet 

transformation of LP1. e) CD spectra, f). Time course measurement of the random coil to β-sheet 

transformation of HP1 (400 μM each, pH 7.4 at 37 °C (sigmoidal fit, R2 = 0.99, each). 

We acknowledge the fact that, in previously studied systems, the term self-replication was 

applied to the synthesis of a larger molecule from its smaller building blocks. In contrast, 

our system does not involve covalent bond formation between separate fragments but rather 

involves intramolecular cyclization of a single precursor of identical length. However, the 

criteria that define self-replication are not the specific synthetic route but rather the ability 

of the product to catalyze or template the formation of additional copies of itself. The 

present system fulfills the defining criteria of self-replication and is thus termed “self-

replication”.  

The advantages of the new system over multicomponent fragment-condensation replicators 

are that the templated cyclization strategy involves a single precursor-to-product 

transformation, potentially reducing competing side reactions and improving replication 

fidelity. Furthermore, the new self-replicating system does not rely on the conventional 

secondary structures for templating. Also, the benzyl ester-mediated ligation approach 

reduces hydrolytic degradation (under templated conditions) and undesired side reactions. 

The lower intrinsic reactivity of the benzyl ester suppresses background reactivity and 
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improves the signal-to-noise ratio of self-replication experiments, facilitating experimental 

handling and mechanistic investigation. 

One of the disadvantages/shortages of the new system is that it is strongly dependent on 

templating interactions, and therefore, spontaneous background reactions remain limited 

under these conditions. Therefore, generation of variation in the next generation becomes 

limited. However, in the absence of the template, hydrolysis competes effectively with 

cyclization, leading to the formation of a significant quantity of hydrolyzed product. 

 

5.9. Conclusion  

In the present study, we have successfully designed, synthesized, and characterized a novel 

head-to-tail cyclic peptide capable of undergoing self-replication through templated 

autocatalytic mechanisms. Unlike traditional peptide-based self-replicators that rely 

heavily on structured motifs such as helical coiled coil and β-sheet assemblies, our designed 

self-replicating cyclic peptides exist predominantly in random coil conformations, having 

a rod-like architecture. We have also successfully implemented a new ligating strategy by 

using benzyl-ester mediated amide bond formation, offering an alternative to the widely 

used Kent’s ligation method.20 Benzyl-esters are generally more stable toward hydrolysis 

and undesired side reactions, whereas thioesters are more reactive under neutral and mildly 

basic aqueous conditions.21,22 We acknowledge the fact that in our system (at pH 7.4), in 

the absence of a template, a substantial quantity of hydrolyzed product was formed, and the 

hydrolysis accelerated after 24 h in the reaction medium. However, such benzyl ester 

hydrolysis was significantly decreased when the ligation reactions were carried out in the 

presence of various template concentrations. HPLC analysis revealed that the self-

replicating efficiency of the cyclic peptide under seeded conditions was many-fold higher 

than under unseeded conditions, and product formation increased with increasing template 

concentration. The designed self-replicating cyclic peptides exhibit exceptional molecular 

selectivity, including sequence selectivity, where sequence fidelity is strictly required 

between the precursor and the template for effective self-recognition and templated 

replication. Even a single point mutation is sufficient to disrupt the critical interactions 

required for successful templating. This exploration of self-replicating peptides combines 

disciplines such as chemistry, biology, and materials science, and continues to inspire 

researchers to uncover the molecular principles that enable these fascinating molecules to 

replicate. 
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5.10. Characterization data  

Prior to the synthesis of the cyclic and linear peptides discussed above, Fmoc-Glu(OtBu)-

OH was first converted into its methyl ester and benzyl ester derivatives using methyl 

iodide (MeI) and benzyl bromide (BnBr), respectively (Scheme 5.1 and 5.2). (Detailed 

synthetic procedure is discussed in Chapter 2). 

 

Scheme 5.1. Schematic representation of the synthesis of Fmoc-Glu-OMe.  

White solid (650 mg, 85%), 1H NMR (CDCl3; 600 MHz) δ 7.76 (d, J = 7.5 Hz, 2H), 7.59 

(s, 2H), 7.40 (td, J = 7.5, 2.6 Hz, 2H), 7.31 (td, J = 7.5, 3.1 Hz, 2H), 5.49 (d, J = 8.2 Hz, 

1H), 4.46 - 4.37 (m, 3H), 4.21 (t, J = 6.9 Hz, 1H), 3.75 (s, 3H), 2.44 (qt, J = 16.6, 7.1 Hz, 

2H), 2.22 (dq, J = 13.5, 6.8 Hz, 1H), 1.97 (dq, J = 14.7, 8.1, 7.4 Hz, 1H). 13C NMR (CDCl3; 

151 MHz) δ 177.88, 172.67, 156.40, 144.13, 144.00, 141.66, 128.09, 127.43, 125.42, 

125.38, 120.35, 120.34, 67.46, 53.49, 52.99, 47.48, 30.13, 27.77. 

 

Figure 5.9. 1H NMR spectra of Fmoc-Glu-OMe. 
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Figure 5.10. 13C NMR spectra of Fmoc-Glu-OMe. 

 

 

Figure 5.11. ESI mass spectra of Fmoc-Glu-OMe. Calculated mass is 383.1369, observed mass is 384.1417 

[M+H]+, 401.1673 [M+Na]+. 
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Scheme 5.2. Schematic representation of the synthesis of Fmoc-Glu-OBn. 

 

White solid (760 mg, 83%), 1H NMR (CDCl3; 400 MHz) δ 7.75 (d, J = 7.6 Hz, 3H), 7.58 

(d, J = 7.5 Hz, 2H), 7.39 (t, J = 7.4 Hz, 3H), 7.35-7.33 (m, 5H), 5.48 (d, J = 8.5 Hz, 1H), 

5.18 (s, 2H), 4.41 (dd, J = 7.1, 2.8 Hz, 2H), 4.20 (s, 1H), 2.48-2.18 (m, 5H). 13C NMR 

(CDCl3; 151 MHz) δ 177.47, 172.03, 156.43, 144.13, 143.98, 141.65, 135.35, 129.02, 

128.99, 128.95, 128.92, 128.69, 128.09, 127.44, 125.40, 120.35, 120.33, 67.87, 67.49, 

53.60, 47.47, 30.04, 27.78. 

 

 

Figure 5.12. 1H NMR spectra of Fmoc-Glu-OBn. 
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Figure 5.13. 13C NMR spectra of Fmoc-Glu-OBn. 

 

 

Figure 5.14. ESI mass spectra of Fmoc-Glu-OBn. Calculated mass is 459.1682, observed mass is 460.1761 

[M+H]+, 482.1569 [M+Na]+. 
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H2N-K(Ac)-L-V-F-F-A-Q-COOBn (LP1): (White fluffy powder, yield = 15.5 mg, 11.3% 

w.r.t the resin loading. Calculated mass is 983.548, observed mass is 985.077 [M+2H]+, 

1007.081 [M+Na+H]+ , 1023.101 [M+K+H]+. HPLC retention time (tR) = 6.9 min). 

 

 

Figure 5.15. MALDI-TOF mass spectrum of purified peptide LP1. 

 

Figure 5.16. HPLC profile of purified peptide LP1. 
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: (White fluffy powder, yield = 8.5 mg, 7.3% w.r.t the resin 

loading. Calculated mass is 833.480, observed mass is 

834.967 [M+H]+ and 856.896 [M+Na]+. HPLC retention 

time (tR) = 7.4 min). 

 

  

Figure 5.17. MALDI-TOF mass spectrum of purified peptide T1. 

 

Figure 5.18. HPLC profile of purified peptide T1. 
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H2N-A-L-V-F-F-A-Q-COOBn (A-LP1): (White fluffy powder, yield = 18.6 mg, 15% 

w.r.t the resin loading. Calculated mass is 884.479, observed mass is 908.172 [M+Na+H]+ 

, 925.174 [M+K+2H]+. HPLC retention time (tR) = 6.9 min). 

 

 

 

Figure 5.19. MALDI-TOF mass spectrum of purified peptide A-LP1. 

 

Figure 5.20. HPLC profile of purified peptide A-LP1. 
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H2N-G-L-V-F-F-A-Q-COOBn (G-LP1): (White fluffy powder, yield = 20.2 mg, 16.5% 

w.r.t the resin loading. Calculated mass is 870.464, observed mass is 871.695 [M+H]+, 

893.706 [M+Na]+ , 909.721 [M+K]+. HPLC retention time (tR) = 6.9 min). 

 

 

Figure 5.21. MALDI-TOF mass spectrum of purified peptide G-LP1. 

 

Figure 5.22. HPLC profile of purified peptide G-LP1. 
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6.1. Background 

In Chapter 5, we discussed about the first-ever design, synthesis, and self-replicating ability 

of a head-to-tail cyclic peptide (CP1) from its corresponding precursor molecule (LP1).  

The discussed self-replicating cyclic peptide did not possess a conventional secondary 

conformation for replication yet showed significant self-replication through a templated 

mechanism.  In this chapter, we introduce two more heterochiral head-to-tail cyclic 

peptides and study their self-replicating efficacies. The difference between the earlier 

studied self-replicating cyclic peptides and these two designed cyclic peptides is that the 

previous one was homochiral (with all L-amino acids), and the newly designed cyclic 

peptides contain one D-amino acid each. Thus, in this chapter, through backbone 

stereochemical modification, we aim to achieve a more efficient cyclic peptide self-

replicating model.  

6.2. Proposed Hypothesis  

As discussed in Chapter 5, our study leverages the self-assembling properties of the 

hydrophobic core motif of Aβ-peptide, and thereby, we design self-replicating cyclic 

peptides by incorporating D-amino acids. This is a well-established tactic in 

peptidomimetic and cyclic peptide design that the incorporation of a D-amino acid 

introduces a kink or turn in the peptide backbone, thereby bringing the N- and C-termini 

closer together in 3D space.1,2 Using this tactic, we aim to construct highly efficient self-

replicating cyclic peptides. 

 6.3. Design of the Cyclic Peptides 

Similarly, as discussed in Chapter 5, the precursor molecules (LP2, LP3) were designed in 

such a way that their C-terminal is benzyl ester protected, and the N-terminal has a free -

NH2 group, i.e. the electrophilic and the nucleophilic site are located within the same 

molecule. As for the template molecules (T2, T3), were head-to-tail cyclized utilizing the 

synthetic procedure explained below. The precursor and the template molecules differ from 

the earlier discussed precursor (LP1) and template (T1) molecule only in the chirality of 

their diphenylalanine motif (Table 6.1). Thus, the introduction of the D-phenylalanine 
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reduces entropic penalties and increases effective molarity for cyclization, making the 

intramolecular cyclization reaction more favourable.3,4 

Table 6.1. Sequence of the peptides synthesized along with their codes, molecular weights, 

and specific roles.a 

aStandard amino acids are represented by their one-letter code, f= D-phenylalanine, Ac= acetyl group, Bn= 

benzyl group. 

6.4. Synthesis and Characterization of the Peptides  

As described in Chapter 5, section 5.4. 

6.5. Monitoring of the progress of self-replication reactions  

Precursor, LP2 and LP3 (400 μM each) were prepared in PBS (50 mM) of pH 7.4. The 

prepared sample solutions were kept in incubation at 37 °C, and the intramolecular ligation 

reactions were monitored using analytical HPLC at different time intervals (Figure 6.1). 
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Figure 6.1. Schematic representation of our designed cyclic peptide self-replicatory systems. 

6.5.1. Time-dependent RP analytical HPLC  

The self-replicating abilities of CP2 and CP3 were then monitored in the absence and 

presence of different amounts of corresponding template molecules. The ligation reactions, 

monitored by analytical HPLC, revealed that in the absence of template molecules, the 

quantity of products formed (CP2 and CP3) was significantly lower compared to that 

formed under seeded conditions (Figure 6.2). The ligation reactions under seeded 

conditions proceeded efficiently, affording high yields of the desired products. The extent 

of product formation increases with an increase in template concentration, with the best 

condition being the precursor: product ratio in 1:0.5. The best ligating condition yielded ≈ 

20-fold more product than that of the unseeded condition, with CP3 being produced faster 

and in slightly better amounts than that of CP2. 
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Figure 6.2. Time-resolved HPLC chromatograms for the ligation reaction of a). LP2 c). LP3 (400 μM 

each) in the presence of T2 and T3 (200 μM each), respectively, monitored up to 24 h. Kinetic plots for the 

quantity of b). CP2 and d). CP3, produced over time in the presence and absence of different 

concentrations of template T2 and T3, respectively. 

A slightly better and faster production of CP3 compared to CP2 can be attributed to faster 

cyclization of LP3 due to the strain produced near the C-terminal region because of the 

presence of D-phenylalanine. This incorporation provided a faster route to cyclization rate 

due to conformational dynamics and aggregation-assisted folding.  

Among the three self-replicating peptides, CP2 and CP3 showed superior replication yields 

compared to CP1 (discussed in Chapter 5), underscoring the beneficial impact of 

incorporating D-amino acids into their respective linear precursors (LP2 and LP3). A 

comparative plot for the amount of product formed through ligation of LP1 (from the 

previous Chapter 5), LP2, and LP3 in the presence (under the best seeded condition) and 

absence of respective templates is shown below (Figure 6.3a). Additionally, the decrease 

in the amount of side product formed in each case of ligation reactions, when seeded with 

different concentrations of template molecules, is also shown (Figure 6.3b) below. 
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Figure 6.3. a). Total amount of corresponding cyclic products formed in each cyclic peptide self-

replicatory system in the absence of template and under best-seeded conditions. b). Quantity of hydrolyzed 

products (HPs) formed under different seeded conditions in each cyclic peptide self-replicatory system. 

6.6. Morphology & Conformational Analysis  

Similarly, as discussed in Chapter 5, characterization of the precursor molecules (LP2 and 

LP3), template molecules (T2 and T3), and the product molecules (CP2 and CP3) revealed 

that the morphology of LP2 and LP3 is fibrillar in nature, whereas the template and product 

molecules displayed cuboidal rod-like morphology under both FESEM and FETEM. CD 

study reveals that the precursor molecules display a conformation largely containing a β-

sheet structure, while T2, T3, and CP2, CP3 mostly exist in random coil conformations 

(Figure 6.4). 
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Figure 6.4. a), b), c). FESEM images, d), e), f). FETEM images displaying morphologies, and g). CD 

spectra displaying the conformations of LP2, T2, and CP2. h), i), j). FESEM images, k), l), m). FETEM 

images displaying morphologies, and n). CD spectra displaying the conformations of LP3, T3, and CP3. 

6.7. Sequence and Spatio-chiro Selectivity  

For sequence selectivity, when mutated LP2, i.e. A-LP2 and G-LP2 (400 μM each), in the 

presence of T2 (200 μM each), and mutated LP3, i.e. A-LP3 and G-LP3 (400 μM each), in 

the presence of T3 (400 μM each), were subjected to ligation reactions under the 

experimental conditions and procedure as mentioned earlier, an insignificant quantity of 

corresponding products was formed over the course of the reaction (Figure 6.5). This once 

again shows the importance of system specificity in the self-replication of the designed 

cyclic peptides. 
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Figure 6.5. Production of corresponding cyclic products (P) over time with mutated precursors a). A-LP2 

and G-LP2 in the presence of T2. [Formation of P over time for LP2 + T2 is shown for comparison]. b). A-

LP3 and G-LP3 in the presence of T3. [Formation of P over time for LP3 + T3 is shown for comparison]. 

To investigate the spatio-chiroselectivity and directed evolution of products in a temporally 

changing environment, we designed an experimental system in which we mixed all three 

linear precursors, LP1 (discussed in the previous chapter), LP2, and LP3 at 200 μM each, 

along with template T3 (100 μM). These precursors have identical sequence except for the 

position of the chirality of their diphenylalanine residues: LP1 contains L-Phe-L-Phe, LP2 

features D-Phe-L-Phe, and in LP3 the position of L- and D-phenylalanine was 

interchanged, i.e. L-Phe-D-Phe (see Table 5.1 and 6.1 for structural details). In the 

beginning, T3 selectively catalyse the ligation of LP3 from the mixture solution, leading to 

the exclusive formation of CP3. However, by 6 h, a small amount of CP2 was also detected, 

likely arising from autocatalytic amplification, cross-seeding or a combination of both. At 

this point, template T2 (100 μM) was introduced into the mixture, resulting in a significant 

increase in CP2 formation over the next 18 hours, driven by ligation of LP2. Similarly, by 

24 hours, a small quantity of CP1 also emerged, presumably due to the reasons mentioned 

above. After 24 hours, the next template T1 (100 μM) was added to the above mixture 

solution, promoting the preferential formation of CP1 monitored up to 48 hours.  

This study reveals the spatio-chiroselective nature of the designed cyclic peptide self-

replicator, wherein even subtle differences in stereochemistry, such as a single chiral 

inversion within the precursor sequence, can be selectively recognized by the templated 

self-replication process. Among the structurally similar precursors, the template T3 

selectively catalyzed the ligation of LP3 over LP1 and LP2. This selectivity persisted 

despite the presence of competing substrates, highlighting the system's remarkable ability 

to recognize and propagate stereochemical information. Temporal addition of templates T2 

and T1 further enabled the system to switch product selectivity in a controlled manner, 
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leading to the sequential amplification of CP2 and CP1. These results demonstrate that 

conformationally guided, template-assisted self-replication can achieve highly selective 

molecular evolution in response to minute structural variations and dynamic environmental 

inputs (Figure 6.6). 

 

Figure 6.6. a). Time-resolved HPLC chromatograms for ligation reaction of LP1+LP2+LP3 (200 μM 

each) with temporal addition of templates (100 μM). b) Kinetic plots for the quantity of cyclic products 

formed over time with the temporal addition of templates. [To identify the individual components, aliquots 

of the mixture solution were co-injected with individual reference solution of the known components. A 

selective increase in the absorbance intensity in one of the three peaks confirmed the identity of that 

specific component]. 
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6.8. Kinetic Study  

The kinetics for the self-replicating systems and the probable mechanism can be understood 

from the discussion mentioned in Chapter 5, Section 4.8. However, a logarithmic plot of 

initial reaction rates against seeded template concentrations for the production of CP2 and 

CP3 reveals (Figure 6.7) a slightly better catalytic reaction order than that of CP1. 

 

Figure 6.7. a), b). Logarithmic plot of the initial rates extracted from the graph (Figure 6.2b, 6.2d), 

respectively, as a function of seeded template concentrations. 

6.9. Our Model of Minimalist Molecular Evolutionary Network 

Our evolutionary design framework can be conceptualized as a temporal sequence of 

structural and chemical transitions within the peptide precursors (Figure 6.8). Initially, the 

system consists exclusively of unstructured precursor molecules exhibiting random-coil 

conformations. Some of these precursors undergo numerous conformational mutations 

(Path 1), but one of them becomes favoured by the local environment and adopts β–sheet–

rich architectures in a self-replicatory manner, becoming stabilized by intermolecular 

hydrogen bonding, which subsequently evolves into fibrillar assemblies. In another 

pathway (Path 2), a fraction of the precursors undergoes chemical mutation through 

hydrolysis (not autocatalytic), generating fragments that also undergo similar 

conformational mutation and reorganise into β-sheet structures over time in a self-

replicatory manner, displaying a similar fibrillar assembly at later stages. 

In a distinct trajectory (Path 3), a portion of the precursor molecules undergoes a different 

kind of conformational mutation, which brings the reactive termini into close spatial 
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proximity, facilitating intramolecular cyclisation and leading to the specific chemical 

mutation. This process yields cyclic species that gradually self-replicate and assembles into 

rod-like nanostructures, representing a third accessible pathway within the system. All the 

above-mentioned conformational and chemical mutations initially occur as random events 

and are subsequently inherited through autocatalytic and template-directed propagation, 

giving rise to distinct self-replicating assembly lineages under the prevailing environmental 

conditions.  

Figure 6.8. Schematic representation of an open-ended model of molecular evolution. 

When viewed across temporal “eras,” the system progresses from a homogeneous ensemble 

of unstructured precursors (Era I, single-species domination) to a diversified mixture 

containing both conformationally and chemically mutated species (Era II, diversification 

and natural selection). With continued evolution, only the hydrolyzed fibrillar products and 

cyclic rod-like assemblies persist as the most thermodynamically stable entities, marking 

the transition to Era III (Extinction of other species and prevalence of the two). Notably, 

even these stable species may undergo further structural or chemical transformations with 

time and under suitable conditions, suggesting that the system follows an open-ended 

model of peptide self-replication capable of continuous diversification and emergent 

evolutionary behaviour. 
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The predominance of either the hydrolyzed or cyclic products can be externally modulated. 

When the precursor transition pathway is seeded with preformed cyclic peptides serving as 

templates, the transformation of precursor molecules preferentially proceeds through the 

cyclization pathway (case 3), leading to a significant enrichment of cyclic products. On the 

other hand, in the absence of such templating influence, the system predominantly follows 

the hydrolytic pathway (case 2), yielding mainly hydrolyzed species that subsequently 

assemble into fibrillar structures. 

Most previously reported self-replicating systems have been closed-ended, limited to the 

amplification of a single, template-defined product. The α-helical-based peptide self-

replicator models by Ghadiri et al.5-7 and Chmielewski et al.8,9 exemplify efficient yet 

compositionally static autocatalysis. While Ashkenasy’s peptide10,11 networks introduced 

cross-catalytic interactions and Otto’s12,13 dynamic combinatorial systems exhibited 

adaptive selection, both remained confined to a finite chemical space. In contrast, our 

system enables both conformational and chemical mutations within the same precursor 

pool, producing structurally diverse assemblies that coexist and interconvert over time. 

This evolving molecular landscape establishes a mechanistic pathway toward open-ended 

peptide self-replication, where replication, diversification, and selection emerge 

spontaneously from the intrinsic chemistry of the system. 

6.10. Conclusion 

In summary, we have successfully introduced a new class of self-replicating cyclic peptides 

that operate through templated autocatalysis while adopting random-coil conformations 

rather than conventional β-sheet or helical motifs. These replicators exhibit unique 

morphological transitions from fibrous precursors to rod-like architectures and display 

exceptional fidelity, with strict sequence and stereoselectivity. Together, these findings 

demonstrate that efficient, selective self-replication can emerge from noncanonical 

conformations, thereby expanding the structural and mechanistic space available to 

synthetic replicators. By bridging molecular simplicity with life-like selectivity and 

adaptability, this work provides new design principles for advancing molecular evolution 

in peptide-based systems. 
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6.11. Characterization data  

Prior to the synthesis of the peptides, Fmoc-Glu-OMe and Fmoc-Glu-OBn were first 

synthesized (as discussed in Chapter 5) and anchored to Rink Amide resin through their 

side chain to obtain the linear and cyclic peptides. 

H2N-K(Ac)-L-V-f-F-A-Q-COOBn (LP2): (White fluffy powder, yield = 15.8 mg, 11.5% 

w.r.t the resin loading. Calculated mass is 983.548, observed mass is 1007.105 [M+Na+H]+ 

, 1023.130 [M+K+H]+. HPLC retention time (tR) = 6.9 min). 

 

  

Figure 6.9. MALDI-TOF mass spectrum of purified peptide LP2. 
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Figure 6.10. HPLC profile of purified peptide LP2. 

: (White fluffy powder, yield = 10 mg, 8.6% w.r.t the resin 

loading. Calculated mass is 833.480, observed mass is 

834.604 [M+H]+, 856.798 [M+Na]+, 873.120 [M+K]+. HPLC retention time (tR) = 7.4 min). 

 

  

Figure 6.11. MALDI-TOF mass spectrum of purified peptide T2. 
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Figure 6.12. HPLC profile of purified peptide T2. 

H2N-A-L-V-f-F-A-Q-COOBn (A-LP2): (White fluffy powder, yield = 17.8 mg, 14.4% 

w.r.t the resin loading. Calculated mass is 884.479, observed mass is 907.753 [M+Na]+ , 

923.795 [M+K]+. HPLC retention time (tR) = 6.9 min). 

 

 

 

Figure 6.13. MALDI-TOF mass spectrum of purified peptide A-LP2. 
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Figure 6.14. HPLC profile of purified peptide A-LP2. 

 

H2N-G-L-V-f-F-A-Q-COOBn (G-LP2): (White fluffy powder, yield = 20 mg, 16.4% 

w.r.t the resin loading. Calculated mass is 870.464, observed mass is 872.756 [M+2H]+, 

894.619 [M+Na+H]+ , 9011.721 [M+K+2H]+. HPLC retention time (tR) = 6.9 min). 

 

 

 

Figure 6.15. MALDI-TOF mass spectrum of purified peptide G-LP2. 
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Figure 6.16. HPLC profile of purified peptide G-LP2. 

 

H2N-K(Ac)-L-V-F-f-A-Q-COOBn (LP3): (White fluffy powder, yield = 15.6 mg, 11.3% 

w.r.t the resin loading. Calculated mass is 983.548, observed mass is 985.752, [M+2H]+, 

1008.685 [M+Na+2H]+ , 1024.716 [M+K+2H]+. HPLC retention time (tR) = 6.9 min). 

 

 

 

Figure 6.17. MALDI-TOF mass spectrum of purified peptide LP3. 
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Figure 6.18. HPLC profile of purified peptide LP3. 

 

: (White fluffy powder, yield = 12.2 mg, 10.5% w.r.t the 

resin loading. Calculated mass is 833.480, observed mass 

is 834.991, [M+H]+, 856.929 [M+Na]+, 872.944 [M+K]+. 

HPLC retention time (tR) = 7.4 min). 

 

 

Figure 6.19. MALDI-TOF mass spectrum of purified peptide T3. 
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Figure 6.20. HPLC profile of purified peptide T3. 

 

H2N-A-L-V-F-f-A-Q-COOBn (A-LP3): (White fluffy powder, yield = 17.6 mg, 14.2% 

w.r.t the resin loading. Calculated mass is 884.479, observed mass is 886.995 [M+2H]+ , 

909.684 [M+Na+2H]+ , 925.917 [M+K+2H]+. HPLC retention time (tR) = 6.9 min). 

 

 

 

Figure 6.21. MALDI-TOF mass spectrum of purified peptide A-LP3. 
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Figure 6.22. HPLC profile of purified peptide A-LP3. 

H2N-G-L-V-F-f-A-Q-COOBn (G-LP3): (White fluffy powder, yield = 18.5 mg, 15.2% 

w.r.t the resin loading. Calculated mass is 870.464, observed mass is 872.835 [M+2H]+, 

895.500 [M+Na+2H]+ , 910.894 [M+K+H]+. HPLC retention time (tR) = 6.9 min). 

 

 

Figure 6.23. MALDI-TOF mass spectrum of purified peptide G-LP3. 

 

Figure 6.24. HPLC profile of purified peptide A-LP3. 

TH-4105_196122038



 

Chapter 6     Tuning the Self-Replication of Cyclic Peptides … 

154 

 

6.12. References 

1. Smith, J. A.; Pease, L. G.; Kopple, K. D. Reverse turns in peptides and protein. Crit. Rev. 

Biochem. 1980, 8, 315-399. 

2. Varughese, K. I.; Kartha, G.; Kopple, K. D. Crystal structure and conformation of cyclo-(glycyl-D-

leucyl-L-leucyl) 2. J. Am. Chem. Soc. 1981, 103, 3310-3313. 

3. Kessler, H. Conformation and biological activity of cyclic peptides. Angew. Chem., Int. Ed. 

Engl. 1982, 21, 512-523.  

4. Tran, H. L.; Lexa, K. W.; Julien, O.; Young, T. S.; Walsh, C. T.; Jacobson, M. P.; Wells, J. A. 

Structure–activity relationship and molecular mechanics reveal the importance of ring entropy in the 

biosynthesis and activity of a natural product. J. Am. Chem. Soc. 2017, 139, 2541-2544. 

5. Lee, D. H.; Granja, J. R.; Martinez, J. A.; Severin, K.; Ghadiri, M. R. A self-replicating 

peptide. Nature 1996, 382, 525-528.  

6. Severin, K.; Lee, D. H.; Martinez, J. A.; Ghadiri, M. R. Peptide self‐replication via template‐directed 

ligation. Chem. Eur. J. 1997, 3, 1017-1024. 

7. Saghatelian, A.; Yokobayashi, Y.; Soltani, K.; Ghadiri, M. R. A chiroselective peptide 

replicator. Nature 2001, 409 (6822), 797-801.  

8. Yao, S.; Ghosh, I.; Zutshi, R.; Chmielewski, J. A pH-modulated, self-replicating peptide. J. Am. Chem. 

Soc. 1997, 119, 10559-10560. 

9. Yao, S., Ghosh, I.; Zutshi, R.; Chmielewski, J. A self‐replicating peptide under ionic control. Angew. 

Chem. Int. Ed. 1998, 37, 478-481. 

10. Rubinov, B.; Wagner, N.; Rapaport, H.; Ashkenasy, G. Self‐replicating amphiphilic β‐sheet 

peptides. Angew. Chem. 2009, 121, 6811-6814. 

11. Nanda, J.; Rubinov, B.; Ivnitski, D.; Mukherjee, R.; Shtelman, E.; Motro, Y.; Ashkenasy, G. 

Emergence of native peptide sequences in prebiotic replication networks. Nat. Commun. 2017, 8, 434. 

12. Carnall, J. M.; Waudby, C. A.; Belenguer, A. M.; Stuart, M. C.; Peyralans, J. J. P.; Otto, S. 

Mechanosensitive self-replication driven by self-organization. Science 2010, 327, 1502-1506. 
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Conclusions and Future Directions 

Conclusions 

The work presented in this thesis focuses deeply on supramolecular self-assembly of 

peptides, with particular emphasis on self-replication of cyclic peptides. Till date all 

previously reported studies on peptide self-replication were based on linear peptides, and 

no pure cyclic peptide-based model self-replicators have been studied. Additionally, in this 

thesis we have delved into self-assembly of small peptides such as di- and tri- peptides and 

their importance and implications for both fundamental science and practical applications. 

The overview of the thesis work has been illustrated in Scheme1 below. 

In chapter 1, we have discussed the general overview of amino acids, peptides, proteins, 

and their levels of organization. We have also explored supramolecular self-assembly of 

small peptides and their implications. Moreover, we have examined self-replicating 

materials and the pioneering work in this area and reviewed reported literature on self-

replication of peptides highlighting the limitations of existing work and potential avenues 

for improved designs. We planned our objective to address the drawbacks of previous work. 

In chapter 3, we investigated the binding behaviour of Thioflavin T (ThT), a widely 

employed amyloid-specific fluorophore, with well-ordered spherical aggregates formed by 

supramolecular self-assembly of the designed dipeptides utilizing diverse array of 

analytical techniques, including spectroscopic methods and theoretical calculations. This 

intriguing phenomenon challenges the conventional understanding of ThT's binding 

properties and opens new avenues for exploring its interactions with diverse molecular 

structures beyond traditional amyloid fibrils.  

In chapter 4, we investigated the morphological transformation of the designed tripeptides 

from nano-sphere to rod-like architecture with time. These self-assembled tripeptides are 

porous in nature and have significant N2 adsorption capacity. Furthermore, they can 

encapsulate curcumin, a powerful hydrophobic fluorescent drug, and upon treatment with 

KCl, the self-assembled architecture holding the drug molecule inside gets disrupted and 

thus release the entrapped curcumin molecules. Therefore, understanding the dynamics of 

these interactions and their impact on peptide morphology is crucial for harnessing their 

functional diversity in applications such as drug delivery, tissue engineering, etc. 
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In chapter 5, we reported on the design, synthesis, and characterization of a new class of 

self-replicating material, i.e. cyclic peptide. The head-to-tail cyclic peptide was derived 

from the hydrophobic core of the Aβ peptide. Unlike traditional peptide-based self-

replicators that rely heavily on structured motifs such as helical coiled coil and β-sheet 

assemblies, the designed self-replicating cyclic peptides exist predominantly in random coil 

conformations and also exhibit remarkable morphological transitions from fibrous 

precursors to rod-like architectures. We have also successfully implemented a new ligating 

strategy by using benzyl-ester mediated amide bond formation. The designed self-

replicating system is highly efficient with a catalytic reaction order equal to unity, 

indicating its potential for Darwinian-like evolutionary dynamics. These findings 

contribute to a broader understanding of molecular self-organization and highlight the roles 

of supramolecular assembly, intermolecular recognition, and environmental conditions in 

the development of minimalist systems with life-like properties. 

In chapter 6, we have tuned the self-replicating ability of the previously discussed cyclic 

peptide by introducing D-amino acid in the backbone of the peptide sequence. Thus, in this 

chapter, we reported two more head-to-tail cyclic peptide (heterochiral) having enhanced 

self-replicating ability. The designed self-replicating cyclic peptides exhibit exceptional 

molecular selectivity, such as sequence selectivity where sequence fidelity is strictly 

required between the precursor and the template for effective self-recognition and 

templated replication. Even a single point mutation is sufficient to disrupt the critical 

interactions required for successful templating. In addition to sequence-specificity, these 

self-replicating systems exhibit pronounced spatio-chiroselectivity, where the presence of 

a single mismatched chiral centre between the interacting components can be sensed, 

hampering effective templated interactions. The designed peptidic self-replicatory system 

represents a minimalist, continuous, and Darwinian-like evolutionary system that can be 

perturbed by manipulating the environmental composition as desired, thereby expanding 

the scope for further modification of the system to incorporate novel features. 
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Scheme 1. Thesis overview 

Future Directions 

Throughout my doctoral research, I have worked on the self-assembly of small peptides 

and their diverse applications. In one of the works, we observed and established 

unprecedented binding of Thioflavin T with self-assembled dipeptides with spherical 

morphologies. This is a rare phenomenon, and such unusual binding of ThT to different 

architectures apart from amyloids challenges the conventional understanding of ThT's 

binding properties and opens new avenues for exploring its interactions with diverse 

molecular structures. Thus, understanding the unique binding mechanism between ThT and 

the designed dipeptides with well-ordered spherical morphology helps innovate its 

applications in biomaterials, diagnostics, and drug development. Moreover, we have also 

designed tripeptides that could transform their morphology with time through self-

assembly. The ability to engineer and control peptides with such properties opens avenues 

for developing time-responsive biomaterials and applications in drug delivery. 

We have also designed and developed novel cyclic peptide-based self-replicators and their 

ability to self-propagate without well-defined secondary structures. Thus, the findings state 

that self-replication can be done efficiently from unconventional conformations. It also 

broadens the structural and mechanistic space available to synthetic replicators. This work 

provides new design principles for advancing molecular evolution in peptide-based systems 

by bridging molecular simplicity with life-like selectivity and adaptability. 
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