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GENERAL REMARKS 

 

 1H NMR and 13C NMR were measured on a Bruker DPX 300 MHz and Bruker 

DRX 600 MHz NMR instrument. Generally, DMSO-d6 and D2O have been 

used for NMR sample solution preparation. Chemical shifts (δ) were reported in 

parts per million (ppm) and tetramethylsilane (δ = 0.00) was used as the internal 

standard. The standard abbreviations s, d, t, q, m, and J refers to singlet, doublet, 

triplet, quartet, multiplet, and the coupling constant respectively. 

 

 Analytical thin layer chromatography (TLC) was obtained via standard Merck 

TLC silica gel 60 F254 aluminium sheets. Visualization of the spots on TLC 

plate was achieved through exposure to UV light, iodine vapour, etc. Progress 

of the reaction was monitored via TLC checking. Moisture sensitive reactions 

were carried out using standard syringe-septum techniques. Column 

chromatography was carried out with silica gel 60-120 and 100-200 mesh. 

Ethylacetate:petroleum ether and methanol:dichloromethane solvent partners 

were used as eluent for column chromatography. 

 

 Unless otherwise mentioned, petroleum ether refers to fraction boiling in the 

range of 60-80 oC. All reagents and solvents were purified and dried by 

conventional protocol. 

 

 All evaporation of solvents was carried out under reduced pressure in Heidolph 

Rotary Evaporator of Cat. No: P/N Hei-VAP Value/G3: 560-01300-001. 

 

 CD spectra (190-250 nm) were recorded at 200 nm/min scan speed, with 1 nm 

bandwidth on a Jasco J-810 spectrometer using a 10 mm quartz cell. CD 

measurements were carried out at 25°C. 
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 AFM images were obtained on Pico Plus 5500 AFM (Agilent Technologies, 

Inc., Santa Clara, CA, USA) with the piezo scanner range of 9 μm. The images 

(256 × 256 pixels) were captured with a scan size between 0.5 and 5 μm at the 

scan speed rate of 0.5 rpm. The images were processed through flattening via 

Pico view software (Molecular Imaging Inc., Ann Arbor, MI, USA). For this 

purpose, sample solutions were incubated at room temperature for required 

time, drop cast on a mica foil. After drying the sample solution placed on the 

mica foil, the specimen was observed through atomic force microscopy. 

 

 UV−Vis absorption spectra of the samples were acquired using a JASCO V-630 

spectrophotometer (JASCO International Co. Ltd., Japan) within the 

wavelength range of 200−700 nm. A high-quality quartz cuvette having path 

length 1 cm was used for spectral measurement. 

 

 Fluorescence spectra were measured with the PTI QM-400 spectrophotometer. 

 

 The rheological measurement of the gel obtained from the peptides was 

performed using Modular Compact Rheometer (Anton Parr, MCR 102, 

Austria). The instrument was equipped with an air compressor unit which 

maintained the air pressure at 7 kg/cm2. Standard cone-plate geometry (CP-40, 

40 mm outer diameter, angle 1◦) was employed in the study. Frequency sweep 

(G, G versus angular sweep) was measured in oscillation mode. The data was 

analyzed using Rheoplus software (US 200, version 3.62). 

 

 Single crystal XRD analyses were performed either with a Bruker APEX-II 

diffractometer, equipped with MoK radiation and a CCD detector, or with a 

Bruker D8 Venture diffractometer, equipped with CuK radiation, microfocus 

optics, and Photon-III detector. The crystals were analyzed under polarized 
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optical microscope. Suitable single crystals were isolated and covered with 

paratone oil and mounted using MiteGen loops. Diffraction data were 

collected and processed with the Bruker Apex III software suite incorporated 

with multiple tools such as cell_now and RLATT for the determination of the 

unit cell, SAINT-plus for data reduction, and SADABS for absorption 

correction. The structure solutions were performed with SHELXT and the full-

matrix least-squares refinements were performed with SHELXL suite of 

programs incorporated in Apex III suite and Olex 2. 

 

 The Fourier transform infrared (FT-IR) spectra of the samples were recorded on 

a Bruker TENSOR27 spectrometer. FT-IR spectra of the samples in solid and 

gel states were recorded using the attenuated total reflection (ATR) technique. 

Bruker software was used for data processing. Experimental data obtained 

were analyzed using Origin Pro 8.0 SRO software (OriginLab Corporation). 

 

 The fluorescence measurement during Th-T experiments was done using PTI 

QM-400 spectrophotometer in a quartz cuvette of 1 cm path length. The 

excitation and emission slit widths were fixed at 5 nm each and the emission 

range was 420-600 nm. The chosen excitation wavelength was 410 nm.  
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PRELUDE 

Many studies on peptide-based self-assembling systems were conducted during 

the last few decades. Especially among these, self-assembling short peptides, 

their bio-physical characteristics, and their applications are fascinating areas to 

study. Peptides provide the platform for biomaterial inspired nanomaterials 

development for their application in nano-devices, drug delivery agents, 

biosensors, tissue engineering, waste water management, therapeutics, etc. Due 

to this wide range of applicationsof peptide-based nanomaterials, short yet 

functional self-assembled peptides are the subject of study in this thesis. The 

simplicity of their design and synthesis serves as the fundamental benefit of 

choosing short peptides for the above mentioned applications. Simple laboratory 

techniques may provide high yield products and peptides are regarded as 

excellent model systems for understanding biological self-assembly. Self-

assembly is a phenomenon of non-covalent interaction-based arrangement of 

separate units of small monomeric molecules into well-ordered coherent 

structures. Such self-assembly often led to further extent of self-assembly into a 

complex 3D network of nanostructures which can immobilize the solvent 

molecules inside the cavity of the network and in turn give rise to gelation. 

Several research teams have carefully explored self-assembled short peptide-

based hydrogels, organogels as well as the nanostructures associated with them. 

Short peptide based gels, especially hydrogels have gained special attention for 

their biomaterial and biomedical applications due to their biocompatibility, high 

water content, and low toxicity. Thus, in this thesis entitled "Synthesis and 

Morphological Elucidation of Cysteine Based Short Peptide Nanostructures and 

Their Efficacy Studies," efforts were made to design and synthesize cysteine 

based short peptides and their self-assembly process was studied in detail. All 

the peptides were synthesized in simple organic reaction steps and their 

characterization was thoroughly done by NMR (1H, 13C), FT-IR, ESI-mass 
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spectroscopy, etc. The morphology of the nano-structures obtained from the 

self-assembled peptides was thoroughly elucidated by AFM and FE-SEM 

spectroscopy and several spectroscopic techniques like NMR, FT-IR, CD, UV, 

and fluorescence spectroscopy, powder XRD, single crystal X-ray, and finally 

DFT studies were employed to gain insight about the self-assembly pattern 

involved in the formation of those nano-structures. Focus has also been made on 

the application of the self-assembled nanomaterials formed by synthesized short 

peptides in drug delivery, dye adsorption, and α-synuclein aggregation 

Inhibition. This thesis is divided into four chapters. A brief description of the 

work of each chapter is discussed below. 

Chapter 1  

Chapter 1, contains brief background of nanotechnology, nanoscience, and short 

peptide based self-assembled nano-structures as well as organogel, hydrogels 

like soft nano-materials, and their potential applications in several fields. 

Previous literatures on short peptide-based self-assembly were thoroughly 

explored and the basic logic of this thesis work was discussed in detail. Self-

assembly requires low-energy non-covalent interactions such as hydrogen 

bonding, van der Waals interactions, hydrophobic interaction, π-π interactions, 

etc. which come together to create stable and well defined supramolecular 

structures. Because of the chemical adaptability of the amino acid motif 

combined with the simplicity and chemical accessibility of peptides, the 

utilization of short and simple peptide-based derivatives is currently thought of 

as a flexible building block which offers a suitable platform for various 

applications. Studies using amphiphilic peptides, cyclic peptides, amyloid-

inspired peptides, and aromatic or heterocyclic capped peptides that can self-

assemble into a variety of nano to micro supramolecular structures have already 

been conducted. Therefore, self-assembly of peptide molecules and their 

applications in modern nanotechnology owing to their specific molecular 

recognition patterns and the feasibility to tune their physicochemical properties 
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by small changes in their constituting amino acids for specific applications was 

discussed here. 

Chapter 2 

The majority of anticancer medications suffered several drawbacks, including a 

very short half-life and significant cytotoxicity when administered in high 

concentrations. Therefore, it is crucial to design a potent, affordable method of 

drug administration in order to maintain the correct dosage. This chapter deals 

with the designing and synthesis of a cyclic dipeptide based super hydrogelator 

as sustainable drug delivery vehicle containing S-benzyl-L-cysteine and L-

leucine as constituting amino acids. This cyclic dipeptide spontaneously self-

assembled itself in 1% DMSO-PBS buffer at physiological conditions (at 37 oC 

and pH = 7.46) and formed self-supported stable hydrogel. FE-SEM, AFM, FT-

IR, NMR, and rheological experiments were used to characterize the structural, 

morphological, and mechanical insights of this hydrogel. In vitro measurements 

were made for the encapsulation and release of anticancer drug 5-Fluorouracil 

from the hydrogel matrix. This chapter also includes information on the cyclic 

dipeptide’s cytotoxicity as well as the anticancer properties of the hydrogel-drug 

co-assembly when applied to the human cancer cell line HCT116. 

Chapter 3 

In this chapter, efforts were made to synthesize a series of six cyclic dipeptides 

(CDPs) having S-benzyl-L-cysteine as common partner to set up a structure-

morphology or structure-gelation relationship as a factor of hydrophobicity of 

other constituting amino acid partner. Small variations of the constituting amino 

acids in the peptide moieties caused significant differences in their morphology as 

well as in gelation properties. The physical properties of all six CDPs were studied 

in methanol-water solvent system where the CDPs formed self-assembled 

materials like fine crystals, loose gels, and hydrogels depending upon their 

chemical structure. AFM, NMR, FT-IR, CD, and single crystal X-ray 

crystallography experiments were used to characterize the morphological and 
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structural insights of these peptides. Rheological studies were used to look into the 

mechanical durability of the gels. Hirshfeld surface analysis and DFT study of all 

six CDPs came to the same conclusion as the single crystal X-ray, AFM, and CD 

analyses. Additionally, the hydrogel obtained from one of the cyclic dipeptides 

was used in waste water management by eliminating harmful organic dyes from 

contaminated water. Cytotoxicity of all CDPs were checked via MTT assay against 

human cervical canvcer cell line HeLa. 

Chapter 4 

While the amino acid sequence greatly influences the physical and chemical 

characteristics of the self-assembly as well as the gelation property, short 

peptides frequently require an aromatic or heterocyclic capping group at their 

N-terminus to facilitate self-assembly or gel formation. In these systems, self-

assembly is triggered by the hydrophobic contacts of this capping group in 

conjunction with hydrogen bonds formed by the peptide backbone. This chapter 

contains the design and synthesis of four cysteine based hybrid peptides capped 

with medicinally important aromatic heterocyclic moiety, quinazolinone. Four 

different as such peptides were synthesized where two contained quinazolinone 

moiety at the N-terminus and the other two at C-terminus. Morphological 

analysis of these hybrid peptides revealed peptides with C-terminus capping 

produced spherical assembly while peptides with N-terminus capping produced 

fibrillary assembly. Morphological and structural insights into the self-assembly 

pattern of these peptides were elaborately discussed in this chapter with the help 

of AFM, FESEM, and crystallographic study. The influence of the capping 

group and reversal of amide bond sequence on hydrogelation property of theses 

peptides at physiological conditions were also shown in this chapter. 
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1.1 NANOTECHNOLOGY 

1.1.1 History of Nanotechnology 

Innovations in science and technology frequently start with human dreams and 

imagination. Nanotechnology, a 21st-century frontier, was born out of such 

aspirations. The term nanotechnology has been derived from the Greek word 

“nanos” which means “dwarf”.1Itis commonly defined as the understanding, 

control, and restructuring of matter on the order of nanometers (i.e., less than 

100 nm) to produce materials with fundamental new properties and functions.2 

However, the definition of "nanotechnology" varies from field to field and 

country to country and is frequently used as a "catch-all" description for 

anything very small. Nanotechnology involves design, characterization, 

synthesis, and application of materials, structures, devices, and systems by 

controlling shape and size at nanometre scale.3Nanotechnology is not a new 

field, scientists have been studying nanoscience for many years in a variety of 

scientific and medical fields. For example, the identification and study of 

carbon fullerenes in the 1980s and Watson and Crick's discovery of the structure 

of DNA in 1953 can both be regarded as nanoscience.4,5Since the beginning of 

the cosmos, there have been nanoparticles in the atmosphere with at least one 

dimension on the nanoscale (1–100 nm). Richard Zsigmondy, a chemistry 

Nobel Prize winner from 1925, was the one who first coined the term 

"nanometer." He was the first to measure the size of particles like gold colloids 

using a microscope and he is credited with inventing the term "nanometer" 

specifically to describe particle size.6Although human exposure to nanoparticles 

has occurred throughout human civilization, it dramatically increased during the 

industrial revolution. The concept of nanotechnology was first discussed by 
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Caltech physicist Richard Feynman in a lecture titled "There's Plenty of Room 

at the Bottom" during the American Physical Society meeting in 1959.7 Dr. 

Feynman's presentation was the first academic talk to address one of the 

fundamentals of nanotechnology- the direct manipulation of individual atoms or 

molecular manufacturing. With this innovative concept, new methods of 

thinking were demonstrated, and Feynman's theories were later found to be true. 

For these reasons, he is regarded as the originator of contemporary 

nanotechnology. Over 15 years after Feynman's talk, in 1974, a Japanese 

scientist named Norio Taniguchi was the first to adopt the term 

"nanotechnology" in a publication to describe semiconductor operations that 

took place on the order of a nanometer. In that article, he stated that "Nano-

technology mainly consists of the processing of, separation, consolidation, and 

deformation of materials by one atom or one molecule".8However, it wasn't 

until the 1980s that nanotechnology began to take off as a field.The golden era 

of nanotechnology began in the 1980s with the discovery of fullerenes by 

Kroto, Smalley, and Curl. Feynman's idea of molecular manufacturing was 

elaborated upon by Eric Drexler, a scientist at MIT in 1979 using the most 

recent research on the function of proteins. Many people think that this was the 

beginning of the field of nanotechnology. Drexler first wrote about the topic in 

1981 and published it in the Proceedings of the National Academy of Sciences 

journal under the title "Molecular engineering: An approach to the creation of 

broad capabilities for molecular manipulation". Drexler highlighted the 

potential for molecular manufacturing in this essay, which would include 

employing specially created protein molecules to create products with precise 

atomic specifications. In his book "Engines of Creation: The Coming Era of 

Nanotechnology," Drexler developed the potential of these ideas.Drexler 

offered the concept of a nanoscale "assembler" with the ability to duplicate 

itself and other objects of any complexity.  Drexler’s vision of nanotechnology 

is often called as ‘‘molecular nanotechnology.’9The science of nanotechnology 
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moved much farther When another second Japanese scientist named Iijima 

developed carbon nanotubes.10Nanotechnology has been fuelled by the 

improvement of instrumentation and the availability of tools that allow 

scientists to see things that they were not able to perceive in the past, just like 

Watson and Crick's discovery of the structure of DNA led to a biotechnology 

revolution.In the 1990s and 2000s, the use of nanomaterials in a wide range of 

consumer products significantly increased the popularity of nanotechnology and 

the production of various nanomaterials. 

1.1.2 Approaches of Nanotechnology 

Following Feynman's discovery of this new area of study that attracted the 

attention of numerous scientists, two approaches have been developed that 

describe the various options for the synthesis of nanostructures. A wide range of 

experimental approaches that are beyond the scope of a brief introduction can 

be used in the synthesis of nanoengineered materials and devices, which can use 

precursors from the solid, liquid, or gas phases. However, the majority of 

synthetic methods can be divided into "top-down" and "bottom-up" approaches 

and as well as combinations of these two approaches. 

i) the "top-down" method, in which larger structures are scaled down to the 

nanoscale while retaining their original properties without atomic-level control. 

The best-known illustration of a "top-down" strategy is the photolithography 

method used by the semiconductor industry to make integrated circuits by 

etching patterns in silicon wafers. To examine neuron-astrocyte communication, 

a similar strategy was employed to create microscale linked wells in agar using 

poly(dimethylsiloxane) moulds. This is an illustration of lithographic 

technology being used in cell biology. True nanoscale features can be created in 

a variety of materials using other types of nanolithographic techniques, such as 

dip-pen nanolithography and electrostatic atomic force microscope 



16 | P a g e  
 

nanolithography, which deposit or move individual molecules into desired 

configurations, respectively.11 

Bulk material

Powder

Nanomaterial

Clusters

Atoms/ molecules/ 

simple building blocks

Nanomaterials

Top-down approach

Bottom-up approach

Top-down approach

(Laser beam techniques, 

Lithography, Mechanical 

techniques like grinding, 

polishing etc.)

Bottom-up approach

(Self-assembly, 

Organic synthesis, 

Colloidal aggregation)

 

Figure 1. The schematic representation of the concept of top-down and bottom-up 

technology: different methods for nanoparticle synthesis. 

 

ii) Conversely, the "bottom-up" method, also known as "molecular 

nanotechnology" or "molecular manufacturing," was first proposed by Drexler 

et al started by creating and synthesizing unique molecules with the capacity to 

self-assemble or self-organize into higher order mesoscale and macroscale 

structures. Synthesizing molecules that spontaneously self-assemble in response 

to a controlled change in a particular chemical or physical trigger, such as a 

change in pH, the concentration of a particular solute, or application of an 
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electric field, is a difficult task. Thermodynamics and competing molecular 

interactions, such as hydrophobic/hydrophilic forces, hydrogen bonds, and van 

der Waals interactions, are the physical mechanisms that produce self-assembly, 

or the driving forces that push these molecules to self-assemble into organized 

structures. The trick is to design systems that self-assemble into macroscopic 

higher order structures with desirable chemical and/or physical properties that 

the individual constituent molecules do not exhibit. While most contemporary 

technologies use a "top-down" approach, the "bottom-up" approach has 

significant potential for advancements in the fields of materials and 

manufacturing, electronics, medicine and healthcare, energy, biotechnology, 

information technology, and national security.11,12 

1.1.3 Impact and Future of Nanotechnology 

Nanotechnology has developed rapidly with exponential growth over the past 

50 years and now serves as the basis for many impressive industrial 

applications. Nanotechnology, for instance, had a significant influence on 

medical equipment like imaging probes, medication delivery systems, and 

diagnostic biosensors in the pharmaceutical industry. Nanomaterials are now 

widely used in the food and cosmetics industries to enhance manufacturing, 

packaging, shelf life, and bioavailability.13–15 Nanotechnology now has an 

everyday impact on human life. There are numerous and diverse possible 

advantages. However, there is a great deal of worry about the potential health 

and environmental hazards due to the vast human exposure to nanoparticles. 

These worries sparked the development of new scientific fields including 

nanotoxicology and nanomedicine. The study of nanoparticles' possible 

negative health impacts is known as nanotoxicology.16 To investigate the 

advantages and risks of using nanomaterials in medicine and medical devices, 

the field of nanomedicine was formed. It encompasses subfields including tissue 

engineering, biomaterials, biosensors, and bioimaging. Improved medication 
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delivery, antimicrobial coatings for medical equipment, less inflammation, 

better surgical tissue repair, and the identification of circulating cancer cells are 

just a few of the potential advantages of medical nanomaterials.16–18 However, 

the potential to have an impact on human health continues to be a serious worry 

regarding the toxicological qualities of inorganic, metallic, semiconductor, and 

polymer based nanoparticles as their uses have become more diversified in 

contemporary nanotechnology. For example, carbon nanoparticles, have some 

biological restrictions. It has been demonstrated to cause pulmonary 

inflammation in rats and lipid peroxidation in fish brain cells.19,20 As a result, 

several people began considering an alternate strategy that would produce 

nanoparticles using more biocompatible peptides and proteins as the basic 

building blocks. This gave rise to the new field of bionanotechnology. 

Additionally, peptide and protein based self-assembled nanostructures have 

drawn a lot of interest because of their potential use in nanomedicine, drug 

delivery, tissue engineering, oil spill recovery, and adsorbents for eliminating 

environmental pollutants.22-36One of the important subfields of nanoscience and 

nanotechnology is self-assembly. Additionally, peptide and protein based self-

assembled nanostructures have drawn a lot of interest because of their potential 

use in nanomedicine, drug delivery, tissue engineering, oil spill recovery, and 

adsorbents for eliminating environmental pollutants and thus making ‘peptide 

self-assembly’ as one of the important subfields of nanoscience and 

nanotechnology.  

1.2 SELF-ASSEMBLY 

1.2.1 Introduction 

Self-assembly has proven to be one of the most potent and effective ways to 

create nanostructures at the atomic and molecular levels. The weak 

intermolecular forces that are present when two molecules interact have been 
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characterized and analyzed during many years of research in physical organic 

chemistry. Every bimolecular reaction starts with a recognition event, whether it 

takes place in the gas phase, diluted solution, or the inner of an enzyme. When 

given the right instructions, molecules can spontaneously assemble themselves 

into multi-component, complex structures. The molecular shape, chemical 

surfaces, and how well a molecule fills a space during the assembly phase are 

all examples of the ways in which the molecular structure provides instructions. 

During the molecule's synthesis, these directives are encoded. The dynamic and 

reversible nature of each phase in the assembly process allows for the 

rectification of faults as the assembly goes along.36 Self-assembly is a crucial 

phenomenon to many biological systems because it either carries out its 

biological function or participates in pathogenic processes. For instance, the 

formation of DNA double helix through particular hydrogen bonding 

interactions, the development of biological membranes upon phospholipid self-

assembly, the formation of amyloid fibrils applicable to a variety of generic 

neurodegenerative disorders, as well as the formation of protein microtubules 

and microfilaments as functional units of intracellular interaction, are a few 

examples. Through the previously mentioned "Bottom-up" approach known as 

molecular self-assembly, a range of biological and biomimetic materials have 

been created that are inspired by these biological processes.37–43The traditional 

definition of self-assembly is the spontaneous and reversible arrangement of 

molecular building blocks into ordered structures through non-covalent 

interactions.44,45 This definition argues that the spontaneity of the self-assembly 

process is the first characteristic of a self-assembled system. The nanostructure 

builds itself that is the interactions that lead to the production of self-assembled 

systems take place strictly locally.46–48Numerous non-covalent interactions, such 

as hydrogen bonds, -stacking interactions, hydrophobic interactions, 

electrostatic interactions, non-specific Van der Waals forces, and dipole-dipole 

interactions, help the self-assembly process. Although these interactions are 
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modest on their own, when combined they have the power to control the self-

assembly process.49–51 

1.2.2 Characteristic Properties of Self-assembly 

One could contend that any chemical reaction that causes atoms and molecules 

to assemble together to form larger structures, could be considered a form of 

self-assembly. However, self-assembly is a separate idea that should have at 

least these distinguishing characteristics- 

i) First, whether it be a shape or a specific duty that the self-assembled entity 

may execute, the self-assembled structure must be of a higher order than the 

isolated components. In chemical reactions, this is typically not the case since, 

depending on the thermodynamic factors, an ordered state may move towards a 

disordered state. 

ii)The second significant characteristic of self-assembly is the predominance of 

weak interactions (e.g., Van der Waals, π-π stacking, hydrophobic interactions, 

electrostatic interactions, hydrogen bonds, etc.) over more "conventional" 

covalent, ionic, or metallic bonds.52 

iii) The third distinguishable characteristic of self-assembly is that the building 

blocks are a variety of nano- and mesoscopic structures with various chemical 

compositions, functionalities, and forms rather than just atoms and 

molecules.53,54 

iv) Fourthly, the thermodynamic stability of almost all self-assembled systems 

is another feature in common. Self-assembled structures are thermodynamically 

more stable than single, unassembled components because the process must 

result in reduced Gibbs free energy for self-assembly to occur without the 

assistance of outside forces.55,56 
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1.2.3 Advantages of Peptides as Molecular Building Blocks in 

Self-Assembly  

The fabrication of nanostructures using biomolecules is a popular research 

subject worldwide. Peptides have emerged as one of the most promising 

biomolecules due to their unrivaled biocompatibility, biodiversity, chemical 

variety, and most notably, their striking resemblance to proteins. Several self-

assembled structures made of various amino acid sequences were designed, 

inspired by protein self-assembly in living organisms.24,57–59There are 20 natural 

amino acids that in numerous combinations make up the peptide that gave rise 

to the self-assembling nanostructures. The quantity, variety, order, and side 

chain of amino acid residues can all be used to influence or optimize the 

formation of nanostructures. In order to tailor the peptide design and give it 

better self-assembling properties, modified amino acids can also be incorporated 

into the peptide design in addition to natural amino acids. This bottom-up 

strategy was largely influenced by the wonders of nature operating at the 

nanoscale, which can produce several biological nanostructures, such as 

proteins, DNA/RNA, and others. Top-down science aids in the discovery of 

new peptide sequences based on the precise binding site on biological 

macromolecules based on those molecules' structural characteristics. These 

particular benefits of peptides persuaded researchers to explore these 

macromolecules and find novel molecular self-assemblies. Additionally, peptide 

synthesis is a straightforward and affordable chemical synthetic process using 

traditional techniques, in solution or solid phase. Peptides are beneficial for 

numerous medicinal and biological applications due to their inherent biological 

characteristics.60–62 They can also replicate the behaviors and functionalities of 

proteins, offering an alternate model for understanding how proteins self-

assemble and function in biological systems. Again, the distinct self-assembling 

abilities of synthesized or isolated peptide building blocks allow them to 
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develop into precise nanostructures with a variety of applications. Significant 

advancements in this area have arisen during the last few decades. In order to 

build functional supramolecular architectures and investigate their potential uses 

in biology, nanotechnology, and supramolecular chemistry, a variety of peptide-

derived building blocks, including amphiphilic peptides, cyclic peptides, 

dendritic peptides, co-polypeptides, and aromatic or heterocyclic capped hybrid 

peptides have been designed and developed.63–65 

1.2.4 Different Nanostructures Formed by the Self-assembly of 

Short Peptides 

Nano-sized materials are the most influential players in the field of 

nanotechnology and offer a wide range of applications for contemporary 

civilization. The direction towards the development of improved materials and 

well-ordered nano-architectures was set in motion by molecular assembly. 

Peptides, out of all organic compounds, offer the main framework for creating 

bioinspired nanomaterials. For the purpose of creating diverse supramolecular 

assemblies, a variety of peptide-based building blocks have been created, 

including cyclic peptides, amphiphilic peptides, co-polypeptides, surfactant-like 

oligopeptides, dendritic peptides, aromatic dipeptides.59,66–70 These different 

classes of peptides adopt versatile structures including fibers, tubes, spheres, 

vesicles, rods, coils, ribbons, etc. at nano dimension depending on their type, 

sequence, and self-assembling conditions. Zhang and co-workers demonstrated 

that 7-8 residue long peptides with distinct hydrophilic and hydrophobic 

residues could self-assemble in water to create well-ordered nanotubes and 

nanovesicles.71 Hydrophilic head groups of these peptides were made of aspartic 

acids, and their hydrophobic tails were composed of amino acids like alanine, 

valine, or leucine as the primary regulating factor for the self-assembly of these 

peptides was self-association by hydrophobic interactions.71The majority of 

amphiphilic peptides have a hydrophilic peptide headgroup and a hydrophobic 
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alkyl tail, with the tail helping to align the head group into different secondary, 

super-secondary, and tertiary conformations.72–74 These peptides self-assembled 

to create a range of nanoscale morphological forms, including micelles, 

vesicles, and tubules.66,71,75,76A family of amphiphilic compounds known as 

bola-amphiphiles consists of two hydrophilic groups that are flanked by 

hydrocarbon chains.77 Their peptide segment engages in β-sheet hydrogen 

bonding to create different supramolecular nanostructures like fibers, rods, 

tubes, ribbons, and spheres, etc.78–81Lately, it was demonstrated that very small 

peptides can self-assemble into a variety of nanomorphologies, reducing the 

complexity and expense of their manufacturing while also boosting their 

stability. The majority of these short peptide fragments were found during 

research to establish the bare minimum sequence necessary for amyloid 

formation.NFGAIL, a hexapeptide fragment of the islet amyloid polypeptide 

(IAPP), and FGAIL a pentapeptide fragment of IAPP form well-ordered 

amyloid fibrils similar to that formed by the full length polypeptide.82Similarly, 

NFLVH and NFGSVQ were identified by Westermark et al. as the Aortic 

Medial Amyloid's minimal active amyloidogenic peptide fragments.83,84Even 

tetrapeptides can generate amyloid fibrils by Johansson et al.85 They proposed 

that there are additional factors along with hydrophobic interactions that favor 

peptides self-assembling into fibers. Working with smaller peptides, Banerjee et 

al. showed, that tripeptide like Boc-AUV-OMe, Boc-AUI-OMe, and Boc-AGV-

OMe, where U is -amino isobutyric acid, self-associated to produce super-

molecular -sheet structures, which then organized into fibrils that resembled 

amyloid fibrils.86 A tripeptide, TUA underwent a pH-responsive nanostructural 

change from nanotubes to nanovesicles in another study by Banerjee et 

al.87Researchers tried to investigate the self-assembly of peptides as tiny as 

dipeptides as they continued in this approach. The first study on dipeptide self-

assembly was made by Gazit's team, who looked into how the dipeptide, FF, a 

key motif of the amyloid β (Aβ) polypeptide segment, self-assembles. This 
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dipeptide was self-assembled into nanotubes, microtubes, nanowires, and nano 

forests with a high degree of order.88–93 A unique quality required in any 

biologically inspired material was discovered to be present in FF nanotubes: 

thermal stability.94Ihee and his team showed how diphenylalanine-based 

nanowires and nanotubes can undergo an intriguing morphological change. 

While nanotubes were created by dissolving the peptide in water using 

sonication and heating, nanowires were obtained in water at high ionic strength, 

and these two morphologies are interconvertible.95 Hydrophobic dipeptides like 

LL, LF, FL, and IL self-assembled into nanotubes, as demonstrated by Görbitz 

et al., by generating head-to-tail (NH3+ OOC) hydrogen bonds.96–

100Additionally, these researchers demonstrated the formation of water-filled 

nanotubes by dipeptide WG101,102 and nanoporous structures by dipeptides VA 

and FF96,99,103,104. Additionally, Gazit et al. showed how the addition of a thiol 

group to FF caused it to assemble into spherical structures rather than tubular 

ones.105 They further demonstrated the assembly of other aromatic homo-

dipeptides into nanospheres, nanoplates, nanofibrils, and hydrogel.106These 

peptide nanostructures can be utilized as a casting mold for the production of 

coaxial nanocables and metallic nanowires.88,107Sozzani and his colleagues have 

demonstrated that crystalline dipeptides like AV, VA, IV, and VI can self-

assemble into nanoporous materials with the ability to adsorb, segregate, and 

store a variety of gases, including methane, carbon dioxide, and hydrogen.108 A 

dipeptide, IF, at pH 5.8 self-associated into a network of nanofibrous structures 

in water, according to Ventura and his coworkers.109 Modified dipeptides have 

also been investigated as templates for creating biologically useful self-

assembled nano or microstructures due to their improved proteolytic stability. 

Both in the solid state and aqueous solution, two modified dipeptides (β-AA,δ-

Ava-F) with an N-terminally located β-amino acid residue self-associated to 

create a uniform and well-ordered hollow nanotubular structures with varying 

dimensions.110ΒPhg-A (Phg: phenylglycine) and Phg-β-A, two water-soluble 
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synthetic dipeptides, were seen to create dipeptide-based nanoporous materials 

that have demonstrated the ability to adsorb N2 gas.111Gazit et al demonstrated 

that in an aqueous solution, Fmoc-FF generated nanofibrillar shape112 whereas 

uncharged peptide analogue Ac-FF-NH2, self-assembled into tubular forms.113  
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Figure 2. Different nanostructures produced by the self-assembly of short peptides. 

 

Other diphenylalanine peptide analogues with amine and carboxyl 

modifications were subsequently investigated by Gazit et al., and it was 

discovered that these dipeptides produced organized tubular structures at the 

nanometric scale.113 Ulijn and colleagues demonstrated that Fmoc dipeptides, 

which were created by combining four different amino acids (glycine, alanine, 

leucine, and phenylalanine), produced hydrogels with a variety of structural and 

physical characteristics.30 It has been demonstrated that peptides with different 

aromatic moieties, such as Fmoc, naphthalene, and pyrene, make excellent 
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templates for nanofibrillar hydrogel networks.114–120Ordered fibrillar 

nanostructures were also produced by dipeptides such as di-D-1-Nal (Nal: 

naphthalene)and di-D-2-Nal, which were created by replacing phenyl groups 

with naphthyl groups.Naphthalene-derived di-D-1-Nal produced fibers with a 

10 nm diameter. In contrast, di-D-2-Nal peptide generated more coiled, broader 

tubular structures.106Another intriguing example was the concentration-

dependent transformation of a nanovesicle into a nanotube by the peptide Acp-

YE (Acp, ε-amino caproic acid). Acp-YE created vesicles at a concentration of 

6.9 mg ml-1, while 2.3 mg ml-1 of the peptide produced nanotubular structures, 

and an intermediate dose of 3.4 mg ml-1 of the peptide produced a variety of 

fused vesicular structures that, upon dilution, fused to form nanotubular 

structures.121 Research has been carried out with dipeptides containing an 

unnatural amino acid α,β-dehydrophenylalanine (ΔPhe; ΔF) in the peptide 

backbone and it was reported that the dipeptide FΔF, can self-assembled into 

distinct tubular structures similar to FF.122EΔF and KΔF, two dipeptides with 

amphiphilic ΔF residues, self-assembled into anionic and cationic vesicular 

structures, respectively.123The ability of single amino acids to form self-

assembling structures have also been studied with various chemical 

modifications.Ryan et al. demonstrated formation of fibrillar nanostructures by 

self-assembly of single amino acid based molecule Fmoc-F and its fluorinated 

derivatives like penta-fluorophenylalanine (5-Fl-Phe) and tri-

fluorophenylalanine (3-Fl-Phe).124Enzyme-triggered dephosphorylation of Fmoc 

phosphotyrosine into Fmoc protected tyrosine (Fmoc-Y) also results in self-

assembled hydrogels.125–127In a relatively recent work, the self-assembly of just 

one amino acid, phenylalanine, into organized fibrils at pathogenic 

concentration found in the mental disease, phenylketonuria was also 

demonstrated by Gazitet al.128Another interesting type of peptides that has 

become an interesting area of research is cyclic peptides. For example, the self-

assembly of cyclic peptides cyclo(Gly–Gly), cyclo(l-Trp–l-Trp), and cyclo(l-
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Phe–l-Phe) resulted in the formation of distinct morphologies such as mesh like 

nanoporous structures, nanofiber, nano-tape respectively depending on the 

composition of amino acids in their molecular structures.129–132 So, by altering 

the type, and sequence, or by using external triggers like temperature, pH, 

concentration, medium, solvent, ionic strength, etc., the self-assembled 

nanostructures can be adjusted or altered. One peptide self-assembled 

nanostructures can serve a variety of purposes, such as adsorbing pollutants 

from the environment, medication delivery, tissue engineering, cell penetration, 

etc. 

1.2.5 Peptide-Based Organogels and Hydrogels: An outcome of 

Peptide Self-assembly 

Self-assembly of short peptides, which is the spontaneous arrangement of 

individual molecules into ordered structures through non-covalent weak 

interactions often leads to the formation of soft nanomaterials called gel. Gel 

may be classified as a solid, in the sense that it has its own shape and stands its 

own weight, and is easily identified by the simple ‘‘inversion test’’ (turn a pot 

of gel upside down and it can support its own weight without falling out), but 

actually it is made of about 99% of a liquid and of 1% of a solid (called 

‘‘gelator’’). The definition that was put forth by Flory in 1974 is the one that is 

most commonly used: "a gel has a continuous structure that is permanent on the 

analytical time scale and is solid-like in its rheological behavior."133 The ability 

of peptide-based scaffolds to self-assemble through a variety of noncovalent 

interactions, such as hydrogen bonding, electrostatic interactions, or π-π 

interactions, makes them intriguing candidates for hydrogelation and 

organogelation. These interactions result in the creation of well-organized 

supramolecular structures that, given the right circumstances, can trap and 

immobilize a large number of solvent molecules which in turn results in the 

formation of gel. They can also be easily manipulated chemically and 
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biologically, and they are simple to produce in vast quantities. The hierarchical 

self-assembly process that underlies the method through which LMWGs 

function includes the following steps: (i) The molecular-scale building blocks 

can self-assemble into supramolecular polymers known as fibrils; (ii) the fibrils 

frequently then assemble into nanoscale bundles, known as fibers; and (iii) the 

fibers tangle and interact with one another to form a self-supporting, "solidlike" 

network, which underpins the macroscopic gel.134Gel-phase materials are 

commonly prepared by heating and cooling a gelator-solvent mixture, then 

solubilizing the gelator and gel fibers using heat or ultrasound irradiation. Short 

peptide based LMWGs can give rise to two types of gels namely hydrogel or 

organogel or both. Hydrogels are made up of peptides and water whereas 

organogels are made up of peptides and any kind of organic 

solvents.134Supramolecular hydrogels, in contrast to polymeric hydrogels, have 

the ability to change their pore sizes during the shrinkage and swelling 

processes. This ability to self-adjust pore sizes may make supramolecular 

hydrogels "smart" matrices for controlled drug release.135 

1.3 SCOPE OF THIS THESIS 

Peptide self-assembly resembles many biological functions and also the 

nanostructures and nano-materials produced via self-assembly of short peptides 

have many applications in biomedical and biomaterial fields. Thus, it is very 

important to get information about the mechanism involved in peptide self-

assembly formation. For example, it is evident that the formation of amyloid 

fibrils is associated with several serious human diseases, such as Alzheimer's 

disease, Parkinson's disease prion disorders, type II diabetes, etc.136–143For 

figuring out the pathway directing fibrilar construction, a lot of research was 

done on short peptide-based model systems that can generate fibril structures. 

According to Ehud Gazit and other groups, aromatic π-π stacking interactions 

may instead of other hydrophobic interactions supply the activation energy and 
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directionality necessary for the production of amyloid fibril assemblies. This 

hypothesis led to the identification of diphenylalanine as the core recognition 

motif of Alzheimer‘s β-amyloid polypeptide.88,144In recent times, many studies 

were carried out using phenylalanine based self-assembly systems but little is 

known about other amino acids which can form amyloid fibrils as well as other 

various nanostructures. In this thesis, we mainly focused on the self-assembled 

nanostructures obtained from cysteine based small peptide moieties. Cysteine is 

one of 20 naturally occurring amino acids and like the other amino acids, 

cysteine is abundant as L-form. It is necessary for the synthesis of protein as 

well as other metabolic processes. Cysteine is the major component of hair, 

skin, and nails. It is required for collagen production and is also found in beta-

keratin. There are examples of long and short peptides containing one or more 

cysteine amino acid residues that can form self-assembled nanostructures but 

the examples are fewer and there are very less examples of self-assembling 

short peptides having benzyl protected cysteine. Moreover, in several other 

previous works from our lab, it was observed that benzyl protected cysteine 

based peptides possessed a tendency to form various unique self-assembled 

nanostructures including nano-sphere, nano-tube, nanofibril, protofibril, etc.145–

148 Here, in the second chapter of this thesis a cyclic dipeptide was synthesized 

containing L-leucine and S-benzyl-L-cysteine which can form hydrogel at 

physiological conditions. It was intended to synthesize a hydrogelator which 

could be used as a template for sustainable drug release. In vitro drug release 

study from the hydrogel was performed using anticancer drug 5-Fluorouracil 

(5FU). This hydrogelator was found to encapsulate anticancer drug 5FU and 

lowered the IC50 dosage of the drug via sustainable release. The structural 

insight of the hydrogelator and the non-covalent interactions involved in the 

self-assembly process were analyzed by AFM, FE-SEM, FT-IR, NMR, and CD 

experiments. In the next chapter, studies were aimed to know how small 

variations of constituting amino acids in the peptide moieties caused a 
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significant difference in their morphology as well as in gelation properties. Thus 

a series of six cyclic dipeptides were synthesized and thoroughly characterized 

by NMR FT-IR etc. The morphology of these peptides was thoroughly studied 

by AFM microscopy and the formation of fibrillar nano-structures due to 

presence of different hydrophobic interactions between the cyclic peptides was 

explained with help of crystallographic study. DFT and Hirshfield surface 

experiemnts were employed to get information about how hydrophobicity of 

different side chains in the above mentioned CDPs controlled the self-assembly 

pattern of the respective CDPs. In the last chapter, we have designed and 

synthesized two sets of a total of four heterocyclic capped peptide scaffolds 

having quinazolinone and S-benzyl-L-cysteine as common residues with some 

structural twists. Interestingly, one set of the peptides self-assembled in fibrillar 

nano-structure while another set of peptides produced spherical assembly. So, 

this chapter gives an idea about small variation in the molecular structure of the 

peptides can alter the self-assembly pattern as well as the morphology produced 

by them. The heterocyclic capping also induced hydrogelation in two of the 

molecules. Crystallograpic evidences showed diiferent types of hydrophobic 

interations present in the self-assembled structure of the peptides in the solid 

state.  
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2.1 AIM OF THE PRESENT WORK 

Study of low molecular weight gelators derived from self-assembling short 

peptides is a fast-growing area of research due to their numerous uses in the 

fields ranging from biomedicals to biomaterials. Short peptide based hydrogels 

are gaining special attention because of their biocompatibility and less toxicity 

compared to other available synthetic polymeric or bio-polymeric gels. More to 

it, the reversible nature of peptide-based hydrogels makes them superior as they 

are formed by weak non-covalent interactions, unlike synthetic polymeric gels 

which involve chemical interactions. Thus in this work, efforts were made to 

synthesize a short peptide that could form hydrogel with high water content 

under physiological conditions. The main motive behind this hydrogel 

formation was to examine the applicability of the hydrogel as a drug delivery 

template. In this regard, a cyclic dipeptide containing S-benzyl-L-cysteine and 

L-leucine was synthesized which formed hydrogel at physiological conditions. 

Cyclic dipeptide was chosen over its linear counterpart as cyclic peptides 

possess high structural rigidity and less enzymatic degradation which enabled 

them to sustain extreme physical conditions. Then the capability of this 

hydrogel to act as a drug-delivery vehicle was examined by in-vitro studies 

using 5FU as a template anticancer drug. Cytotoxicity assay of the hydrogel and 

comparative anticancer activity of the drug loaded in hydrogel and its bare form 

was performed. All these experiments and results as a whole were aimed to 

develop a suitable hydrogelator as a drug-delivery vehicle. 

2.2 INTRODUCTION 

Hydrogels are a new class of soft materials which are in high demand these days 

due to their wide range of potential uses in industries like biomaterials, 

biosensors, drug delivery, tissue engineering, wound healing, removing toxins 

from water, and several bio-nanotechnology-based electronic and photonic 
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energy storage.149–154Small monomeric units self-assemble into supramolecular 

hydrogels using weak yet potent non-covalent interactions such as hydrogen 

bonds, van der Waals contacts, π-π stacking, electrostatic interactions, and 

others.155–157Together, these factors create a three-dimensional cross-linked 

network that can cage water molecules and render them immobile.158–160 

Supramolecular hydrogels are more adaptable than traditional polymeric and 

biopolymer gels because they have reversible properties and possess facile sol-

gel-sol transition due to the presence of non-covalent interactions.161,162The 

physicochemical characteristics of peptide-based hydrogels can be easily 

modified to attain specific properties suitable for a desired application due to the 

availability of a variety of self-assembling domains.163 Additionally, peptide 

hydrogels are strong candidates for material and biomedical applications due to 

their straightforward large-scale production, thermal stability, tuneable 

rheological characteristics, aqueous processability, and biocompatibility.33,164 

However, hydrogels obtained from the self-assembly of linear peptides suffer 

from instability and rapid enzymatic degradation because they lack molecular 

stiffness and have a low environmental tolerance at physiological conditions.165–

167Therefore, it is imperative to develop new kinds of modified peptide 

hydrogels to bypass the drawbacks of linear peptide-based hydrogels and 

improve their practical applicability. 

The lowest and most basic type of cyclic peptides is cyclic dipeptides (CDPs) or 

2,5-diketopiperazines which contain a six-membered heterocyclic lactam ring 

core. The majority of naturally occurring CDPs are secondary metabolites that 

are present in species ranging from bacteria to people.168 Synthetic molecules, 

metabolites, or organic compounds with CDP core displayed a wide range of 

biological activities, including anticancer, antimalarial, antimicrobial, 

hypoglycaemic agents, quorum sensing, blood-brain barrier (BBB) transporters, 

drug delivery vehicles, tissue engineering, and more.169–175 When compared to 

their linear equivalents, CDPs show high structural rigidity, high physiological 
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stability, low enzymatic degradation, and superior biological activity.165,176The 

lack of conformational mobility and the presence of two cis amide groups with 

four hydrogen-bonding sites (two donors and two acceptors) in CDPs favour the 

formation of gels.177,178 Furthermore, by selecting desirable amino acid 

composition or altering the side chains of constituent amino acids in the CDP 

scaffold, additional noncovalent interactions that are important in promoting 

molecular self-assembly can be easily incorporated into the CDP moiety.171 

However, there are limited examples of CDP-based gelators that can produce 

hydrogel at physiological conditions,179–182 necessitating the urgent need for the 

creation of new CDP based gelators that can produce diverse hydrogels for a 

wider variety of biomedical applications. 

Our study is primarily focused on the synthesis of peptide-based small 

molecules that produce various nanostructures via self-assembly and in turn 

results in gels. For use in biomaterial applications like drug delivery, in this 

chapter work, focus was made on synthesizing small peptides that could form 

hydrogel under physiological conditions. In previous research works our team 

has reported that benzyl protected tyrosine-based dipeptides formed organogels 

through nanofibrillar self-assembly in several mixed organic solvents.183From 

earlier research conducted on benzyl protected cysteine, it was evident that di- 

and tripeptides formed from benzyl protected cysteine had produced a variety of 

self-assembled nanostructures, such as nanofibrils, protofibrils, nanospheres, 

and so on.145,148,184 In each case, participation of the benzyl protecting group in 

π-π stacking interactions was crucial in creating the self-assembly structure in 

those di- and tripeptides. Considering these details, the cyclic dipeptide cyclo-

(Leu-S-Bzl-Cys) (S1) was designed and synthesized which has the amino acids 

L-leucine and S-benzyl-L-cysteine as its constituents. In presence of a very little 

amount of polar organic solvents(DMSO, DMF, methanol, acetonitrile, etc.), 

the cyclic dipeptide was found to form a hydrogel both in water and in the PBS 

buffer of pH 7.46. The addition of the benzyl group to the cysteine moiety was 
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planned ahead of time to introduce π-π stacking, which when combined with the 

hydrogen bonding interaction of two amide groups and the hydrophobic 

backbone of the leucine side chain, promoted the self-assembly of the cyclic 

dipeptide S1 into a highly entangled fibrillar nanostructure. The hydrogel thus 

obtained from cyclic dipeptide S1 exhibited excellent resistance to 

environmental factors including pH and temperature and remained stable for 

more than a year without any deformation. The hydrogel was thermoreversible 

and its stability in different pH was also investigated. By using rheology 

experiments, the mechanical strength of S1 hydrogel was determined. 

Morphological insight of S1 was visualized by Atomic force microscopy (AFM) 

and field emission scanning electron microscopy (FE-SEM). Circular 

dichroism(CD), Fwier transform infrared (FT-IR) and NMR investigations were 

also performed to gain information about the non-covalent interactions involved 

in the self-assembly. S1 falls under the "super gelator" category because to its 

extremely low minimum gelation concentration (MGC) of 0.05% (w/v)qualifies 

it as a “super gelator”.180,185 High water content and great stability under 

physiological conditions of S1 hydrogel further motivated research into its use 

in drug delivery. 

A promising chemotherapeutic medication called 5-Fluorouracil (5FU) was 

selected as a test candidate for a slow and sustained drug delivery trial.186 5FU 

is a potent anticancer drug mostly used to treat colorectal cancer as well as other 

cancers like breast cancer and gastrointestinal cancer, bladder cancer, 

neuroendocrine tumors, cervical cancer, and many more.187–189However, 5FU 

chemotherapy is also associated with several limitations, including a very short 

half-life and significant cytotoxicity when used at high concentrations.187,190–

192Therefore, it is crucial to create a potent drug delivery system that is both 

affordable and effective in order to maintain a consistent dosage of 5FU over an 

extended length of time. Encapsulation and slow release of the anticancer drug 

5FU from the hydrogel S1 was discussed in this chapter. The cytotoxicity of S1 
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hydrogelator was examined in the human colorectal cancer cell line HCT116, 

and a comparison of the anticancer activity of 5FU in both its bare and 

hydrogel-encapsulated state was conducted. 

 

2.3 RESULTS AND DISCUSSION 

2.3.1 Synthesis of Cyclic Dipeptide S1  

All chemicals were purchased from Sigma-Aldrich and used without further 

purification unless otherwise stated. Solvents were freshly distilled by the 

standard procedures before use. Column chromatography was performed on 

silica gel (Merck, 60–120 mesh) with the required eluent. Finally, compounds 

were characterized by 1H-NMR, 13C-NMR, and mass spectrometry. The cyclic 

dipeptide S1 was synthesized by conventional solution phase methodology. The 

N-terminus was protected through BOC (tert-butoxycarbonyl) group and the C-

terminus was protected through methyl ester. The coupling reaction was 

mediated using 1-ethyl-3,3-(dimethylamino)propylcarbodiimide hydrochloride  

(EDC.HCl) and hydroxybenzotriazole (HOBt). The synthetic route to S1 is 

shown in Scheme 1. 

 

Scheme 1. Schematic presentation of the synthesis of the dipeptide. aReagents and 

Condition: (i) EDC·HCl, HOBt, TEA, 0°C to r.t, 8 h, (ii) TFA, DCM, 0°C to r.t, 4 h, (iii) 

NaHCO3, H2O, pH=8-9. 
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Synthetic procedure: To a well-stirred solution of N-(tert-Butoxycarbonyl)-L-

leucine (1; 500 mg, 2.16 mmol) dissolved in N,N-dimethylformamide (10 ml), 

was added anhydrous hydroxybenzotriazole (HOBT; 350 mg, 2.59 mmol) 

slowly followed by 1-ethyl-3,3-(dimethylamino) propyl carbodiimide 

hydrochloride (EDC·HCl; 622 g, 3.24 mmol) at 0 oC under nitrogen atmosphere. 

Then stirring was continued for 10 mins at ice-cooled condition and after that to 

this mixture, triethylamine (TEA; 1.5 ml, 10.8 mmol) was added followed by S-

benzyl-L-cysteine methyl ester hydrochloride (2; 679 mg, 2.59 mmol). The 

reaction was further continued for 8 h at room temperature (monitoring via 

TLC). The reaction mixture was then concentrated under reduced pressure and 

extracted with ethyl acetate (3 × 20 ml). Evaporation of solvent left a crude 

residue, which was purified by column chromatography over 60-120 mesh silica 

gel (hexane/ethyl acetate 70:30) to afford the intermediate compound ‘3’ as 

white solid (yield = 74%). In the next step, intermediate ‘3’ (700 mg, 1.59 

mmol) was treated with trifluoroacetic acid (TFA; 732 µl, 9.58 mmol) in 

dichloromethane solvent (12 ml) at 0 oC. The reaction mixture was slowly 

brought to room temperature and stirring continued. After 6 h, the completion of 

the reaction was confirmed via TLC and the reaction mixture was then 

concentrated under reduced pressure. The crude mixture was then treated with 1 

(N) sodium bicarbonate solution until the pH reached 8-9 and extracted with 

dichloromethane (3 x 20 ml) from the aqueous layer.173,193 After evaporation of 

the solvent, the product was purified by column chromatography over 60-120 

silica gel using dichloromethane/methanol 95:5 as eluent to afford the final 

product ‘S1’ (yield=50%) as white solid (Scheme 1). The purity of compound 

‘S1’ was checked by analytical HPLC (Figure S4) using acetonitrile/water as 

eluent and ‘S1’ was characterized by ESI-MS (Figure S3) and 1H, 13C NMR 

(600 MHz) spectroscopy (Figure S1, S2). 
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2.3.2 Gelation Study of Cyclic Dipeptide S1  

The ability of cyclic dipeptide S1 to gel at various solvents and concentrations 

in neutral and physiological pH was investigated. First, 1 mg of the 

hydrogelator (S1) was weighed in a tiny screw-capped glass vial for the 

hydrogel preparation and dissolved in 10 µl of HPLC grade DMSO. The 

addition of water or PBS buffer (990 µl) resulted in the appearance of a white, 

non-homogeneous, loose gel that, when heated vigorously, disintegrated and 

produced a clear solution. As the heated solution cooled to ambient temperature 

a homogenous transparent hydrogel with a slight white tint was developed 

within a few mins which did not show any gravitational flow upon inversion of 

the vial (Figure 1A, 1B). The minimal gelation concentration (MGC) for S1 

hydrogel was found to be 0.05% (w/v) in both water and PBS buffer after 

hydrogels of various concentrations were prepared using lesser quantities of 

hydrogelator. S1 failed to produce a robust, self-supported gel that can defy 

gravity below this concentration rather formed only a loose gel. Due to its 

extremely high water content and low MGC value, S1 hydrogel fits well within 

the range of ‘super hydrogel’. It was also seen that hydrogel formation was also 

attained by diluting the CDP with water after being dissolved in very little 

amount of polar organic solvents such as DMF or methanol, (Figure S5). This 

indicates that water is crucial for promoting hydrogelation through the creation 

of hydrogen bonds, which is further supported by the observation that when the 

proportion of water to the other co-solvent was reduced, the degree of 

hydrogelation subsequently dropped. In addition, the gelation study was carried 

out in pure organic solvents, and it was discovered that this S1 can also form an 

organogel in solvents like dichloromethane and ethyl acetate. However, in 

contrast to hydrogels, the gelation in pure organic solvents required a relatively 

high concentration of the S1 hydrogelator (MGC = 4% w/v in dichloromethane 
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and (MGC = 2% w/v in ethyl acetate) and much longer time to form a stable 

gel. 

(A) (B)

 

Figure 1. (A) Photographic image of S1 hydrogel obtained from 1% DMSO in PBS buffer 

(pH=7.46), (B) vial inversion test performed with S1 hydrogel. 

 

2.3.3 Thermal and pH Stability of S1 Hydrogel 

Since pH and temperature are strongly related to the intermolecular interactions 

in nanomaterials, they can have an impact on the stability of hydrogels. S1 

hydrogel is thermoreversible by nature because it exhibits a gel-to-sol transition 

following heating and returns to its gel state upon cooling. The gel-to-sol 

transition temperature (Tgel) was determined by placing the gel-containing 

screw-capped glass vial into an oil bath and raising the temperature at a rate of 2 

oC min-1. The temperature was monitored using a thermometer and Tgel was 

defined as the temperature (+0.5 oC) at which the gel melted and showed 

gravitational flow. The Tgel of the S1 hydrogel was determined to be 75 oC at its 
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MGC, and it further rises with increasing gel concentration. This hydrogel 

demonstrates good thermal stability since it can withstand high temperatures. 

The hydrogel was then left in place for testing its stability under ambient 

settings, and even after a year, no physical deformation of the hydrogel was 

found. In addition, the gel-forming potential of S1 was tested at pH levels 

ranging from 4 to 12. It was observed that S1 can form a stable hydrogel 

between pH 6 and pH 12, however below pH 6 in aqueous solvent systems, it 

creates a whitish suspension. 

2.3.4 Mechanical Stability Measurement of S1 Hydrogel 

Rheological testing was done on the hydrogel made from the cyclic dipeptide 

S1 to determine its stiffness and mechanical strength. The rheological 

measurement of the gel obtained from cyclic dipeptide S1 in aqueous solvent 

(1% DMSO in PBS) was performed using Modular Compact Rheometer (Anton 

Parr, MCR 102, Austria). The instrument was equipped with an air compressor 

unit which maintained the air pressure at 7 kg/cm2. Standard cone-plate 

geometry (CP-40, 40 mm outer diameter, angle 1o) was employed in the study. 

Strain sweep (G′, G″ versus strain) and Frequency sweep (G′, G″ versus angular 

sweep) were measured in oscillation mode. The data was analyzed using 

Rheoplus software (US 200, version 3.62). 

Rheological experiments are crucial for determining the viscoelastic properties 

of gel materials.194  The terms "storage modulus" and "loss modulus" refer to 

two characteristics that relate to a substance's viscoelasticity. The storage 

modulus G′ denotes a material's capacity to return to its original shape after 

being deformed, while the loss modulus G′′ denotes how the material flows 

when under stress. When a viscoelastic material is in its gel form, the storage 

modulus is always greater than the loss modulus, and the opposite is true when 

it is in its sol state. 
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Figure 2. (A) Strain sweep experiment, and (B) Frequency sweep experiment at 0.1% of 

constant strain, performed on S1 hydrogel obtained from 1% DMSO in PBS (pH=7.46). 

 

The results of a typical strain sweep experiment on S1 hydrogel revealed that G′ 

and G′′ are virtually completely unaffected by the applied strain up to a strain 

value of 10%, demonstrating the gel state of the hydrogelator. The gel began to 

disrupt at the crossover point, where G′ = G′′, and continued to behave like a 

fluid after this point (Figure 2A). The hydrogel made from S1 was then used in 

a frequency sweep experiment with constant (0.1%) strain, where G′ and G′′ 

were measured as functions of angular frequency. The experiment revealed that 

the hydrogel behaves linearly and that the lines (G′ and G′′) never cross over 

during the whole frequency range under investigation (Figure 2B). It was 

discovered that G′  was 20 times bigger than G′′, which suggested the formation 

of a solid-like stable gel material.195The high value of storage modulus (104 

pa) indicates excellent mechanical resistance of the nanomaterial towards 

external forces which attributes to the formation of an extremely dense 

nanofibrillar network within the hydrogel. 
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2.3.5 Morphological Study 

2.3.5.1 Field Emission Scanning Electron Microscopy (FE-SEM) 

Study 

Morphologies of the gel materials were investigated using field emission 

scanning electron microscopy (FE-SEM). For the FE-SEM study, dilute 

solutions of gel materials were dried and platinum coating was carried out. Then 

the micrographs were taken in an FE-SEM apparatus (ZEISS-SIGMA, Carl 

ZEISS Microscopy, Germany). Field emission scanning electron microscopy 

(FE-SEM) was used to visualize the microstructure that the hydrogel had 

adopted using the xerogel made from S1 in DMSO-PBS solvent (pH 7.46). The 

FE-SEM pictures (Figure 3A) showed that the xerogel developed a highly 

entangled web-like architecture made up of multiple long nanofibers. This 

nanofibrous network's ability to trap numerous water molecules inside its cages 

encouraged the formation of the self-supporting hydrogel. A porous 

nanostructure with a large surface area is indicated by the nanofibres' average 

width, which is in the 25–200 nm range, and their length, which is several 

microns. The nanofibres' average width, which is in the 25–200 nm range, and 

their length, which is several microns, indicated a porous nanostructure with a 

high surface area. The multiple branching in the fibrillary network was 

beneficial in improving the mechanical stability of the hydrogels in extreme 

conditions. The network is observed to become more densely packed at higher 

S1 hydrogelator concentrations as a result of the bundle-up of the thinner 

nanofibers into thicker, wider structures (Figure 3B) with a diameter of up to 

400 nm. These networks may be able to accommodate different drugs and other 

organic molecules and by releasing these molecules into the nearby solvent, 

these highly cross-linked dense three-dimensional networks may establish a 

platform for a variety of medicinal and nanotechnological applications. 
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Figure 3. FE-SEM image of S1 hydrogel obtained from DMSO-PBS at pH=7.46 (A) at 0.5 

mg/ml concentration showing the nano-fibrillar self-assembly (the inset picture depicted the 

enlarged view of the nano-fibrillar network) and, (B) at a concentration of 1 mg/ml depicting 

bundling up of thin nanofibers into thicker nanofibers. 

 

2.3.5.2 Atomic Force Microscopy (AFM) Study 

To get additional information about the surface morphology and size of the 

nanofibers, atomic force microscopy experiments were carried out with the 

dilute solution of the hydrogelator (S1). For this purpose, a dilute solution of S1 

was incubated at room temperature for 24 h, and then the solution was drop cast 

on a freshly cleaved mica sheet. After drying the sample solution placed on the 

mica sheet, the specimen was observed through Pico Plus 5500 AFM (Agilent 

Technologies, Inc., Santa Clara, CA, USA) with the piezo scanner range of 9 

μm. The images (256 × 256 pixels) were captured with a scan size between 0.5 

and 5 μm at the scan speed rate of 0.5 rpm. The images were processed through 

flattening via Pico view software (Molecular Imaging Inc., Ann Arbor, MI, 

USA). The AFM pictures revealed highly cross-linked self-assembly of 

nanofibers with widths between 55 and 120 nm and lengths of several 

micrometers (Figure 4C). It is noteworthy that the cross-linked fibrillar 

nanostructure appeared similarly when AFM images of S1 were acquired  
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Figure 4. Atomic force microscopy (AFM) images of S1 in 1% DMSO-PBS (pH = 7.46) 

solvent system (A) topography of fibrillar assembly having fiber diameter 25–75 nm 

produced without incubation, and (B) corresponding amplitude image of A. (C) topography 

of fibrillar assembly having fiber diameter 55–120 nm produced after 24 h of incubation, and 

(D) corresponding amplitude image OF C. (E) Heightprofile of AFM image A (Length=2.58 

μm Pt = 26.9 nm Scale = 30.0 nm), and (F) height profile of AFM image C (Length=2.55 μm 

Pt = 21.6 nmScale = 25.0 nm). 
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immediately after the solution preparation and without allowing it to incubate 

(Figure 4A). This finding demonstrates that the hydrogelator aggregates 

instantly in aqueous solution, which is supported by the fact that the cyclic 

dipeptide S1 turned into hydrogel immediately (within a few mins) once 

aqueous solvents were added to the solution of S1 in polar organic solvents. The 

diameter of the nanofibers obtained from S1 solution without incubation ranged 

between 25-75 nm which was smaller than those obtained after 24 h of 

incubation. As a result, it can be concluded that the degree of self-assembly and 

the hydrogelation of S1 in aqueous solution both strengthened over time and 

generated thicker, rod-like fibrils. Other solvents such as DMF-water, methanol-

water, ethyl acetate, dichloromethane, etc. were also used to study the 

morphology of S1, and it was observed that S1 can also form fibrils from 

diluted solution in each of these solvent systems (Figure S7). 

2.3.6 Spectroscopic Study 

The structural information of the hydrogelator S1 as well as the forces involved 

in the process of self-assembly of the same were accessed using a variety of 

spectroscopic techniques. One of the most significant weak forces in the 

development of molecule self-assembly is hydrogen bonding. As a result, 

various hydrogen-bonding patterns play a significant role in controlling the 

secondary structure of peptide self-assembly. Since cyclic dipeptides contain 

two cis amide bonds, there is a strong likelihood that those two amide groups 

will participate in the self-assembly process by forming hydrogen bonds. The 

determination of the involvement of those amide groups in the self-assembly 

may be done very effectively with the help of NMR and FT-IR spectroscopy. 
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2.3.6.1 NMR Study 

H/D exchange NMR experiments and temperature-dependent 1H NMR 

experiments were carried out to gain a brief understanding of the hydrogen 

bonding pattern of the amide protons of S1.194 In the proton NMR spectra of S1 

in DMSO-d6 solvent, the two peaks that appeared at 8.10 ppm and 8.35 ppm 

arose due to the two lactam amide proton of S1 molecule (Figure 5A). The 

intensity of both amide proton peaks rapidly dropped within a few mins after 

adding 10 µl of D2O to a 10 mM solution of S1 in DMSO-d6 (Figure 5B), and it 

nearly disappeared after an hour (Figure 5C).  

ppmppm

A)

B)

C)

 

Figure 5. H/D exchange experiment performed with the cyclic dipeptide S1 (10 mM) in 

DMSO-d6: (A) 1H NMR spectra of S1 in absence of D2O, (B) 1H NMR spectra 5 mins after 

addition of 10 μl D2O into the DMSO-d6 solution of S1, (C) 1H NMR spectra of S1 1 hr after 

addition of D2O. 
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This finding suggested that those amide protons were deuterium-exchangeable 

and thus solvent-exposed. Since the H/D exchange rates are a function of two 

parameters: solvent accessibility and hydrogen bonding, the exchange rate of 

these two amide protons can be used to infer that S1 was involved in 

intermolecular hydrogen bonding with other S1 molecules as well as with water 

molecules in its extended structure. As a result, it can be said that 

intermolecular H-bonding in S1 produced an ordered secondary structure, and 

the high affinity of the amide backbone (-CONH-) for the water molecules 

allowed for the development of a self-assembling porous three-dimensional 

structure that ultimately resulted in the formation of the hydrogel. 

The presence of intermolecular hydrogen bonding within the solution of S1 was 

further validated by temperature-dependent 1H NMR study. This was 

accomplished by obtaining the proton NMR spectra of S1 at three different 

elevated temperatures: 313 K, 323 K, and 333 K including ambient temperature 

(Figure 6). The two amide protons appeared at 8.10 ppm and 8.35 ppm, 

respectively (Figure 6A) at ambient temperature (298 K), exhibited a shielding 

effect as the temperature increased gradually from 298 K to 333 K. At the 

highest temperature (333 K), both the amide proton peaks at 8.10 ppm and 8.35 

ppm (at room temperature) finally relocated to the up-field region by a value of 

0.2 ppm each and appeared at 7.90 ppm and 8.14 ppm, respectively (Figure 

6D). This finding demonstrated that amide protons are involved in 

intermolecular hydrogen bonding and that the shifting of the amide protons 

towards the upfield area at higher temperatures is related to the breakdown of 

intermolecular hydrogen bonding between the cyclic dipeptide molecules. In 

addition to the intermolecular hydrogen bonding pattern, the thermoreversible 

character of the hydrogel made from cyclic dipeptide S1 may also be explained 

by the temperature-dependent proton NMR investigation. The gel-to-sol 

transition on heating may be attributed to the disruption of the intermolecular 
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hydrogen bonding leading to a lower degree of self-assembly of the cyclic 

dipeptide molecules. 

333 K

323 K

313 K

298 K

(D)

(C)

(B)

(A)

 

Figure 6. Temperature-dependent 1H NMR experiment performed with the cyclic dipeptide 

S1 in DMSO-d6 solvent: 1H NMR of S1 (A) at 298 K, (B) at 313 K, (C) at 323 K, and (D) at 

333 K. 

 

2.3.6.2 FT-IR Study 

FT-IR experiments were carried out on S1 in both its solid and wet-gel states to 

learn more about the backbone conformation and hydrogen-bonding pattern that 

caused the cyclic dipeptide to self-assemble. The Fourier transform infrared 

(FT-IR) spectra of the samples in solid and gel states were recorded on a Bruker 

TENSOR 27 spectrometer using the attenuated total reflection (ATR) technique. 

For recording the FT-IR in the wet-gel state, the gel was prepared in 1% 

DMSO-PBS buffer at its MGC. The spectra were scanned from 600 to 4000 cm-

1. Bruker software was used for data processing. Experimental data obtained 
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were analyzed using Origin Pro 8.0 SRO software (Origin Lab Corporation). In 

the spectra (Figure S6), the significant band locations of S1 in the solid state 

were indicated, and the assignments of those marked positions were tabulated 

(Table S1) in the spectral characterization and additional results section. The 

amide backbone structure, which is primarily defined by the amide-I, amide-II, 

amide-III, and amide-A infra-red absorption peaks, has a significant impact on 

self-assembling interactions.195,196While amide-I is primarily related to the 

>C=O stretching vibration (70-85%), amide-II is mostly caused by the N-H 

bending vibration (40-60%) and the C-N stretching vibration (18-40%). The 

FT-IR spectra of S1 in the solid state revealed three bands in the amide-I region, 

including two bands at 1658 cm-1, 1666 cm-1, and another weaker transition at 

1681 cm-1. These bands were mostly caused by the two amide groups' >C=O 

stretching (Figure 7B). The anti-parallel -sheet conformation of the S1 in its 

solid state may have stretched to form an extended structure that is the cause of 

the vibrational band at 1681 cm-1.197–199The appearance of the vibrational band 

at 1681 cm-1perhaps due to an extended structure of anti-parallel β-sheet 

conformation of the S1 in its solid state. In the solid state, the amide-II band for 

S1 emerged at 1454 cm-1 and had a hump at 1461 cm-1 (Figure 7A). In the wet 

gel state, the amide carbonyl stretching band of S1 appeared at 1662 cm-1 

associated with a hump at 1633 cm-1 (Figure 7C) and the intensity of the >C=O 

stretching band was also seen to increase.179 This shift in carbonyl stretching 

frequency was due to the weakening of the >C=O bond which denotes the 

existence of significant hydrogen bonding in the gel state. However, the amide 

>C=O stretching band's enlargement caused the weaker band at 1681 cm-1 to 

disappear in the gel state. The water molecules involved in the hydrogen 

bonding with the amide groups (-CONH-) caused solvation of the amide group 

and in turn, contributed to the broadening of the band. Participation of S1 in 

hydrogen bonding in the gel state was further corroborated by the amide-II 
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band's shift from 1454 cm-1in the solid state to 1459 cm-1in the wet gel state 

coupled with the broadening of the band.179 
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Figure 7. (A) FT-IR spectra of the cyclic dipeptide S1 in the solid state, (B) shows the 

enlarged portion of the area enclosed by red dotted line in figure A, and (C) FT-IR spectra of 

S1 in the wet gel state. 

 

2.3.6.3 Circular Dichroism Study 

Circular dichroism (CD) experiments were conducted to get structural insight 

into the preferred secondary structure that the hydrogelator S1 acquired both in 

the solution and in the gel state. The CD spectrum of the cyclic dipeptide S1 

was measured on a JASCO-810 spectropolarimeter under constant nitrogen 

flow conditions. 100 μM of concentration of S1 in 1 mm path length quartz 

cuvette was used for the CD spectra measurements, and CD measurements were 

carried out at 25°C with an accuracy of ±0.1. The far-UV region was scanned 
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between 190 to 250 nm using a bandwidth of 1 nm. The represented spectrum 

was the average of three individual scans. The CD measurement of S1 dissolved 

in 1% DMSO-PBS solvent system and incubated after 24 h showed a broad 

negative peak with minima at 212 nm and a positive peak at 197 nm (Figure 8). 

This type of CD pattern is characteristic of an antiparallel β-sheet secondary 

structure.158,200,201 This result suggested that a significant number of gelator 

molecules organized in an antiparallel β-sheet fashion, produced fibrillar self-

assembled nano-structure having enough empty space for the trapping of water 

molecules that further encouraged the formation of hydrogel. 
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Figure 8. CD spectra of S1 in 1% DMSO-PBS solvent system (pH=7.46). 

 

2.3.6.4 Thioflavin-T (Th-T) Binding Study  

After NMR, FT-IR, and CD results showed evidence of intermolecular 

hydrogen bonding and an anti-parallel -sheet-like secondary structure in S1, 

thioflavin-T (Th-T) binding experiment was carried out to further confirm these 

findings. Th-T is a fluorescent dye that enhances its fluorescence intensity after 

binding to amyloid assemblies that contain amino acid subunits that are rich in 
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β-sheet secondary structure.202–204 For the assay, a stock solution of thioflavin-T 

(Th-T) was freshly prepared by dissolving 1 mg of Th-T in 1 mL of Milli-Q 

water and filtered through a 0.2 μm syringe filter. 20 μl of stock solution was 

diluted with 2ml of Milli-Q water and the fluorescence spectrum of blank Th-T 

was acquired using a Fluoromax-4 spectrofluorometer using an excitation 

wavelength of 450 nm and emission range from 460 to 600 nm. 20 μl of ThT 

stock solution was then mixed with 2 ml of 100 µΜ cyclic dipeptide (S1) 

solution and the emission spectrum was recorded after incubation of 10 mins at 

room temperature. An enhancement in the Th-T fluorescence intensity (Figure 

9) by several folds was observed after binding with S1 which further confirmed 

the formation of amyloid-like fibrils and β-sheet secondary structure during 

self-assembly as well as hydrogelation process of S1 in aqueous solvents. 
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Figure 9. Thioflavin-T (Th-T) binding assay for amyloid fibril formation from S1 in 1% 

DMSO-PBS solvent system. 
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2.3.7 Encapsulation of 5-Fluorouracil by S1 Hydrogel  

At physiological pH (7.46) and temperature, the self-assembly of S1 molecules 

within the hydrogel produced an interwoven highly cross-linked nanofibillar 

network. From FE-SEM and AFM images, it was clear that this network had a lot 

of cage-like void spaces, and this could serve as a model for the capture and 

subsequent release of drug molecules under physiological circumstances. To 

explore the capability of S1 hydrogelator as a drug delivery vehicle, it was allowed 

to form hydrogel in an aqueous solution containing the anticancer drug 5FU. For 

encapsulation, S1 was dissolved in 10 µl DMSO and, into it, 300 µl of 1 mM 5-

Fluorouracil solution and PBS buffer of pH 7.46 was added to attain a final drug 

concentration of 150 µM for 5FU. The solution was then heated until the dipeptide 

gets completely dissolved and was then left for cooling at room temperature to get 

the 5FU incorporated hydrogel. The gel was then allowed to stand for further 10 

mins and was washed twice with 1ml of fresh solvents to remove any 

unconjugated drug. The initial drug used for encapsulation and unbound drugs 

were estimated by measuring their absorbance (λmax 266 nm) using a JASCO V-

630 spectrophotometer (JASCO International Co. Ltd, Japan) and calculating the 

concentration from a standard curve of 5FU. The standard curve for 5-Fluorouracil 

was obtained by plotting its concentration against the respective absorbance from 

25 µM to 200 µM. 

The loaded drug in the hydrogel and the encapsulation efficiency were then 

calculated as follows: 

Drug loaded = initial concentration of the drug – concentration of free non-

entrapped drug 

Encapsulation efficiency 
Loaded concentration of the drug

Initial concentration of the drug
= x 100
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It was noted that at physiological pH, S1 formed a stable gel and effectively 

encapsulated the drug 5FU, with an encapsulation efficiency of 94.46±1.04%. 

Encapsulation of 5-Fluorouracil was evident from the FT-IR spectra of 5FU-

loaded hydrogel (Figure 10C). In the FT-IR spectra of the hydrogel loaded with 

5FU (Figure 10C), the vibrational bands at 1240 cm-1 and 1723 cm-1 matched 

the vibrational band that appeared for free 5FU. Moreover, incorporation of 

5FU did not significantly alter the FT-IR peaks of S1 hydrogel afterward, 

indicating that drug encapsulation did not perturb the secondary structure of the 

self-assembled S1. AFM pictures of 5FU-loaded hydrogel (Figure 10D) 

revealed a fibrillar nanostructure that was similar to that of the native hydrogel, 

which is consistent with the finding that the incorporation of the drug 5FU did 

not interfere with the process of self-assembly. These findings revealed that the 

morphology of S1 and the way it self-assembled in aqueous solution were 

unaffected by the entrapment of 5FU. 

5FU

S1-5FU

S1 gel

 

Figure 10. FT-IR spectra of (A) 5-Fluorouracil, (B) S1 hydrogel, and (C) S1 hydrogel loaded 

with 5-Fluorouracil. (D) AFM image of xerogel obtained from 5FU loaded S1 hydrogel and 

the inset picture depicted the tube inversion test of the 5FU loaded S1 hydrogel. (E) Height 

profile scale of the AFM image D. 
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2.3.8 In-vitro Drug Release Study 

After the drug was successfully incorporated, the capability of the hydrogel was 

tested if it could also release the drug effectively and gradually in order to fulfill 

its intended role as a drug delivery vehicle. For the release study, 5FU 

incorporated hydrogel was formed as mentioned previously. A blank gel of S1 

was also prepared in absence of 5FU following the same procedure. PBS buffer 

(pH=7.46) was used as the release medium and each gel was covered with 2ml 

of PBS buffer. At different time intervals, the respective solutions were 

removed and UV/vis absorption (λmax 266 nm) of the solution containing 5FU 

was recorded using the blank solution as a reference medium. The release 

studies were monitored for 72 h. This approach allows quantifying the amount 

of 5FU released from the gel. The following equation was used to determine the 

percentage of the drug released: 

% of drug released =
Ct

Ci

x 100

 

where Ci and Ct represent the initial concentration of drug-loaded and the 

concentration of drug released at time t, respectively. The whole process was 

repeated thrice to get an average drug release profile. According to the drug 

release profile (Figure 11), the drug 5FU was released slowly over the course of 

72 hours. The rate was initially somewhat faster for the first 24 h before slowing 

down as the time got closer to 72 h. Almost 90% of 5FU that had been 

encapsulated was shown to be released from the gel matrix throughout 72 h, 

after which the hydrogel began to rupture and started to diffuse into the 

releasing media.The diffusion coefficient of the drug molecule was also 

determined with the help of a non-steady-state diffusion model equation:  

Mt/M∞ = 4(Dt/ πλ2)1/2 
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where Mt is the total amount of drug released during the measurement, M∞ is the 

total amount of drug that was kept within the gel matrix, λ is the hydrogel 

thickness, t is the time of measurement, and D is the diffusion constant of the 

drug molecule.158,205,206The calculated diffusion coefficient for the hydrogel was 

found to be 6.45 × 10−11 m2s−1.34This delayed and sustained release of drug 

molecules from the hydrogel at physiological pH bears interesting future 

characteristics for S1 hydrogel as a drug delivery vehicle. 
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Figure 11. Release profile of 5-Fluorouracil with error bars from 5FU-loaded S1 hydrogel 

over a span of 72 h. 

 

2.3.9 Cytotoxicity Study of S1  

To check the practical applicability of this peptide hydrogel as a drug delivery 

vehicle, the cytotoxicity of S1 was first checked via MTT assay on HCT116 

cancer cell line.207For this HCT116 (human colorectal cancer) cells were grown 

in a culture medium of DMEM with 10% fetal bovine serum (FBS) and 1% 

penicillin-streptomycin at 37°C in a humidified atmosphere with 5% CO2. After 
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developing 60–80 % confluency, cells were planted at the required density to 

allow them to develop well for a day before the experiment. Cells were 

harvested using 0.05 percent trypsin and 0.50 mM EDTA in phosphate-buffered 

saline (PBS, pH= 7.46). For the MTT assay, HCT116 cells in the concentration 

of (1 x 105 per well) were seeded in 96 well plates. Cells were then treated with 

0, 50, 100, 200, 300, 400, 500, 600, 700, 800, 900, and 1000 µM concentrations 

of S1 for 24 hours. In all the experimental batches of cells, four hours after 

adding MTT, purple-colored formazan crystals were generated. These crystals 

were solubilized in DMSO, and the absorbance was measured at 595 nm using 

an ELISA (enzyme-linked immune sorbent assay) reader. Treatment of the 

HCT116 cancer cells with a range of S1 concentrations 0, 50, 100, 200, 300, 

400, 500, 600, 700, 800, 900, and 1000 µM for 24 h revealed no significant 

cancer cell death, even at high concentrations.  
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Figure 12. Growth inhibitory effect of S1 on HCT116 cells, at concentrations ranging 

between (0-1000) µM. The result is the mean ± SD from triplicate independent experiments. 
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At all S1 concentrations tested, the percentage of cell survivability ranged 

between 85% and 90%. After being treated with S1, the cellular pictures of the 

HCT116 cells under a light and fluorescence microscope (Figure 12) 

demonstrated healthy cell morphology. Therefore, it was determined that the 

cyclic dipeptide S1 had a negligible part in the mortality of HCT116 cells. As a 

result, additional research employing the HCT116 cell line and a 500 M dosage 

of S1 was carried out. Therefore, it was concluded that the cyclic dipeptide S1 

had no significant role in the mortality of HCT116 cells. Hence, further studies 

were conducted with the HCT116 cell line using a 500 µM dose of S1. 

2.3.10 Effect of 5FU Loaded Hydrogel on Growth of Cancer Cells 

and Apoptosis 

A comparative anticancer activity study between 5FU-loaded hydrogel (S1-

5FU) and free 5-Fluorouracil was performed on HCT116 cell line. For this, 

MTT assay was performed where one batch of cells was treated with 

concentrations 0, 2, 5, 10, 20, 30, 40, and 50 µM of 5 fluorouracil, and another 

batch of cells was treated with concentrations 0, 2, 5, 10, 20, 30, 40, 50 µM of 

5-Fluorouracil loaded in 500 µM of S1 hydrogel. This comparative anticancer 

activity study revealed that co-treatment of 5-Fluorouracil with S1 hydrogel 

(S1-5FU) promoted enhanced cell death of HCT116 cells as compared to 5-

Fluorouracil alone. The IC50 dose of 5-Fluorouracil was calculated to be 

32.23±3.4 µM208in Figure 13A when cells were treated with only 5FU and in 

Figure 13B, when cells were treated with 5FU loaded hydrogel the IC50 value 

of 5FU was calculated to be 6.7±1.2 µM. Therefore, administration of 5FU-

loaded hydrogel (S1-5FU) caused a 5-fold reduction in the IC50 value 5FU. 

Thus it is anticipated here that at the same dose of 5-Fluorouracil, the S1-5FU 

co-assembly killed more cancer cells than 5FU alone because of the improved 

(slow and over a longer period) drug release by S1 hydrogel. 
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Figure 13. (A) Changes in the percentage of cellular survivability of HCT116 cells upon 

treatment with 0, 2, 5, 10, 20, 30, 40, and 50 µM of 5-Fluorouracil. The result is the mean ± 

SD from triplicate independent experiments, (B) Alterations in the percentage of cellular 

survivability of HCT116 cells upon treatment with 0, 2, 5, 10, 20, 30, 40, and 50 µM of 5-

Fluorouracil loaded in 500 µM of S1 hydrogel. The result is the mean ± SD from triplicate 

independent experiments. 

 

2.3.11 Apoptosis Induced by The Co-assembly of Drug and 

Hydrogel (S1-5FU) 

5FU and 5FU-loaded hydrogel treated HCT116 cells were studied to determine 

programmed cell death (apoptosis) using light and fluorescence microscopy.209 

Under the light microscope, HCT116 control cells looked healthy and were 

evenly spread out. Cells, treated with 5FU and S1-5FU co-assembly at their IC50 

levels for 24 h, displayed characteristic features of apoptosis like rounding and 

shrinking under a light microscope (Figure 14). Fluorescence microscopy was 

also employed to examine apoptosis in treated HCT116 cells using acridine 

orange/ethidium bromide staining. Images were obtained from the fluorescence 

microscope (Olympus, Tokyo, Japan) at excitation and emission wavelengths of 

488 and 550 nm.  



60 | P a g e  
 

Control

Only 5FU

S1-5FU

Co-assembly

Only S1

 

Figure 14. Morphological and nuclear changes in HCT116 cells after treatment with S1 (500 

µM), 5FU, and S1-5FU co-assembly for 24h. Left column: morphological changes seen 

under a light microscope. Right column: nuclear changes seen under a fluorescence 

microscope after AO/EtBr staining, respectively. Apoptosis is demarcated using arrows 

(yellow and orange spots), Scale bar = 40 µm. 

 

The fluorescence microscopy results showed that whereas the control group's 

cells had intact green nuclei, the 5FU, and S1-5FU-treated cells had greenish 

yellow, orange, and reddish fragmented nuclei. When cells were treated with 

S1-5FU rather than only 5FU, as was shown by microscopy, apoptosis was 

more severe (Figure 14). As confirmed by microscopy, apoptosis was more 

profound when cells were treated with S1-5FU rather than with only 5FU 

(Figure 14). In light of the fact that conjugation of S1 hydrogel with 5FU 

reduced the IC50 dose of 5FU,210 it can be said that hydrogel 5FU drug 
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conjugate was a superior choice for inducing cell death in HCT116 cells. 

Additionally, 5-Fluorouracil is known to have a number of side effects, 

including leukocyte loss, anaemia, shortness of breath, diarrhoea, and hair 

loss.211 Therefore, it was anticipated that decreasing the effective dose of 5FU 

upon conjugation with S1 hydrogel would reduce the adverse effects of 5FU. 

2.4 CONCLUSION 

In summary, this work illustrated the design and synthesis of a new cyclic 

dipeptide S1 constituting L-leucine and S-benzyl-L-cysteine successfully 

formed a thermoreversible ‘super hydrogel’ at physiological conditions (at 37oC 

and pH=7.46). The extremely low MGC value (0.05% w/v) suggested high 

water content of the hydrogel which makes it a good candidate for cellular 

applications like drug delivery. The hydrogel obtained from cyclic dipeptide S1 

showed excellent resistance to environmental parameters including pH and 

temperature. Morphological investigations by AFM and FESEM showed a 

highly cross-linked, interwoven nano-fibrillar network both in the gel state and 

in the solution state of S1. NMR, FT-IR, and CD analysis results revealed that 

intermolecular hydrogen bonding interaction is one of the key driving forces 

behind the self-assembly of S1 in aqueous solution and the S1 molecules are 

arranged in a -sheet fashion in its extended self-assembled structure. 

Furthermore, Th-T binding assay revealed that the nanofibrills that have been 

produced by the self-assembly of S1 are amyloid type of fibrils that are rich in 

β-sheet secondary structure. The ability of S1 hydrogel to act as a drug delivery 

template was also investigated by several in-vitro studies. S1 was found to 

successfully encapsulate and effectively release an anticancer drug 5-

Fluorouracil at physiological conditions. S1 hydrogel itself was found to be 

almost nontoxic towards HCT116 cancer cells but was seen to kill more number 

of HCT116 cells when cells were treated with 5FU-loaded hydrogel than cells 

treated with bare 5FU. Together, these findings could indicate positive future 
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developments of this novel hydrogelator to serve as a potential drug delivery 

system. 

2.5 FUTURE SCOPE 

Although there are several examples of peptides hydrogels which can function 

as a template for sustainable drug delivery agents, the search for new 

biocompatible hydrogelator which is non-toxic up to high concentrations, is 

short in length i.e. easy to synthesize on large scale, can hold a large volume of 

water and above all can produce hydrogel at physiological conditions is still on 

demand. The S1 hydrogel is mechanically strong enough and is very stable at 

room temperature for months which makes it easy to handle for any application. 

S1 produced hydrogels and organogels in several other aqueous and organic 

solvents. So, by further optimizing, the solvent systems used for gel production, 

a wide range of applications can be covered by each of the gels produced by S1 

from different solvent systems depending upon their physicochemical 

properties. S1 hydrogel produced from 1% DMSO-PBS in particular can be 

used for in-vivo treatments for various targeted diseases to improve its ability to 

perform as sustainable drug delivery vehicle.  

2.6 SPECTRAL CHARACTERIZATION AND ADDITIONAL 

RESULTS 

Characterization of the cyclic dipeptide S1 

1H NMR of S1 (600 MHz, DMSO-d6): δ (in ppm) 8.34 (1H, s, NH), 8,09 (1H, 

s, NH), 7.30 (4H, d, J = 6Hz, Ar-H), 7.25-7.21 (1H, m, Ar-H), 4.41 (1H, s, 

CαH), 3.80-3.72 (3H, m, CαH and -CH2-Ph), 2.86 (1H, dd, J = 12Hz, J = 6Hz, -

CH2-S), 2.72 (1H, dd, J = 12Hz, J = 6Hz, -CH2-S), 1.91-1.84 (1H, m, -CH), 

1.69-1.59 (2H, m, -CH2), 0.85 (6H, q, J = 6Hz, -CH3). 
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13C NMR of S1 (150 MHz, DMSO-d6): δ (in ppm) 168.36, 166.52, 138.78, 

129.33, 128.78, 127.31, 55.04, 53.03, 44.55, 36.53, 35.12, 23.86, 23.54, 22.19.  

ESI-MS: m/z calculated for C16H22N2O2S [M+H]+ = 307.1480; found m/z = 

307.1479. 

 

Figure S1. 1H NMR spectra of the cyclic dipeptide S1 dissolved in DMSO-d6. 
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Figure S2. 13C NMR spectra of cyclic dipeptide S1 dissolved in DMSO-d6. 
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Figure S3: ESI-mass spectra of the cyclic dipeptide S1. 

 

 

 

 

Figure S4. Analytical HPLC trace of the cyclic dipeptide S1. 
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Figure S5. Images of gels obtained from cyclic dipeptide S1 in (A) DMF-water mixture, (B) 

methanol-water mixture, and (C) ethyl acetate. 

 

 

Figure S6. FT-IR spectra of the cyclic dipeptide S1 in the solid state. 
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Table S1. Assignments of the FT-IR bands of the cyclic dipeptide S1 in solid state. 

IR 

Frequency 

(cm−1) 

Modes of assignments IR 

Frequency 

(cm−1) 

Modes of assignments 

3190 NH Symmetric stretching 1454 Amide II 

(N–H bend in-plane and C–

N stretch) 

3049 Aromatic C-H Stretching 1461 Amide II 

(N–H bend in-plane and C–

N stretch) 

2958 CH2 anti-symmetric 

stretching 

1344 C-H methyl rocking 

2889 CH2 symmetric stretching 1330 CH3 symmetric bending 

 

1681 Amide I (amide C=O 

stretching) 

1097 Out of plane CH bending 

1666 Amide I (amide C=O 

stretching) 

756 amide IV (mainly O=C-N 

deformation) 

1658 Amide I (amide C=O 

stretching) 

697 Out of plane N-H bending 
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Figure S7. Atomic Force microscopic images of various fibrillar networks generated from 

the cyclic dipeptide S1 in (A) DMF-water, (B) methanol-water, (C) ethyl acetate, and (D) 

dichloromethane; E, F, G, H represent the height profile scale of A, B, C, D respectively. 
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3.1 AIM OF THE PRESENT WORK 

Once considered as undesirable byproducts of peptide synthesis and hydrolysis 

of functional peptides and protein, cyclic dipeptides (CDPs) have drawn 

enormous attention from the research community in recent years because of 

their distinct physical, chemical, and functional properties. In contrast to linear 

peptides, cyclic peptides are considered as promising building blocks for the 

generation of self-assembled nanostructures and nanomaterials for various 

applications from biomedical to biotechnology due to their molecular rigidity, 

biocompatibility, ease of synthesis, etc. The nature of amino acid side chain of 

CDPs to form self-assembly is very crucial. Thus, judicious selection or 

modification of amino acids side chains for the fabrication of self-assembled 

nanomaterials is very important. In this chapter, six (6) cyclic dipeptides (P1-

P6) were synthesized keeping the design of the CDPs very minimal to 

investigate the influence of hydrophobicity of the side chain variations in 

forming different self-assembled nanostructures. Establishment of a structure-

gelation relationship for the synthesized CDPs was also aimed in this work. 

Cytotoxicity of the CDPs were examined via MTT assay. The hydrogel 

produced from one of the CDPs was used to remove toxic dyes from 

contaminated water in order to explore its application in the field of wastewater 

treatment. 

3.2 INTRODUCTION 

Nanometer-sized structures nowadays have widespread applications in fields 

like nanotechnology to biotechnology. Construction of nanomaterials which are 

susceptible to molecular design from bottom-up approach is necessary for 

nanoscience and nanotechnology.212,213 Proteins, DNA, cellular organelles, and 

microbes are submicron-sized components of biological systems.214,215 In 

comparison to synthetic nanostructures, they can be referred to as “biological 



70 | P a g e  
 

nanostructures”. Self-assembly is regarded as a bottom-up method for creating 

nanomaterials and is almost always occurring in nature and in living things from 

microbes to humans. It is a natural process that results from intramolecular and 

intermolecular interactions that spontaneously arrange disordered molecular 

units into ordered structures.44 The equilibrium of the attracting and repulsive 

forces within and between molecules governs assembly. The self-assembly 

process is regulated by noncovalent interactions, such as van der Waals, 

electrostatic, hydrogen bonding, and stacking interactions.216,217 Fabrication of 

new nanomaterials from natural building blocks including phospholipids, 

oligosaccharides, oligonucleotides, proteins, and peptides has sparked a lot of 

interest in the field. Amongst them, peptides have received a lot of interest 

because of their simple structure, relative chemical and physical stability, 

variety of sequences and shapes, and ease of mass production. Furthermore, due 

to their inherent biocompatibility and biodegradability, peptides have emerged 

as incredibly important building blocks for constructing self-assembled 

nanostructures in medical applications. Molecular building blocks, also known 

as molecular synthons or scaffolds, contain information that determines the 

nature and outcome of the self-assembly process. Therefore, with judicious 

design of molecular synthons, the self-assembly process and applications of the 

resulting structural or functional systems and materials may be controlled.218 

The versatility of the peptides, in conjunction with their ability to form certain 

secondary structures offer a special framework for the construction of 

nanomaterials with tunable structural characteristics. According to reports, 

peptides can self-assemble into shape specific nanostructures, including fibers, 

micelles, vesicles, nanotubes, and nanospheres.219–222 The different shapes of 

nanostructures adapted by peptides result from a variety of factors including 

hydrophobic interactions, hydrogen bonds, electrostatic interaction, aromatic 

stacking, crystallization, and steric effects.223,224 The development of nano and 

microstructures as well as molecular gels from their molecular building parts is 
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an exquisite example of molecular self-assembly. The molecular building 

blocks' ability to self-assemble into either soft molecular gels or solid nano- and 

microstructures depends on the minute differences in their interactions with one 

another and with solvent molecules. Low molecular weight gels (LMWGs), also 

known as molecular gels, are soft materials created by the self-assembly of 

small molecules in organic, aqueous, and ionic solvents through attractive 

noncovalent interactions.225–227 The increasing popularity of peptides and their 

derivatives for the development of gel material over other biomolecules and 

organic molecules  is attributed to their inherent biological relevance to normal 

physiological and pathological conditions.228–231 

Despite the fact that proteinogenic peptides and their derivatives are intriguing 

candidates for molecular self-assembly applications, they suffer from fast 

enzymatic degradation under physiological conditions and lack the molecular 

stiffness necessary for advantageous self-assembly. To get around the problems 

of natural peptides being degraded by enzymes, peptide derivatives including 

either D- or unnatural amino acids, cyclic peptides, and peptoids have been 

used.232–234 In comparison to their linear counterparts, cyclic peptides offer 

molecular stiffness as well as enzymatic stability; however, the main drawbacks 

of bigger macrocyclic peptides are their high cost and rigidity. In this context, 

cyclic dipeptides get around limitations such as rapid enzymatic breakdown 

under physiological conditions in contrast to linear peptides, non-

biocompatibility of synthetic peptides, rigidity, and high production costs of 

macrocyclic peptides. Cyclic dipeptides (CDPs), sometimes called 2,5-

diketopiperazines (DKPs), are the smallest cyclic peptides and have a 6-

membered core heterocyclic lactam ring as their primary structural component. 

Due to its cyclic structure and superior hydrogen bonding ability with four 

hydrogen bonding sites (two donor and two acceptor) from two amide bonds the 

CDP scaffold is endowed with molecular rigidity, as opposed to the two 
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hydrogen bonding sites (an acceptor and a donor) in equivalent linear dipeptides 

with one amide bond.177,178 The selection of amino acid composition in the CDP 

scaffold makes it simple to add noncovalent interactions that are important in 

promoting molecular self-assembly, such as aromatic π-π interactions, van der 

Waals forces, electrostatic and ionic interactions. Overall, the molecular self-

assembly of CDPs would inspire the formation of CDP-based functional and 

smart materials, such as injectable or in situ forming gels for controlled and on-

demand drug delivery, 3D printing, and tissue engineering, hierarchical higher 

order oligomeric CDPs that mimic synthetic and natural materials, and the 

hybrid peptoid analogues for a variety of material and biological applications. 

Hanabusa and co-workers have reported the preparation of physical gels and 

hardened organic fluids (oils and solvents) using CDPs. In this study, a group of 

mostly nonsymmetric and symmetric CDPs was synthesized and their 

propensity to gel in organic fluids was examined. The study revealed that 

symmetric CDPs failed to induce gelation in organic solvent however 

asymmetric CDPs exhibited amino side chain substitution-dependent gelation 

properties with organic solvent and oils.131 Depending on how different amino 

acid compositions and side chain substitution affect the propensity of organic 

liquids to gel, Hanabusa and colleagues later published a library of constructed 

CDPs. Hanabusa and co-workers later reported a library of designed CDPs and 

studied the effect of varying amino acid compositions and side chain 

substitution upon gelation propensity in organic liquids. These experiments on 

gelation have shown susceptibility of CDPs for composition-dependent 

gelation.235 An asymmetric CDP-based hydrogelator [cyclo(L-Tyr-L-Lys)] and 

its -amino derivatives by anhydride condensation or peptide coupling of the 

corresponding aliphatic anhydrides and free acids has been reported by Feng 

and colleagues.235 They then looked into how side chain substitution affected 

the likelihood of CDP derivatives to form gel. Suzuki and coworkers reported 

cyclo(L-Phe-L-Asp) tethered with poly(dimethylsiloxane) (PDMS), and they 
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investigated its propensity to gel in a variety of organic solvents. The idea 

behind adding PDMS to the CDP structure is to increase the amount of van der 

Waals contacts. Additionally, the long side chain substitution will stabilise the 

amorphous self-assembly structure and prevent crystallisation.236 Hoshizawa 

and colleagues replaced the alkyl chain with aliphatic diols added through an 

aspartic acid side chain, extending the thixotropic gelation behavior of cyclo(L-

Phe-L-Asp) derivatives from conventional organic solvents to alcohols, water, 

salt water, and other aqueous solvents. By adding aliphatic diols to the aspartic 

acid side chain cyclo(L-Phe-L-Asp) was made more soluble in polar solvent and 

easier to gel in alcohols and aqueous solvents.237 Hanabusa and coworkers 

synthesized CDP ionogels employing branched alkyl chains 

substituted cyclo(L-Phe-L-Asp) derivatives.238 Feng and colleagues investigated 

several bi-functional cyclo(L-Lys-L-Glu) derivatives with variable Boc- and 

Fmoc- modification of glutamic acid and lysine side chains, respectively to 

further understand the structure-gelation property of CDPs.239 Verma and 

coworkers have explored how substituents, particularly aromatic groups, affect 

CDPs' ability to self-assemble into nanostructures.132 There are many such 

reports depicting the modification of side chain amino acids of cyclic dipeptides 

by various means to produce functional self-assembled nanostructures and 

nanomaterials. Even though CDPs are promising synthons for engineering 

molecular self-assembly into a variety of molecular architectures, extreme 

caution must be taken when changing the amino acid composition, core 

substitution, and amino acid side-chains to induce self-assembly and to prevent 

undesirable effects like precipitation instead of the desired molecular gelation. 

The balance between hydrophobicity and hydrophilicity offered by the side 

chain of constituting amino acid of CDP is on eof the key factor which decides 

the fate of the CDP in forming self-assembly and nanomaterials. Taking 

everything into consideration here in this chapter a series of five non-

symmtrical (P1-P5) and one symmetrical (P6) cyclic dipeptide were 
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synthesized containing S-benzyl-L-cysteine as common constituting partner. To 

avoid complexity in modification of the amino acid side chian and to reduce the 

production cost the hydrophobicity of the CDPs were controlled just by 

employing natuarlly occurring neutral amino acid partners using glycine, 

alanine, valine, isoleucine, phenylalanine, and S-benzyl-L-cysteine. The design 

of these CDPs were kept very simple. In this chapter efforts were made to 

analyse the effect of hydrophobicity of the neutral amino acid side chains 

(aliphatic and aromatic) on the self-assembly and hydrogelation to built a 

structure-gelation relationship of the CDPs under investigation.   

3.3 RESULTS AND DISCUSSION  

In this chapter total of six cyclic dipeptides were synthesized keeping S-benzyl-

L-cysteine as common constituting amino acid in all of them. The second amino 

acid partner was chosen as a factor of increasing side chain or bulkiness in order 

to examine the participation of these side chain residues in the self-assembly 

pattern of the respective CDPs. Formation of different nano-structures due to 

different self-assembly patterns of the CDPs as well as the hydrogelation 

properties of these cyclic dipeptides were thoroughly studied in this chapter. 

 

Figure 1. Chemical structure of synthesized cyclic dipeptides (P1-P6). 
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3.3.1 General Synthetic Procedure ‘A’ for Synthesis of P1 to P6 

To a well-stirred solution of N-(tert-Butoxycarbonyl)-L-amino acids (1; 1 eq.) 

dissolved in N,N-dimethylformamide (10 ml), was added anhydrous 

hydroxybenzotriazole (HOBT; 1.2 eq.) slowly followed by 1-ethyl-3,3-

(dimethylamino) propyl carbodiimide hydrochloride (EDC·HCl; 1.5 eq.) at 0 oC 

under nitrogen atmosphere. Then stirring was continued for 10 mins at ice-

cooled condition and after that to this mixture, triethylamine (TEA; 5 eq.) was 

added followed by S-benzyl-L-cysteine methyl ester hydrochloride (2; 1.2 eq.). 

The reaction was further continued for 8 h at room temperature (monitoring via 

TLC). The reaction mixture was then concentrated under reduced pressure and 

extracted with ethyl acetate (3 × 20 ml). Evaporation of the solvent left a crude 

residue, which was purified by column chromatography over 60-120 mesh silica 

gel (hexane/ethyl acetate) to afford the intermediate compound ‘3’ as a white 

solid. In the next step, intermediate ‘3’ (1eq.) was treated with trifluoroacetic 

acid (TFA; 6 eq.) in dichloromethane solvent (10 ml) at 0 oC. The reaction 

mixture was slowly brought to room temperature and stirring was continued. 

Completion of the reaction was confirmed after 6 h via TLC and the reaction 

mixture was then concentrated under reduced pressure. The crude mixture was 

then treated with 1 (N) sodium bicarbonate solution until the pH reached 8-9 

and extracted with dichloromethane (3 x 20 ml) from the aqueous layer.193,240 

After evaporation of the solvent, the product was purified by column 

chromatography over 60-120 silica gel using methanol/dichloromethane as 

eluent to afford the final product ‘4’ as white solid (Scheme 1). All the final 

products were characterized by HRMS (EI or ESI mass) and 1H, 13C NMR (600 

MHz) spectroscopy (Figure S1-S12). 
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Where,

 

Scheme 1. General synthetic scheme for synthesis of cyclic peptides P1, P2, P3, P4, P5, and 

P6. aReagents and Conditions: (i) EDC·HCl, HOBt, TEA, 0°C to r.t, 8 h, (ii) TFA, DCM, 

0°C to r.t, 4 h, (iii) NaHCO3, H2O, pH=8-9. 

 

3.3.2 Self-assembly Study of CDPs (P1-P6) 

The self-assembly and gelation properties of synthesized CDPs were examined 

in different organic and aqueous solvents. Our primary aim was to examine the 

significance of the constituting amino acid partners having different chain 

lengths, branching, and aromatic rings in driving the self-assembly as well as 

the gelation process and establish a structure-self-assembly relationship of these 

CDPs. Gelation is one such phenomenon that makes us able to visualize the 

self-assembly behavior of nanomaterials through our naked eyes. Thus we 

investigated the gelation ability of these synthesized CDPs in different organic 

and aqueous solvents. These CDPs were found to be insoluble in pure water as 

well as in buffers and thus required a polar organic co-solvent like methanol, 

DMF, DMSO, ethanol, acetonitrile, etc. in order to self-assemble in aqueous 

solvents. For hydrogelation study, a certain amount of each CDP was weighed 

out in a screw capped glass vial and dissolved in minimum amount of HPLC 

grade methanol by heating (if required) after which distilled water or PBS 

buffer (pH=7.4) was added to that solution and the vials were kept undisturbed. 
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Hydrogel formation was observed at different time intervals for different CDPs 

and the formation of self-supporting gel materials was confirmed when no 

gravitational flow of the gel material was observed on the inversion of the glass 

vials (Figure 2). P5 and P6 formed hydrogels instantly after the addition of 

water whereas in case of P3 and P4 complete hydrogelation was observed at 5-7 

mins after addition of water or PBS buffer (Figure 2). A very interesting 

observation was experienced in case of P1. It did not form hydrogel instead of 

that within 8-10 mins after addition of water/PBS very fine and tiny needle-

shaped crystals were seen to form in the solution of P1 and with increasing time 

more numbers of tiny crystals of P1 got deposited at the bottom of the glass vial 

(Figure 2B). In case of P2, after almost 10 mins, dispersed loose gel was seen 

to be floating in the solution along with some tiny needle shaped crystals on the 

walls of the glass vial. So, in the same solvent condition and the same amount 

of peptides one of the six CDPs exhibited quick crystallization, another one 

showed both crystal and loose gel formation and others offered hydrogelation 

depending upon their molecular structure. From these observations altogether it 

can be said that with increasing hydrophobicity of one of the constituting amino 

acids of these CDPs from glycine to S-benzyl-L-cysteine the extent of self-

assembly also increased resulting in formation of hydrogels. P3 and P6 formed 

opaque hydrogels whereas P4 and P5 formed translucent hydrogels. The phenyl 

ring of phenylalanine and s-benzyl-l cysteine in P5 and P6 respectively indulge 

themselves in π-π stacking inducing self-assembly in aqueous solvents giving 

instant gelation whereas P3 and P4 containing valine and isoleucine 

respectively have only aliphatic side chain which induced slow aggregation and 

formed gels after 5-7 mins. On the other hand, P1 having glycine with no side 

chain residue self-assembled itself in such a way that it formed needle-shaped 

crystals at a very fast rate. 
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P3         P4          P5     P6 

 

 

Figure 2. (A) Images depicting formation of clear solution by P1, loose gel by P2, and tube 

inversion images of formation of hydrogel by P3, P4, P5, and P6 in methanol-water solvent 

system. (B) Images of formation of tiny crystals by P1 in methanol-water: (i) clear solution 

after addition of water, (ii) deposition of tiny crystals 8-10 mins after addition of water to the 

methanol solution of P1, and (iii) enlarged view of the glass vial enclosed by the red box in 

image (ii). 

 

The above described phenomenon was also observed when other polar organic 

solvents like DMF, DMSO, Acetonitrile were used as co-solvents instead of 

methanol, but in methanol-water, the CDP molecules might orient themselves in 

such a way that the rate of crystallization is fastest when methanol was used as 

co-solvent and also the crystals thus formed were well defined than those 

formed in other co-solvents. That is why methanol-water mixture was selected 

as the solvent of choice and all the experiments were carried out in the same 

solvent system. The minimum gelation concentration (MGC) of hydrogels 

obtained from P3, P4, P5, and P6 cyclic dipeptides was found to be 0.5 %, 0.36 

%, 0.25 %, 0.42 % (w/v) respectively in methanol-water/PBS buffer solvent 
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system. The ability to form oraganogel by these CDPs was also examined in 

different organic solvents like dichloromethane, ethylacetate, xylene, toluene, 

ethanol, isopropanol, etc. The propensity of gel formation was examined in 

organic as well as in aqueous solvents only up to a minimum gelation 

concentration of 1% (w/v). Thus all the hydrogels and organogels mentioned in 

this discussion fit well in the range of ‘Supergels’ in respective solvents. 

 

3.3.3 Thermal and pH Stability of CDP Hydrogels (P3-P6) 

All the hydrogels as well as the organogels formed by the CDPs are thermos-

reversible in nature that means on heating they showed gel-to-sol and on 

cooling to room temperature showed sol-to-gel transition. Hydrogels obtained 

from P3, P4, and P5 in methanol-water solvent system were found to be stable 

for several weeks under physiological conditions except for P6 hydrogel (in 

methanol-water) which underwent deformation after 24 hours of formation by 

releasing solvent from the gel network and formed a loose gel. The gel melting 

temperature or gelation temperatures (Tgel) of P3, P4, P5, and P6 hydrogels in 

methanol-water solvent were measured by placing the gel-containing screw-

capped glass vial into an oil bath and raising the temperature at a rate of 2 oC 

min-1. The temperature was monitored using a thermometer and Tgel was defined 

as the temperature (+0.5 oC) at which the gel melted and showed gravitational 

flow. Tgel for P3, P4, P5, and P6 hydrogels in methanol-water solvent system 

were found to be 65oC, 70oC, 77oC, and 72oC respectively at their respective 

MGCs. These gels can survive a wide range of pH from basic to acidic. For 

most of the hydrogels, it was observed that they could maintain their gel state in 

the basic range up to a pH value of 12, above that they formed opaque white 

suspension. In the acidic region, these hydrogels were found to be stable up to a 

pH value of 4.5 below which they did not form any gel. 
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3.3.4 Rheological Properties Study 

To investigate the strength of P3, P4, P5, and P6 hydrogels and other 

viscoelastic properties, detailed rheological experiments were performed using 

an Antor Paar Compact Modular Rheometer (MCR 102). PP25 was used as the 

measuring system and a well-controlled system inside the instrument assured a 

constant temperature of 25℃ during all the rheological experiments. 

Apart from ‘inversion of vial’ test, a semisolid material must attain some basic 

requirements in terms of viscoelasticity to be considered as gel. Its storage 

modulus G′ must be greater than the loss modulus G″ at all frequencies and 

must also be independent of the oscillatory frequency. Amplitude sweep 

experiment was performed at a constant 10 rad/s angular frequency (ω) and 

within the range of 0.01% to 100% shear strain for the gel samples. The 

crossover of G′ and G″ takes place upon application of 7.7% for P3, 15.21% for 

P4, 22.88% for P5, and 1.48% of shear strain for P6 (Figure 3A-3D). 

 

Figure 3. Strain sweep test of (A) P3, (B) P4, (C) P5, and (D) P6. 
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Frequency sweep experiments (Figure 4A-4D) were done to investigate the 

viscoelastic nature of the gel materials and to determine the frequency 

dependence of G′ and G″ moduli. The experiment was carried out within the 

range of 100 rad/s to 0.1 rad/s of angular frequency and at a constant 0.05% 

shear strain for all except 0.01% for P6 (having insight from the respective 

strain sweep experiments). There was no entanglement effect in this range and 

the storage and loss moduli ran in parallel. It is quite evident that the results are 

associated with all the aforementioned criteria to be considered as perfect gel 

systems. 

 

Figure 4. Frequency sweep test of (A) P3, (B) P4, (C) P5, and (D) P6. 

 

The gel systems showed an intriguing viscoelastic property, thixotropy.241 

Thixotropy is a significant mechanotropic property of viscoelasticity for some 

of the non-newtonian pseudoplastic fluids (e.g; gels) which exhibit time-



82 | P a g e  
 

dependent viscosity. For gel system, it refers to an isothermal gel-to-sol and sol-

to-gel reversible transition in which the gel state undergoes conversion to sol 

state upon the application of certain external stimuli such as mechanical 

shaking, agitating, etc., and returns to the gel state on resting.  

The thixotropic nature of the gel samples was proved by performing time sweep 

experiments (Figure 5) i.e. sequential application of low and high strains, 

separated by enough time to ensure the complete gel-to-sol (G′ > G″) and sol-to-

gel (G″ > G′) conversions. This sol-gel interconversion was performed 

repeatedly for seven consecutive steps. 

 

Figure 5. Time sweep test of (A) P3, (B) P4, (C) P5, and (D) P6. 

 

The first step of time sweep experiment was started off with low shear strain. In 

the second step, the gel was completely destroyed and transformed into a quasi-

liquid state (sol) by the application of high strain which is evident from the 
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modulus values (G′ < G″). In the third step, recovery of the gel was monitored 

with a time sweep experiment under the application of same strain value as that 

of step 1, and the modulus values which give support to the reformation of the 

gel (G′ > G″). In the fourth step, the gel was again ruptured with high strain and 

was recovered in the fifth step with the application of low strain. The 

experiments for all the gel systems were performed at a particular 10 rad/s 

angular frequency. All these observations proved that the gel materials are 

thixotropic as well as self-healing in nature. The values of low and high strains 

which were applied sequentially are summarised in Table 1. 

Table 1. Table containing applied strain values during frequency sweep and strain sweep 

experiments performed on the hydrogels 

 

CDP 

% Strain value 

during frequency 

sweep test 

% Strain value during time sweep test 

Gel step Sol step 

P3 0.05 0.05 30 

P4 0.05 0.05 30 

P5 0.05 0.05 30 

P6 0.02 0.02 10 

 

3.3.5 Morphological Study of The CDPs: AFM Study  

Atomic Force Microscopy technique is one of the most useful tools to visualize 

the surface morphology of nanomaterials formed by the self-assembly of 

constituting monomeric units. Thus all the peptide samples were subjected to 

AFM study to establish a structure-morphology relationship by determining the 

morphology of the nano-structures formed by them in methanol-water solution. 

For this, solutions of all the peptides of equal concentrations were prepared by 

dissolving them in methanol and diluting them with water to get a final 

concentration of 50 µM for each peptide. Those peptide solutions were then 

individually dropped cast on freshly cleaved mica sheets after 12 h of 
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incubation and the samples were then scanned under AMF laser after 

evaporating the solvents from the samples. From the AFM images, we have 

observed that different peptides produced different patterns of self-assembled 

nanostructures. Such as, P1 formed unbranched thin fibers with an average 

diameter of 10-35 nm. The nanostructure thus formed by P1 showed lesser 

well-defined fibrillar properties rather exhibited crystallinity in their 

morphology, thus looking like microcrystals (Figure 6A-6C). P2 formed 

slightly branched nano-fibers along with some flat nano-sheet like morphology, 

initially thought to be formed by the stacking of thinner nanofibers (Figure 6D-

6F). The diameter of the nanofibers formed by P2 ranged between 70-160 nm 

and the average diameter of the nano-sheet was found to be 480-530 nm and the 

length of both the nano-fiber and  

.

2 µm 200 nm

2 µm 2 µm 1 µm

200 nm

A
B C

D E F

 

Figure 6. Atomic Force microscopy images of P1 and P2 obtained from methanol-water 

solvent system. (A) Aggregates obtained from P1, (B) higher magnification view of A and (C) 

amplitude image of B. (D Aggregates obtained from P2, (E) amplitude image of D and (F) 

formation of nano-sheet after 24 h of incubation by P2. 
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nano-sheet were several microns. The presence of sheet like structure further 

encouraged us to examine the morphology of P2 at higher incubation time. 

Thus P2 solution was allowed to incubate for another 12 h and after total 

incubation of 24 h, the AFM images showed only nano-sheets of average 

diameter of 300-560 nm. So, with increasing incubation time tendency to form 

nano-sheet by P2 also increased. 

In methanol-water solvent system, P3 produced a unique network of entangled 

nanofibers interwoven in such a way leaving circular void spaces in-between 

them (Figure 7A-7C). A close look at the fibrillar network revealed this unique 

network was constructed by intersecting nano-fibers having average width of 

20-75 nm and each nano-fiber twisted itself around other nano-fibers before and 

after intersecting each other to give a highly cross-linked helical network. This 

cross-linking may be aroused due to higher extent of self-assembly of P3 cyclic 

dipeptide due to presence of hydrophobic valine side chain residue which in 

turn induces the gelation ability of P3. The isoleucine side chain in P4 brought 

out an interesting fibrillar nano-structure in methanol-water solvent where some 

of the nanofibers were seen to be covered up with unsymmetrical annular 

assemblies. We further increased the incubation time and after 24 h all the fibers 

were seen to be covered up by those annular assemblies producing ‘beads-on-a-

thread’ type rare morphology (Figure 7G-7I). The average width of the nano-

fibers was 60 nm-130 nm and the spherical assembly had an average diameter 

of 125-200 nm.  

As we further increased the hydrophobicity of the CDP by incorporation of 

aromatic ring bearing phenylalanine (P5), a highly cross-linked and super 

twisted dense nano-fibrillar network was observed (Figure 8A-8C). As the 

incubation time increased the fibers became even more twisted giving rise to 

extensive cross-linking in the network. If each nanofiber can be assumed as a 

strand of hair, then this whole network can be compared to an arrangement of  
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Figure 7. Atomic Force microscopy images of P3, and P4 obtained from methanol-water 

solvent system. (A) Nano-fibrillar network formed by P3, (B), and (C) higher magnification 

view of A depicted twisting of nano-fibers. (D unique morphology obtained from P4, (E), and 

(F) higher magnification view of D and corresponding amplitude image. (G) Beads-on-a-

thread architecture formed by P4 after 24 h of incubation, (H) and (I) are amplitude images 

of G at different magnifications. 

 

 

thousands of hair braids entangled with each other (Figure 8D-8F). Phenyl 

alanine residue in P5 cyclic dipeptide introduced extra π-π interaction between 

the molecules which further reinforce the molecules to self-assemble into such a 

highly cross-linked dense nano-architecture which in turn induced the 

hydrogelation process. 
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Figure 8. Atomic Force microscopy images of P5, and P6 obtained from methanol-water 

solvent system. (A) Unique pattern of nanofibrillar assembly formed by P5, (B), and (C) 

topography and amplitude image of A at higher magnification. (D) and (E) topography and 

amplitude image of dense fibrillary network by P5 at higher concentration, (F) amplitude 

image AT higher magnification showing interconnected hair braid-like morphology formed 

by P5. (G) Self-assembly formed by P6, (H), and (I) topography and amplitude image of G at 

higher magnification respectively. 

 

On the other hand, P6 bearing S-benzyl cysteine group and having a 

symmetrical structure resulted in a unique morphology of straight nanofibers 

with very few branching (Figure 8G-8I). These fibers have average width of 

25-70 nm, had stripe like texture along the length of the fibers, and looked like 

thin wooden sticks or dried branches of small trees. From the AFM study, it can 

be concluded that all the cyclic dipeptides exhibited different nano-architectures 
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in methanol-water solvent system. Although most of them have shown nano-

fibrillar self-assembly but the shape, size, and appearance of the nano-fibers 

formed by each CDP were very much distinct from each other. The complexity 

of the self-assembled structure was seen to differ with different hydrophobicity 

of the CDPs. Thus it can also be concluded that hydrophobicity of the amino 

acid side chain residue played a very important role in the self-assembly pattern 

and production of different nano-architectures. 

 

3.3.6 Circular Dichroism (CD) Study 

Circular dichroism is one of the most useful tools for identification of preferable 

secondary structures such as -helix, β-sheet, β-turn, random coil, etc. acquired 

by the self-assembling peptide molecules in solution state. Solutions of all the 

six CDPs having same concentrations in methanol-water solvent system were 

prepared and after incubating those solutions for 24 h, CD spectra were 

collected for each peptide solution. It was quite surprising to see that despite 

having different macroscopic behavior, all six cyclic dipeptides majorly resulted 

in β-sheet rich secondary conformation in aqueous solution which are evident 

from the CD spectra. P1 produced an intense negative peak at 219 nm in the CD 

spectra which is indicative of β-sheet rich arrangement of the peptide in aqueous 

solution (Figure 9A). Likewise, the characteristic β-sheet peak for P2 appeared 

at 214 nm along with a positive peak at 197 nm. This pattern is characteristic of 

a well-defined antiparallel β-sheet structure (Figure 9B). Notably, this positive 

peak is absent in P1 which may be due to the presence of some random 

secondary structure which cancelled out the positive peak around 195-200 of 

P1. On the other hand, both P3 and P5 produced strong negative bands at 229 

nm in their respective CD spectra (Figure 9C and 9E) which is a characteristic 

signature peak for twisted antiparallel β-sheet secondary structure242 that 

corroborated well with the twisted fibrillar morphology of P3 and P5 obtained  



89 | P a g e  
 

190 200 210 220 230 240 250
-100

-80

-60

-40

-20

0

20

C
D

 S
ig

n
a

l 
(m

d
e
g

)

Wavelength (nm)

(A)

200 210 220 230
-60

-40

-20

0

20

40

C
D

 S
ig

n
a

l 
(m

d
e
g

)

Wavelength (nm)

(B)

190 200 210 220 230
-50

-40

-30

-20

-10

0

10

20

C
D

 S
ig

n
a

l 
(m

d
eg

)

Wavelength (nm)

(D)

190 200 210 220 230 240 250
-120

-80

-40

0

40

C
D

 S
ig

n
a

l 
(m

d
e
g

)

Wavelength (nm)

(C)

 

200 210 220 230 240 250

-100

-80

-60

-40

-20

0

20

C
D

 S
ig

n
a

l 
(m

d
e
g

)

Wavelength (nm)

(E)

190 200 210 220 230 240 250
-30

-20

-10

0

10

 

 

C
D

 S
ig

n
a

l 
(m

d
eg

)

Wavelength (nm)

(F)

 

 

Figure 9. CD spectra of (A) P1, (B) P2, (C) P3, (D) P4, (E) P5, and (F) P6 obtained from 

their methanol-water solution. 

 

 

from AFM experiments. P3 also contains a negative band around 207 nm which 

may be attributed to the helical nature of the nanofibers. P4 and P6 also 

acquired well defined antiparallel -sheet structures and displayed broad 
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negative peaks with minima at 216 nm and 220 nm and positive peaks with 

maxima at 192 nm and 199 nm respectively in their CD spectra (Figure 9D and 

9F). The negative peak at around 198 nm in the CD spectra of P4 indicated the 

presence of some random coil in the secondary structure which may be 

attributed to the formation of annular assemblies along with fibrillar assemblies 

in its aqueous solution. 

 

3.3.7 Thioflavin-T (Th-T) and Congo Red (CR) Binding Study 

The ability of the cyclic dipeptides to acquire -sheet enriched secondary 

structure in aqueous solution was further investigated by Thioflavin-T and 

Congo Red binding assay. Thioflavin-T is an amyloid specific fluorescent dye 

which particularly binds to the -sheet rich amyloid fibrils and exhibits visible 

changes in its fluorescence spectra. Th-T shows low fluorescence emission with 

maxima around 478 nm when excited at 410 nm which is known to be enhanced 

when it binds to β-sheet enriched amyloid fibrils. Thus emission spectra of free 

Th-T and Th-T with six CDPs (P1, P2, P3, P4, P5, P6), pre-incubated for 24 h 

in methanol-water solvent were recorded individually. An enhancement in the 

Th-T fluorescence intensity by several fold was observed in all cases after 

binding with CDP which indeed confirms the formation of -sheet rich amyloid 

like fibrils by the CDPs in methanol-water solvent system (Figure 10A). This 

result was further supported by Congo Red binding assay which too is an 

amyloid specific dye. CR after binding with amyloid fibrils exhibits red shift of 

absorption maxima along with slight increase in the absorbance intensity. Pre-

incubated solutions of CDPs in methanol-water were individually mixed with 

CR solution of certain concentration and then optical absorption spectra of CR 

were recorded in the wavelength range 400-600 nm before and after mixing 

with CDPs. The excitation maxima of free CR was obtained at 490 nm which 

was seen to red shifted to 492 nm after binding with P1, 493 nm after binding 

with P2, P3, P4, and P5 individually, and 494 nm after binding with P6 along 
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with an increase in the CR absorption intensity in all cases (Figure 10B). This 

observation reconfirmed the presence of β-sheet rich self-assembled fibrils in 

the aqueous methanol solution of CDPs which are similar to the short fragments 

derived from amyloid β peptides. 
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Figure 10. (A) Thioflavin-T (Th-T) binding study and (B) Congo red (CR) binding study of 

the CDPs in methanol-water solvent system. 
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3.3.8 NMR Study 

Hydrogen bonding interaction is one of the major driving force to induce self-

assembly as well as gelation in CDPs as they contain two cis amide groups with 

two H-donor and two H-acceptor sites in their rigid rings. Deuterium exchange 

1H NMR and temperature-dependent 1H NMR experiments were performed to 

get important insight into hydrogen bonding pattern and nature of the hydrogen 

bonding involved in the self-assembly process. For D/H exchange experiment, 

first, 1H NMR of all the CDPs was recorded in DMSO-d6 solvent and then D2O 

was added to the same solution of each CDP, and 1H NMR was recorded at 

different time intervals.1H NMR peak for two amide protons of P1 and P6 

appeared as one singlet peak at 8.19 and 8.27 ppm respectively and that of P2, 

P3, P4, and P5 appeared as two singlet peaks at value 8.32, 8.07 ppm; 8.12, 

8.09 ppm; 8.11, 8.08 ppm; and 8.22, 8.03 ppm respectively in DMSO-d6 

solvent. On addition of D2O to the CDP solutions in DMSO-d6, the intensity of 

amide proton peaks of each CDP was seen to decrease rapidly and tend to 

vanish as time passed (Figure 8). This rapid D/H exchange rate indicates the 

amide protons in CDPs are solvent exposed and were involved in strong inter-

molecular hydrogen bonding with other nearby CDP molecules and solvent 

molecules. 

(A) (B) (C)

P3P2P1
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Figure 11. H/D exchange 1H NMR study of (A) P1, (B) P2, (C) P3, (D) P4, (E) P5, and (F) 

P6 in DMSO-d6 solvent. 

 

The presence of strong intermolecular hydrogen bonding interaction was further 

evaluated by temperature-dependent 1H NMR experiments, recorded at four 

different elevated temperatures such as 313 K, 323 K, 333 K, and 343 K starting 

from 298 K in DMSO-d6 solvent. At 298 K the amide protons of P1 at 8.19 

ppm and that of P6 at 8.27 ppm showed upfield shift to 7.94 ppm (Δδ = 0.25 

ppm) and 7.98 ppm (Δδ = 0.29 ppm) respectively as the temperature was 

increased to 343 K confirming the presence of strong intermolecular hydrogen 

bonding interactions (Figure 9A, 9F). Similarly, amide protons at 8.32, 8.07 

ppm of P2 shifted to 8.07 (Δδ = 0.25 ppm) and 7.80 ppm (Δδ = 0.27 ppm); that  

of P3 at 8.12, 8.09 ppm shifted to 7.86 (Δδ = 0.26 ppm), 7.80 (Δδ = 0.29 ppm); 

amide proton peaks of P4 at 8.11, 8.08 ppm shifted to 7.86 (Δδ = 0.25 ppm), 

7.79 ppm (Δδ = 0.29 ppm), and amide protons of P5 at 8.22, 8.03 ppm shifted to 

7.92 (Δδ = 0.30 ppm), 7.76 (Δδ = 0.27 ppm) as a function of temperature from 

298 K to 343 K (Figure 9B-9E). Shifting of these amide protons towards more 

shielded up field region with increasing temperature indicates disruption of 

intermolecular hydrogen bonding offered by the amide protons of CDPs on 
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heating. This fact can also be used to explain the thermoreversibility of the 

hydrogels obtained from these CDPs. The deformation of intermolecular 

hydrogen bonding by the heat energy enabled the gel-to-sol transition in these 

CDPs. Therefore, temperature-dependent 1H NMR spectroscopy analysis 

reassured the presence of strong intermolecular hydrogen bonding in these 

CDPs which plays a key role in self-assembly to form nano-structures and in 

turn, induces hydrogelation. 
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Figure 12. Temperature dependent 1H NMR study of (A) P1, (B) P2, (C) P3, (D) P4, (E) P5, 

and (F) P6 in DMSO-d6 solvent. 

 

3.3.9 FTIR Study 

Infrared spectroscopy (IR) is the most significant tool for elucidating the 

structural aspect of self-assembled peptides as well as protein molecules. The 

Fourier transform infrared (FT-IR) spectra of the samples were recorded on a 

Bruker TENSOR 27 spectrometer using the attenuated total reflection (ATR) 

technique. The spectra were scanned from 600 to 4000 cm-1. Bruker software 

was used for data processing. Experimental data obtained were analyzed using 

Origin Pro 8.0 SRO software (Origin Lab Corporation). 

Molecular arrangement of the peptide backbone can be analyzed by analyzing 

the most sensitive bands like amide I, amide II, and amide III which depend 

highly on the geometry and hydrogen bonding pattern offered by the amide 

groups. Herein, FTIR spectra investigate the structural orientation of these 

CDPs in solid state (for P1-P6), as well as in gel (for P3, P4, P5, and P6 in 

methanol-water) state. The important FTIR band positions of all the CDPs in 

solid state are marked in their respective spectra (Figure S13-S18). In most 
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cases, the amide-I band appeared at 1600–1690 cm-1 mainly originating due to 

the >C=O stretching vibration mode while amide-II generally appeared at 1440–

1580 cm-1 and amide-III at 1230– 1300 cm-1 results from the coupling of N-H 

bending vibration and C-N stretching vibration.  The amide-I band for all six 

CDPs was obtained at 1656-1668 cm-1 and the amide-II band appeared in the 

range 1441-1457 cm-1 in its solid state which indicated presence of strong 

hydrogen bonding between the CDPs in their extended structure in solid state. 
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Figure 13. FT-IR spectra in the solid and gel state of (A) P3, (B) P4, (C) P5, and (D) P6.  

 

The carbonyl stretching frequency of solid P1 appeared at 1666 cm-1 and the 

amide-II band appeared at 1458 cm-1. The amide-I band of P3, P4, P5, and P6 

appeared at 1660 cm-1, 1656 cm-1, 1668 cm-1, and 1662 cm-1 in their respective 

solid states shifted to the lower frequency values and appeared at 1656 cm-1, 
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1654 cm-1, 1661 cm-1, 1659 cm-1 in their hydrogel state obtained from methanol-

water solvent mixture (Figure 13). This shifting of amide carbonyl stretching 

frequency indicates weakening of those carbonyl bonds by greater extent of 

inter-molecular hydrogen bonding in the gel state. Moreover, for all six CDPs, 

appearance of the amide NH stretching band at around 2961 cm-1 to 3175 cm−1 

in the solid as well as in the gel state indicated that the CDPs may exist as an 

inter-molecularly hydrogen-bonded extended structure in both the states. 

 

3.3.10 Crystallographic study 

The self-assembly mechanism of compounds P1-P6 can be understood using 

their X-ray crystal structure. X-ray crystallography is one of the trustable 

methods which can provide information about the non-covalent interactions 

involved in constructing the self-assembly of any molecule. Due to lack of 

proper solvent system for these compounds, quality crystal did not obtain for 

the compounds P3-P5. However, compounds P1 and P2 were crystallized from 

methanol-water and P6 was crystallized from acetonitrile-water solvent system. 

Compound P1 crystallized in triclinic unit cell with P1 space group whereas P2 

having one extra methyl group to P1 crystallized in orthorhombic unit cell with 

P212121 space group. Again, P6 forms triclinic unit cell with P-1 space group.  

Desiraju et al. showed that supramolecular synthons can form molecular self-

assembly through various non-covalent interactions. Here, hydrogen bonding 

between amide groups of two adjacent molecules is the said supramolecular 

synthons (Figure 14a). Such hydrogen bonding and π…S interactions were 

responsible for the one-dimensional β-sheet chain like structure (Figure 14b). It 

is interesting to note that such interactions and one-dimensional β-sheet chain 

geometry are common in remaining both crystal structures (Figure 14c and 

14d). It is also evident from the CD spectra. In the case of P2 and P6, in 

addition to the aforesaid interactions, C-H….O=C and π….π interactions also 
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played important roles in the molecular self-assembly of these peptides. 

Therefore, such interactions strengthen the self-assembly structure which was 

also evident from AFM studies.  

 

 

 

Figure 14. a) Supramolecular synthon found in the crystal structure of P1. Network of 

noncovalent interactions in the β-sheet structure of b) P1, c) P2, and d) P6. 

 

3.3.11 Theoretical Studies  

To understand the effect of side chains in the molecular self-assembly of P1-P6, 

theoretical studies can provide very important insight in this case. The non-

covalent interactions involved in the crystal formation can be better understood 

using Hirshfeld surface analysis.  
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3.3.11.1 Hirshfeld Surface (HS) Aalysis 

Hirshfeld surface is the surface of a molecule having electron density half or 

more at a point of it. There is a relationship between the distances from 

Hirshfield Surface to the closest nucleus internal (di) and external (de) to it, 

which depends on the normalized contact distance (dnorm). Hirshfield Surface  

(dnorm) are colored as indicated by blue, white, and red regions, which indicate 

the maximum, closest, and the shortest distance between two neighboring 

atoms, relative to their van der Waals radii, respectively.  

The bright red spots on the dnorm surface of P1, P2, and P6 indicated that the 

above-mentioned hydrogen bonding (as shown by the crystallographic study) is 

common in all the cases and it is the driving interactions for their self-assembly. 

In the case of di surface, the bright red spots appeared at the same position as 

dnorm surface. It indicated that strong hydrogen bonding is one of the essential 

criteria for the self-assembly process. The triangular shaped red and blue 

patches are present adjacent to each other at the amino acid side chain region of 

all three molecules which indicated this aromatic region was capable of forming 

π…π staking interactions. The shape index HS of all three crystal structures 

showed sharp edges which indicated they were able to interact with adjacent 

molecules through various non-covalent interactions.  

The interactions can be identified quantitatively using de versus di fingerprint 

plots. In all the three crystal structures of the molecules, C...H, H…H, O...H, 

and S…H interactions played a key role in the formation of self-assembly. 

Among these interactions, H…H contacts contributed the maximum in all the 

molecules and it is almost 60% of all the interactions. Therefore, hydrophobic 

interactions played a primary role in the construction of the crystal structures. In 

P2, this interaction is the highest in all the cases. The next highest interaction 

among all the interactions is O…H contacts. In the case of P1, O…H contacts 

are the highest. The C…H interactions are the third highest interactions in the 
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crystals. The S…H interactions are another important interaction and P6 is 

having the maximum of such kinds of interactions. Therefore, with the help of 

the analogy of non-covalent interactions obtained from the crystal structure of 

P1, P2, and P6 it can be said that such interactions may be analogous in the rest 

of the compounds P3, P4, and P5 because all the investigating compounds 

showed mostly β-sheet self-aggregation patterns which are evident from the CD 

studies. 

 

 

 

Figure 15. Percentage of different non-covalent interactions found in P1, P2, and P6. 

 

3.3.11.2 Density Functional Theory  

Density functional theory (DFT) is one of the most important tools to predict 

the molecular properties. Molecular electrostatic potential (MEP) is one of the 

DFT methods which can be used to find the electronic environment around the 

molecules. In this MEP surface, red, blue, and green regions indicate the 

electron-rich, electron-poor, and neutral regions, respectively (Figure 16). In the 

case of P1, it has two red regions which can act as hydrogen-bond acceptors. 
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The CH2 region of the glycine part of P1 is slightly acidic due to the presence of 

blue colour. This part becomes green in P2 for the presence of methyl group. 

This region becomes larger and greener on moving from P2 to P6. These results 

revealed that the said region has hydrophobic effects. It is clear from the 

experimental findings that moving from P1 to P6 the ability of formation and 

stability of self-assembly increases. Therefore, increasing hydrophobicity of the 

said part of the molecule is a key factor for stable self-assembly formation. 

 

 

 

 

 

 

Figure 16. Molecular electrostatic potential of P1, P2, and P6. 
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3.3.12 Dye Adsorption Study 

Dyes are frequently produced as a by-product in textile, printing, and other 

chemical manufacturing industries and they are a major contributor to the 

toxicity of contaminated water. Numerous organic dyes have a carcinogenic 

character, which poses a serious risk to both the environment and human life. 

Even low concentrations of their presence in water can be detrimental to 

humans and other living organisms because these toxic dyes are typically 

nondegradable in nature. As a result, the necessity for an effective method of 

dye removal from wastewater is growing in importance. Membrane separation, 

flocculation, ion exchange, electrochemical treatment, and so forth are examples 

of classic methods for managing wastewater. But these methods have 

limitations in terms of their expense, effectiveness, and complexity. Adsorption 

is considered as one of the best technologies out of all the different methods 

because of its effectiveness, recycling potential, and affordability. Self-

assembled gelators are highly effective for adsorption because of their high 

porosity and larger surface area. Thus, peptide based low molecular weight 

porous gel materials has recently been employed in the field of adsorption and 

separation of toxic dyes from contaminated water. For example, in one of the 

earliest reports from 2007, Banerjee and co-workers described the adsorption of 

dyes like crystal violet, naphthol blue black, and pyrene by phenylalanine based 

metallated xerogels. Das and colleagues developed a series of dipeptide 

organogelators containing phenylalanine and tryptophan moieties which were 

used to adsorb crystal violet and rhodamine 6G dyes without any metal co-

ordination. Banerjee and colleagues reported a library of tripeptide-based 

hydrogelators, and the capacity of their wet hydrogels to extract rhodamine B, 

reactive blue 4, and direct red 80 from water was investigated. Ju and co-

workers reported adsorption of positively charged rhodamine 6G and acriflavine 
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and negatively charged fluorescein and cresol red by organogels based on 

triterpenoid–tripeptide conjugates. 

Preliminarily, dye adsorption experiment was performed with all four hydrogels 

(P3, P4, P5, and P6) formed in methanol-water solvent mixture and it was 

found that the hydrogel obtained from P5 is the most efficient one amongst 

them in removing the dyes from contaminated water and further experiments 

were performed only with P5 hydrogel. For the experiment, first P5 hydrogels 

(5 mg/ml) were prepared in methanol-water as described previously in glass 

vials. Then the gels were scooped out and added to the glass vials containing 1 

ml of different dye solutions. Three different dyes rhodamine B, bromocresol 

green, and eriochrome Black T were used for the study. Instead of adding dye 

solution onto the hydrogel for adsorption, hydrogels were scooped out and 

added into the dye solution to increase the available surface area of the porous 

material for dye adsorption. A better adsorption of dyes was observed in the 

later process using the same amount of hydrogelator. The dye solutions along 

with the hydrogel were then left undisturbed at room temperature to adsorb the 

dye and in different time intervals the amount of dye adsorbed was determined 

by UV/Vis spectroscopy. 

UV−vis absorption spectra were recorded using a JASCO V-630 

spectrophotometer(JASCO International Co. Ltd, Japan).  A high-quality quartz 

cuvette was used for measuring the absorbance. The initial dye concentrations 

used for the adsorption study were estimated by measuring their absorbance 

(rhodamine B: λmax 553 nm, bromocresol green: λmax 558 nm, eriochrome 

black T: λmax 531 nm) using a JASCO V-630 spectrophotometer and 

calculating the concentration from their respective standard curves.  

The concentration of the dyes used for this investigation was, 0.01 mM 

rhodamine B, 0.02 mM of bromocresol green, and 0.04 mMof eriochrome black 
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T. Within 2 h a great reduction in the absorbance intensity of the initial dye 

solutions was observed in UV/Vis spectra (Figure 18)  of the respective dyes. It 

was found that 60.64 % of rhodamine B, 54.35 % of bromocresol green, and 37 

% of eriochrome black T dye was adsorbed by P5 within only 2 h of time span. 

Dye adsorption study was further investigated and it was observed that after 6 h 

the colour of the dye solutions was almost get adsorbed by the hydrogel leaving 

behind clear water (Figure 17). From UV-Vis spectroscopy study it was 

calculated that almost 95.08 % of initial rhodamine B, 97.47 % of initial 

bromocresol green, and 90.77 % of initial eriochrome black T was get adsorbed 

by the hydrogel after 6 h (Figure 18). 

 

A B C

A B C

A B C
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Recovery of 

clear water
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After adsorptionBefore adsorption

 

 

Figure 17. Photographic images of solutions containing dyes (A) Rhodamine B, (B) 

Bromocresol green, (C) Eriochrome black T before adsorption and after adsorption by P5 

hydrogel. 
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Figure 18. UV data for time dependant adsorption of (A) Rhodamine B, (B) Bromocresol 

green, and (C) Eriochrome black T dyes from their aqueous solutions by P5 hydrogel. 

 

 

3.3.13 Cytotoxicity Study 

To address whether the CDPs (P1-P6) have any toxic effect or not cellular 

toxicity from the CDPs was determined by performing MTT assay. Cervical 

cancer cells HeLa (1× 104 cells/well) were seeded in 96-well plates. Te 

synthesized compounds were added to the wells to various final concentrations 

(0, 10, 25, 50, and 100 μM). Cells were incubated in presence of these 

molecules for 24 h at 37 °C. Following treatment, 3-(4,5-dimethylthiazol-2-yl)-

2,5-diphenyl tetrazolium bromide(MTT) solution (100 μg/well, dissolved in 

medium) was added to each well of the 96-well plate, and further incubated at 
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37 °C for 3 h for formazan crystal formation. The supernatant was removed. 

Dimethyl sulfoxide (200 μL/well) was added to dissolve the formazan crystals 

produced by the viable cells and the absorbance of the purple color was 

recorded on a microplate reader (Thermo Scientific, USA) at a wavelength of 

550 nm. The intensity of color indicates the number of viable cells. Experiments 

were performed in triplicate and the relative cell viability (%) was expressed as 

a percentage relative to the untreated control cell.  

Treatment of HeLa cells with each CDP revealed that almost 70-90% of the 

cells survived even up to 50 μM concentrations as determined by the MTT 

assay (Figure 19). These results showed that the synthesized CDPs do not 

induce any acute cytotoxic effects in HeLa cells. P1, P3, and P5 attained half-

maximal inhibitory concentration (IC50) at almost 80-85 M of concentrations 

whereas P2, P4, and P6 could not attain their IC50 value even after 100 M of 

concentration. Therefore, it was determined that the cyclic dipeptides (P1-P6) 

had a negligible part in the mortality of HeLa cells.  
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Figure 19. Growth inhibitory effect of the synthesized CDPs (P1-P6) on HeLa cells, at 

concentrations ranging between (0-100) µM. 
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3.4 CONCLUSION 

In summary, this work demonstrated the design and synthesis of a series of S-

benzyl-L-cysteine based six cyclic dipeptides (P1-P6) containing various 

lengths of hydrophobic side chain partners. Side chain variation of the 

constituting amino acids in the CDPs caused significant differences in their 

morphology as well as in gelation properties. Due to the increased 

hydrophobicity offered by the amino acid side chains from P1 to P6, the 

complexity of the fibrillar network formed by the self-assembly of the CDPs 

also increased following almost a linear relationship which is evident by the 

AFM experiments. The effect of side chain variation of the CDPs was also 

reflected in their macrostructure; P1 produced crystals, P2 produced crystals 

with loose gel type structures, and P4-P6 formed hydrogels in methanol-water 

solvent system. Morphological analysis of these CDPs by atomic force 

microscopy although revealed nano-fibrillar self-assembly for almost all the 

CDPs under same solvent condition but there were distinct morphological 

variations in their respective nano structures. Different spectroscopic techniques 

like NMR, FT-IR, CD, Thioflavin-T, Congo Red study revealed that CDP 

molecules were interlinked by intermolecular hydrogen bonding giving rise to 

β-sheet secondary structure which is responsible for the formation of 

nanostructures. Single crystal X-ray crystallographic study of the crystal 

obtained from P1, P2, and P6 showed that along with intermolecular hydrogen 

bonding C-H….O=C and π….π, and π…S interactions were also very important 

for the formation of one dimensional β-sheet selfassembled structure. In 

addition to that, theoretical studies like Hirshfield surface analysis and DFT 

analysis revealed that the hydrophobicity of the amino acid side chain region is 

the key reason for the self-assembly formation. This whole study helped to 

construct a structure-morphology as well as structure-gelation relationship 

between the CDPs. Finally, the hydrogels obtained from CDPs were tested for 

dye adsorption from contaminated water and it was found that P5 hydrogel 
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efficiently adsorbed toxic dyes like rhodamine B, eriochrome black T, and 

bromocresol green leaving behind clear water. This kind of hydrogel may 

further be modified to use in wastewater management on large scale.  

3.5 FUTURE SCOPE 

Cyclic dipeptides are the smallest class of cyclic peptides which can efficiently 

form hydrogels if designed properly as they possess structural rigidity. The 

effect of various side chain functionalities play important role in inducing 

hydrogelation in these molecules. Thus, it is important to understand the the 

effect of different side chain variations in order to understand the self-assembly 

mechanism. In this work, a series of CDPs with varying hydrophobic side 

chains were synthesized and their self-assembly pattern was elaborately 

discussed which may contribute to a better understanding of such trends in other 

molecules having similar side chain variations. Moreover, keeping these results 

in mind, synthesis of more new CDPs having different polar, nonpolar, and 

charged amino acid partners are also included in future plan to set a structure-

gelation relationship. Modification of these hydrogels as well as the organogels 

are going on to increase their ability to adsorb toxic dyes and other toxic 

elements from water.  

3.6 EXPERIMENTAL PROCEDURES AND SPECTRAL DATA 

3.6.1 Synthesis of Cyclic Dipeptide P1 

The same general procedure A was followed starting with 500 mg (2.85 mmol, 

1.0 equiv.) of N-BOC-glycine. Final column chromatography (SiO2, eluting 

with 5% methanol/dichloromethane) afforded the desired product as white solid 

(yield = 63%). 

1H NMR of P1 (600 MHz, DMSO-d6): δ (in ppm) 8.20 (d, J = 6.0 Hz, 2H, -

NH), 7.31 (d, J = 4.0 Hz, 4H, Ar-H), 7.24 (m, 1H, Ar-H), 4.09 (s, 1H), 3.89 (d, 
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J = 18.0 Hz, 1H), 3.80 – 3.70 (m, 3H, CαH and –CH2Ph), 2.94 (dd, J = 15.0, Hz, 

1H, -CH2S), 2.73 (dd, J = 15.0 Hz, 1H, -CH2S). 

13C NMR of P1 (151 MHz, DMSO-d6): δ (in ppm) 166.58, 165.73, 138.34, 

128.94, 128.43, 126.94, 54.53, 44.44, 36.09, 35.41. 

HRMS (EI-MS): m/z calculated for C12H14N2O2S  = 250.0776; found m/z = 

250.0773. 

3.6.2 Synthesis of Cyclic Dipeptide P2 

The same general procedure A was followed starting with 500 mg (2.64 mmol, 

1.0 equiv.) of N-BOC-L-alanine. Final column chromatography (SiO2, eluting 

with 5% methanol/dichloromethane) afforded the desired product as white solid 

(yield = 62%). 

1H NMR of P2 (600 MHz, DMSO-d6): δ (in ppm) 8.31 (s, 1H), 8.06 (s, 1H), 

7.31 (d, J = 6.0 Hz, 4H), 7.24 (h, J = 4.0 Hz, 1H), 4.18 (m, 1H), 3.95 – 3.87 (m, 

1H), 3.78 – 3.71 (m, 2H), 2.91 (dd, J = 15.0 Hz, 1H), 2.72 (dd, J = 15.0 Hz, 

1H), 1.37 (d, J = 6.0 Hz, 3H). 

13C NMR of P2 (150 MHz, DMSO-d6): δ (in ppm) 168.18, 165.79, 138.47, 

128.92, 128.40, 126.91, 54.65, 50.00, 36.20, 34.57, 20.39. 

HRMS (ESI-MS): m/z calculated for C13H16N2O2S [M+H]+ = 265.1011; found 

m/z = 265.1006. 

3.6.3 Synthesis of Cyclic Dipeptide P3 

The same general procedure A was followed starting with 600 mg (2.76 mmol, 

1.0 equiv.) of N-BOC-L-valline. Final column chromatography (SiO2, eluting 

with 5% methanol/dichloromethane) afforded the desired product as white solid 

(yield = 64%). 

1H NMR of P3 (600 MHz, DMSO-d6): δ (in ppm) 8.14 (s, 1H), 8.09 (s, 1H), 

7.33 – 7.29 (m, 4H), 7.23 (m, 1H), 4.17 (s, 1H), 3.80 – 3.69 (m, 3H), 2.86 (dd, J 
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= 12.0 Hz, 1H), 2.77 (dd, J = 15.0 Hz, 1H), 2.21 (m, 1H), 0.98 (d, J = 6.0 Hz, 

3H), 0.88 (d, J = 6.0 Hz, 3H). 

13C NMR of P3 (151 MHz, DMSO-d6): δ (in ppm) 166.85, 166.53, 138.58, 

128.88, 128.37, 126.85, 59.40, 54.18, 36.08, 34.53, 31.20, 18.62, 17.31. 

HRMS (EI-MS): m/z calculated for C15H20N2O2S  = 292.1245; found m/z = 

292.1240. 

3.6.4 Synthesis of Cyclic Dipeptide P4 

The same general procedure A was followed starting with 650 mg (2.82 mmol, 

1.0 equiv.) of N-BOC-L-isoleucine. Final column chromatography (SiO2, 

eluting with 5% methanol/dichloromethane) afforded the desired product as 

white solid (yield = 68%). 

1H NMR of P4 (600 MHz, DMSO-d6): δ (in ppm) 8.11 (s, 1H), 8.07 (s, 1H), 

7.32 – 7.27 (m, 4H), 7.23 (m, 1H), 4.17 (m, 1H), 3.80 – 3.71 (m, 3H), 2.87 (dd, 

J = 15.0 Hz, 1H), 2.77 (dd, J = 15.0 Hz, 1H), 1.93 – 1.87 (m, 1H), 1.48 (m, 1H), 

1.26 – 1.17 (m, 1H), 0.95 (d, J = 6.0 Hz, 3H), 0.83 (t, J = 6.0 Hz, 3H). 

13C NMR of P4 (151 MHz, DMSO-d6): δ (in ppm) 166.93, 166.44, 138.57, 

128.87, 128.36, 126.84, 58.81, 54.21, 38.02, 36.19, 34.46, 24.38, 15.09, 11.95. 

HRMS (ESI-MS): m/z calculated for C16H22N2O2S [M+H]+ = 307.1480; found 

m/z = 307.1475 

3.6.5 Synthesis of Cyclic Dipeptide P5 

The same general procedure A was followed starting with 800 mg (3.01 mmol, 

1.0 equiv.) of N-BOC-L-phenylalanine. Final column chromatography (SiO2, 

eluting with 5% methanol/dichloromethane) afforded the desired product as 

white solid (yield = 62%). 

1H NMR of P5 (600 MHz, DMSO-d6): δ (in ppm) 8.23 (s, 1H), 8.04 (s, 1H), 

7.30 (t, J = 7.4 Hz, 2H), 7.27 – 7.22 (m, 5H), 7.20 (m, 1H), 7.15 (d, J = 7.0 Hz, 
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2H), 4.19 (s, 1H), 3.87 – 3.80 (m, 1H), 3.55 (s, 2H), 3.14 (dd, J = 12.0 Hz, 1H), 

2.93 (dd, J = 12.0 Hz, 1H), 2.31 (dd, J = 12.0 Hz, 1H), 1.50 (q, J = 6 Hz, 1H). 

13C NMR of P5 (150 MHz, DMSO-d6): δ (in ppm) 166.69, 166.32, 138.79, 

136.70, 130.68, 129.36, 128.79, 128.62, 127.28, 127.13, 55.86, 54.07, 35.70. 

HRMS (EI-MS): m/z calculated for C19H20N2O2S  = 340.1245; found m/z = 

340.1242. 

3.6.6 Synthesis of Cyclic Dipeptide P6 

The same general procedure A was followed starting with 750 mg (2.24 mmol, 

1.0 equiv.) of N-BOC-S-benzyl-L-cysteine. Final column chromatography 

(SiO2, eluting with 5% methanol/dichloromethane) afforded the desired product 

as white solid (yield = 62%). 

1H NMR of P6 (600 MHz, DMSO-d6): δ (in ppm) 8.23 (s, 1H), 8.04 (s, 1H), 

7.30 (t, J = 7.4 Hz, 2H), 7.27 – 7.22 (m, 5H), 7.20 (q, J = 7.3, 6.0 Hz, 1H), 7.15 

(d, J = 7.0 Hz, 2H), 4.19 (s, 1H), 3.87 – 3.80 (m, 1H), 3.55 (s, 2H), 3.14 (dd, J = 

13.6, 4.6 Hz, 1H), 2.93 (dd, J = 13.6, 5.0 Hz, 1H), 2.31 (dd, J = 13.7, 4.0 Hz, 

1H), 1.50 (dd, J = 13.7, 7.4 Hz, 1H).  

13C NMR of P6 (151 MHz, DMSO-d6): δ (in ppm) 166.69, 138.79, 136.70, 

130.68, 129.36, 128.79, 128.62, 127.28, 127.13, 55.86, 54.07, 35.70. 

HRMS (ESI-MS): m/z calculated for C20H22N2O2S2 [M+H]+ = 387.1201; found 

m/z = 387.1207. 
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 1H and 13C NMR Spectra of Synthesized CDPs:  

 

 

Figure S1. 1H-NMR spectra of P1 dissolved in DMSO-d6 solvent. 
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Figure S2. 13C-NMR spectra of P1 dissolved in DMSO-d6 solvent. 
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Figure S3. 1H-NMR spectra of P2 dissolved in DMSO-d6 solvent. 
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Figure S4. 13C-NMR spectra of P2 dissolved in DMSO-d6 solvent. 

 



116 | P a g e  
 

 

 

Figure S5. 1H-NMR spectra of P3 dissolved in DMSO-d6 solvent. 
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Figure S6. 13C-NMR spectra of P3 dissolved in DMSO-d6 solvent. 
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Figure S7. 1H-NMR spectra of P4 dissolved in DMSO-d6 solvent. 
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Figure S8. 13C-NMR spectra of P4 dissolved in DMSO-d6 solvent. 
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Figure S9. 1H-NMR spectra of P5 dissolved in DMSO-d6 solvent. 
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Figure S10. 13C-NMR spectra of P5 dissolved in DMSO-d6 solvent. 
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Figure S11. 1H-NMR spectra of P6 dissolved in DMSO-d6 solvent. 
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Figure S12. 13C-NMR spectra of P6 dissolved in DMSO-d6 solvent. 
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Figure S13. FTIR spectra of cyclic dipeptide P1 in solid state. 
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Figure S14. FTIR spectra of cyclic dipeptide P2 in solid state. 
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Figure S15. FTIR spectra of cyclic dipeptide P3 in solid state. 
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Figure S16. FTIR spectra of cyclic dipeptide P4 in solid state 
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Figure S17. FTIR spectra of cyclic dipeptide P5 in solid state. 
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Figure S18. FTIR spectra of cyclic dipeptide P6 in solid state. 
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Figure S19. ORTEP diagram of cyclic dipeptide P1. Thermal ellipsoids are shown in 50 % 

probability level. 

 

Table S1: Important crystal data of P1 

CCDC no 2233567 

Empirical formula C12H14N2O2S 

Formula weight 250.323 

Temperature/K 102.00 

Crystal system triclinic 

Space group P1 

a/Å 6.0465(4) 

b/Å 7.5828(5) 

c/Å 13.285(1) 

α/° 78.921(4) 

β/° 89.875(4) 

γ/° 89.981(4) 

Volume/Å3 597.76(7) 

Z 2 

ρcalcg/cm3 1.391 

μ/mm-1 2.346 

F(000) 265.5 

Crystal size/mm3 0.21 × 0.18 × 0.15 

Radiation Cu Kα (λ = 1.54178) 

2Θ range for data collection/° 6.78 to 144.6 

Index ranges -6 ≤ h ≤ 7, -9 ≤ k ≤ 9, -16 ≤ l ≤ 16 

Reflections collected 11292 

Independent reflections 4071 [Rint = 0.0468, Rsigma = 0.0550] 
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Data/restraints/parameters 4071/3/307 

Goodness-of-fit on F2 1.010 

Final R indexes [I>=2σ (I)] R1 = 0.0646, wR2 = 0.1719 

Final R indexes [all data] R1 = 0.0653, wR2 = 0.1723 

Largest diff. peak/hole / e Å-3 0.89/-0.51 

Flack parameter 0.067(12) 
 

 

Figure S20. ORTEP diagram of cyclic dipeptide P2. Thermal ellipsoids are shown in 50 % 

probability level. 

 

Table S2: Important crystal data of P2 

CCDC no 2233450 

Empirical formula C13H16N2O2S 

Formula weight 264.34 

Temperature/K 100.0 

Crystal system orthorhombic 

Space group P212121 

a/Å 6.0542(11) 

b/Å 9.0593(15) 

c/Å 23.816(4) 

α/° 90 
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β/° 90 

γ/° 90 

Volume/Å3 1306.2(4) 

Z 4 

ρcalcg/cm3 1.344 

μ/mm-1 2.175 

F(000) 560.0 

Crystal size/mm3 0.25 × 0.015 × 0.01 

Radiation Cu Kα (λ = 1.54178) 

2Θ range for data collection/° 7.424 to 133.756 

Index ranges -5 ≤ h ≤ 7, -10 ≤ k ≤ 10, -28 ≤ l ≤ 28 

Reflections collected 19124 

Independent reflections 2306 [Rint = 0.1426, Rsigma = 0.0709] 

Data/restraints/parameters 2306/0/165 

Goodness-of-fit on F2 1.014 

Final R indexes [I>=2σ (I)] R1 = 0.0552, wR2 = 0.1300 

Final R indexes [all data] R1 = 0.0615, wR2 = 0.1344 

Largest diff. peak/hole / e Å-3 0.29/-0.29 

Flack parameter 0.023(16) 

 

 

 

Figure S21. ORTEP diagram of cyclic dipeptide P1. Thermal ellipsoids are shown in 50 % 

probability level. 
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Table S3: Important crystal data of P6 

CCDC no 2233563 

Empirical formula C10H11NOS 

Formula weight 193.26 

Temperature/K 104.0 

Crystal system triclinic 

Space group P-1 

a/Å 5.9873(5) 

b/Å 8.0025(7) 

c/Å 10.2725(9) 

α/° 84.253(6) 

β/° 75.829(5) 

γ/° 89.220(5) 

Volume/Å3 474.78(7) 

Z 2 

ρcalcg/cm3 1.352 

μ/mm-1 2.676 

F(000) 204.0 

Crystal size/mm3 0.25 × 0.02 × 0.01 

Radiation Cu Kα (λ = 1.54178) 

2Θ range for data collection/° 8.922 to 122.53 

Index ranges -6 ≤ h ≤ 6, -9 ≤ k ≤ 9, -11 ≤ l ≤ 11 

Reflections collected 8746 

Independent reflections 1446 [Rint = 0.0734, Rsigma = 0.0479] 

Data/restraints/parameters 1446/0/119 

Goodness-of-fit on F2 1.169 

Final R indexes [I>=2σ (I)] R1 = 0.0976, wR2 = 0.2616 

Final R indexes [all data] R1 = 0.1026, wR2 = 0.2677 

Largest diff. peak/hole / e Å-3 1.43/-0.45 
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Figure S22. Hisrhfield Surface of dnorm of (a) P1, (b) P2, (c) P6; di of (d) P1, (e) P2, (f) P6; 

shape index of (g) P1, (h) P2, (i) P6; curvedness of (j) P1, (k) P2, (l) P6.  

 



132 | P a g e  
 

 

 

 

 

CHAPTER-4 

 

Controlling Self-Assembly of Small 

Peptides into Different Nanostructures by 

Quinazolinone Capping  

 

 

 

 

 

 

 



133 | P a g e  
 

4.1 AIM OF THE PRESENT WORK 

Self-assembly of short synthetic peptides is a rapidly expanding area of research 

due to their wide range of applications from biotechnology to nano-chemistry. 

The hydrogels produced as a result of self-assembly of these short peptides are 

of special interest due to their low cost synthesis and biocompatibility. 

However, the mechanism underlying this process and their underlying design 

principles were still poorly understood. Longer peptides have complementary 

connections between molecules that are strong enough for these peptides to 

create supramolecular gel networks. However shorter peptides often require an 

additional capping group to drive self-assembly into gel network. Thus in this 

chapter, efforts were made to synthesize four short peptides namely QP1, QP2, 

QP3, and QP4 having quinazolinone as heterocyclic capping group. The main 

focus of this work was to examine the change in the self-assembling pattern and 

hydrogelation ability of these hybrid peptides by employing slight twists in their 

molecular structures. A small change in the linker and position of the terminal 

functional group of the peptide residues caused significant differences in the 

morphological pattern of the aggregates produced in 1% DMSO-PBS solvent 

system. This small variation was responsible for the formation of aggregates of 

two distinct morphologies: QP1 and QP2 produced elongated nano-fibrillar 

networks whereas QP3 and QP4 produced spherical assembly. Later on after 

prolonged incubation QP3 produced nano-belt type of morphology. The 

influence of the quinazolinone capping and slight modifications in the 

molecular structures of these peptides were also reflected in their gelation 

behavior in 1% DMSO-PBS solvent system. Various microscopic and 

spectroscopic techniques like AFM, FESEM, NMR, FTIR, etc. along with 

crystallographic studies were performed for a better understanding of the self-

assembling pattern, morphology of the nano-structures, and the noncovalent 

interactions that were involved in self-assembly process of these peptides. 
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Cytotoxic effect of the peptides was also examined by MTT assay in cervical 

cancer cell line (HeLa). 

4.2 INTRODUCTION 

Self-assembly is a phenomenon that occurs everywhere in nature. It is 

responsible for most of the fundamental biological functions, including the 

complementarity of DNA base pairs, the transport of ions across membranes, 

and the folding of proteins into functional tertiary structures.243–246 The self-

assembly of proteins and peptides is of particular interest, as the structure of the 

protein is intricately linked with its function.247,248 Self-assembling short 

peptides have attracted widespread interest due to their resemblance with native 

proteins, tuneability, biocompatibility and they have potential applications in 

energy materials, tissue engineering, sensing, drug delivery, and various other 

fields.249–253 The hierarchical self-assembly of these short peptides is often 

largely dependent on the choice of capping group, which is frequently used at 

the N-terminus of the peptide to induce self-assembly in addition to the 

selection of amino acid sequence. Self-assembled short peptide based hydrogels 

are currently receiving more attention than longer peptide based hydrogels since 

they are easier to synthesize and cost effective. These hydrogels can serve as 

extracellular matrix mimics, which encourage cell adhesion, differentiation, 

growth, and proliferation.22,254,255 Moreover, Short peptide-based hydrogels have 

the advantage of being reversible in nature due to the non-covalent interactions 

that make up the gel network, in contrast to polymer hydrogels, which are 

typically formed by the incorporation of water-soluble groups on a synthetic 

polymer backbone through covalent interaction.256,257 Despite the fact that the 

amino acid sequence utilized greatly influences the physical and chemical 

properties of these hydrogels, short peptide hydrogelators frequently require an 

aromatic capping group at their N-terminus to cause gelation.258,259112,113,118,260 In 

these systems, the hydrophobic interaction offered by the capping group in 
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conjunction with hydrogen bonding interaction of the peptide backbone triggers 

the self-assembly. One of the most extensively researched capping groups for 

producing short peptide-based hydrogelators is fluorenylmethyloxycarbonyl 

(Fmoc), a protecting group that is frequently utilized in solid phase synthesis 

(SPPS).112,113,118,260 In addition to Fmoc, naphthalene, anthracene, perylene, 

pyrene, indole, benzimidazole, or carbazole have also reportedly been used as 

capping groups to produce hydrogelators.261–264 Diphenylalanine sequence (-

FF), the core motif for the β-amyloid self-assembling sequence, is perhaps the 

most well-studied among the dipeptides and is frequently incorporated as a 

backbone to produce short peptide based hydrogelators owing to their ability to 

engage in extensive π-π stacking interactions driven by the two phenyl groups 

present on the amino acids. It is well known that the diphenylalanine sequence 

by itself (i.e., NH2-Phe-Phe-OH) does not tend to form hydrogels but rather 

forms crystalline nanotubes, which have proven to be highly effective in a 

variety of applications.88,212 Thus self-assembling, diphenylalanine-containing 

peptide hydrogels are frequently "capped" at the N-terminus by an aromatic 

group. Gazit first reported that the addition of the fluorenylmethyloxycarbonyl 

(Fmoc) group to the N-terminus of the diphenylalanine sequence (Fmoc-FF) led 

to the development of a self-supporting hydrogel via the dilution of Fmoc-FF 

dissolved in hexafluoroisopropanol with water.265 The Adams group had used 

naphthalene-based capping group to generate hydrogels by incorporating FF 

and other peptide sequences.264,266,267 

Among aromatic compounds, heterocycles in particular are prevalent in nature 

and serve as an excellent point to begin with when trying to increase the 

chemical variety of the N-terminal capping group in short peptides. For 

instance, it is evident that 84% of entire FDA-approved drugs have at least one 

heterocyclic moiety in their structures, and more than 75% of the FDA-
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approved drugs that are currently available in the market have heterocyclic 

moieties that contain nitrogen.268 The capping of an Ala-Gly-Ala-Gly-Ala  

A B

C D

1
2

3 4

Benzimidazolone diphenylalanine
Benzimidazole diphenylalanine

Indole diphenylalanine
N-methyl Indole diphenylalanine

Carbazole diphenylalanine

5

E

 

Figure 1. Examples of few previously reported heterocyclic capped peptides: Related AFM 

images of gel network obtained from (A) indole diphenylalanine, (B) N-methyl indole 

diphenylalanine, (C) benzimidazolone dipehenylalanine, and (D) benzimidazole 

diphenylalanine at a concentration of 0.1% (w/v). Scale bars denote 500 nm for A, 1 µm for 

B, and 300 nm for C &D. Copyright 2016, Royal Society of Chemistry. (E) AFM image of 

carbazole-diphenylalanine sol at 0.01% (w/v). Scale bars represent 300 nm. Copyright 2017, 

Nature portfolio 

 

(AGAGA) pentapeptide sequence with an ex-tetrathiofulvalene (exTTF) 

sequence was first documented in 2012 which yielded the formation of helical 

nanofibers.269 In 2014, Ulijn et al. reported gelation in multiple organic solvents, 

including chloroform, ethyl acetate, DMSO, and tetrahydrofuran by a TTF 

group capped diphenylalanine peptide bearing an amine at its C-terminus (TTF-

FF -NH2).
270 Naphthalene diimides have been utilized by Lin et al. to produce 
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multifunctional chemicals that can be used for cell imaging or, at higher 

concentrations, self-assemble into hydrogels, as well as by Ulijn et al. to 

produce charge-transfer supramolecular nanofibers.271,272 In 2014, Martin et al. 

reported indole-3-acetic acid capping at the N-terminus of diphenylalanine, 

resulting in indole-diphenyl alanine (Ind-FF), which had a very high storage 

modulus and was one of the stiffest peptide hydrogels yet described.263 In 2015, 

as a follow-up to their research on the indole capping group, Martin group 

reported the generation of biocompatible scaffolds by adding a carbazole group 

to the N-terminus of either the dipeptide Phe-Phe (FF) or tripeptide Gly-Phe-

Phe (GFF).261 Adams synthesized carbazole-capped alanine to avail use of the 

electropolymerizing properties of carbazole (Carb-Ala).273 Diphenylalanine with 

a benzimidazole cap was found to form hydrogels and single crystals.274 

Quinazolinone is a nitrogen-based fused heterocyclic molecule. About 150 

naturally occurring alkaloids, identified from a range of kingdom Plantae, 

kingdom Animalia, and other sources, have 4-quinazolinone as their central 

building block.275 Due to its numerous pharmacological properties, 

quinazolinone is a crucial pharmacophore with a wide range of pharmacological 

effects, including anticancer, anticonvulsant, antimalarial, antifungal, 

antibacterial, antiinflammatory, MMP inhibitors, antidiabetic, antileishmanial, 

and hypolipidemic characteristics.276,277 Numerous medications based on 

quinazolinone have completed various phases of clinical trials. Additionally, 

certain medications based on quinazolinone have been commercialized as 

effective medicines. Self-assembly process can be triggered by the aromaticity 

and propensity for hydrogen bonding of the quinazolinone moiety. Despite 

quinazolinone's extensive use in chemistry, no examples of supramolecular 

hydrogels using quinazolinone as a capping group has been found. Herein, 

synthesis of four new S-benzyl-L-cysteine based peptides QP1, QP2, QP3, and 

QP4 capped with quinazolinone group were reported in this chapter that was 
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able to form various distinct nanostructures at same physical and chemical 

conditions. Amongst these QP1 and QP3 were able to form hydrogel in 1% 

DMSO-PBS solvent at physiological conditions. A variety of microscopic and 

spectroscopic techniques were employed to track the self-assembly as well as 

gelation procedure of these four hybrid peptides. 

4.3 RESULTS AND DISCUSSION 

This study looked closely at the self-assembling ability of four hybrid peptides 

containing quinazolinone moiety and benzyl protected cysteine as common 

structural building blocks (Figure 3). For this, two sets of de novo peptides 

were designed by applying reversal of end terminal strategy and synthesized by 

three to four simple chemical reaction steps. A general designing strategy for 

the design and synthesis of four hybrid peptides was depicted below (Figure 2). 

Linker

Capping group 

Amide bond

Amino acid 

sequence

Linker chain 

length increased

Capping group 

Amide bond 

sequence is 

inversed

Amino acid 

sequence

General Designing Strategy 

 

Figure 2. General designing strategy for the synthesis of quinazolinone capped short peptides 

 

A quinazolinone group was added to the N-terminus of the first pair of hybrid 

peptides, QP1 and QP2, which comprise a dipeptide constituting glycine and 
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the S-benzyl-L-cysteine (gly-cys). In another way, it can be said that the glycine 

backbone is acting as a linker between the capping group quinazolinone and the 

common amino acid component i.e.  S-benzyl-L-cysteine, in both molecules. In 

QP1, the terminal acid group of S-benzyl-L-cysteine is methyl protected 

whereas, in QP2, the terminal acid group is free. To examine whether the 

reversal of the terminal of the cysteine moiety has any role in producing 

different self-assembled morphology another set of hybrid peptides containing 

QP3 and QP4 were synthesized where ethylenediamine was used as linker 

between quinazolinone and S-benzyl-L-cysteine moiety. In QP3 the terminal –

NH2 group is BOC protected and in QP4 the terminal –NH2 group is free. In 

this chapter, investigations were made on how the self-assembly pattern of these 

four hybrid peptides composed of same heterocyclic capping and with a 

common constituting amino acid differ from each other due to having slight 

twists in their molecular structure. These small changes in the peptide structures 

caused significant differences in morphological pattern of the aggregates 

produced in aqueous solutions which are thoroughly discussed in this chapter. 

QP1

QP4QP3

QP2

 

Figure 3. Structure of four synthesized heterocyclic capped peptides. 
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4.3.1 Synthesis of Quinazolinone Capped Hybrid Peptides (QP1, 

QP2, QP3, and QP4) 

All chemicals were purchased from Sigma Aldrich and used without further 

purification unless otherwise stated. All the solvents used in this study were 

purchased from Thermo Fischer Scientific and were freshly distilled by standard 

procedures before use. Column chromatography was performed on silica gel 

(100-200 mesh; Merck) with the required eluent. Mass spectrometric data were 

acquired through the electron spray ionization (ESI) technique on a Jeol MS 

station 700 and all 1H and 13C-NMR spectra were recorded on Bruker 600 MHz 

spectrometer for characterization of the compounds. Bruker Kappa Apex II X-

ray crystallography machine was used to get the single crystal structures. The 

step-wise synthetic procedures of the above mentioned hybrid peptides (QP1-

QP4) and their characterization were discussed elaborately in the experimental 

procedures and spectral data section. 

 

 (A) 
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(B) 

 

Scheme 1. Schematic route to the synthesis of (A) QP1, QP2, and (B) QP3, QP4. 

 

4.3.2 Self-assembly study of quinazolinone capped peptides (QP1-

QP4) 

The self-assembly property of these hybrid small peptides was visualized by 

utilizing atomic force microscopy and field emission scanning electron microscopy 

experiments. AFM is a reliable technique for the visualization of surface 

morphology and nano-structures produced by self-assembling materials. AFM 

images were obtained on Pico Plus 5500 AFM (Agilent Technologies, Inc., Santa 

Clara, CA, USA) with the piezo scanner range of 9 μm. The images (256 × 256 

pixels) were captured with a scan size between 0.5 and 5 μm at the scan speed rate 

of 0.5 rpm. The images were processed through flattening via Pico view software 

(Molecular Imaging Inc., Ann Arbor, MI, USA). Samples were prepared by drop 

casting the dilute solutions (50 µM in 1% DMSO-PBS) of each peptide 

individually onto freshly cleaved mica sheets after different times of incubation 

and then letting them dry at room temperature. After drying the sample under air, 
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images of the samples were obtained by placing the mica sheets under AFM laser 

beam. 

AFM images revealed very interesting results where it was observed that two 

peptides QP1 and QP2 in which the N-terminal of cysteine is attached with 

quinazolinone formed fibrillar assembly whereas the other two peptides QP3 and 

QP4 in which the C-terminal of cysteine is attached with quinazolinone produced 

spherical assembly after 24 h of incubation in 1% DMSO-PBS buffer solution. The 

time taken for the formation of these fibrils was then examined by drop casting 

freshly prepared solutions of QP1 and QP2 just after 5 mins of incubation and 

AFM images were acquired after drying the samples. Surprisingly, it was observed 

that both QP1 and QP2 formed nano-fibrils only after 5mins of incubation which 

implied that the rate of fibrillization was very fast for both the hybrid peptides. 

QP1 produced a highly cross-linked fibrillar network where some of the fibrils 

were seen to have helically twisted morphology (Figure 4A). The nano-fibers thus 

produced by QP1 had an average diameter of 25-60 nm and after 24 h of 

incubation, the fiber morphologies were diversified, showing dense cross-linked 

fibrillar network structure, having width in the range of 35-75 nm. Similarly, for 

QP2, the fibrillar network became more cross-lined after 24 h of incubation 

(Figure 4F), and average diameter of fibrils produced after 5 mins of incubation 

increased from 20-50 nm to 25-65 nm after 24 h (Figure 4E-4F). The fibrils 

produced by both QP1 and QP2 had lengths of several microns. These results 

were further supported by FESEM images. It was found from FESEM image of 

QP1 (Figure 4D)  that it produced a highly dense inter woven web like 

architecture of numerous long nanofibers. The average width of the fibers was 70-

120 nm and the length was several microns, indicating porous nanostructures with 

high surface area. Similarly, FESEM images reconfirmed the construction of 

unique nanofibrillar self-assembled architecture formed by xerogel of QP2 

(Figure 4H). 
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Figure 4. Upper panel: Atomic Force microscopy images of QP1 obtained from 1% DMSO-

PBS solvent system showing formation of fibrillar network (A) after 5 mins of incubation 

where red arrows indicted the helically twisted fibrils, (B) after 24 h of incubation, (C) 

higher magnification view of B showing dense highly cross-linked fibrillar network, and (D) 

FESEM image of fibrillar aggregates obtained from QP1 after 48 h of incubation. Lower 

panel: AFM images showing formation of fibrillar aggregates by QP2 in 1 % DMSO-PBS 

buffer (E) after 5 mins of incubation, (F) after 24 h of incubation, (G) higher magnification 

view of F. (H) FESEM image of nano-fibrillar network produced by QP2 after 48 h of 

incubation. 

 

On the other hand, AFM study of the dilute solutions of QP3 and QP4 showed 

that in 1% DMSO-PBS buffer solvent system both produced nano-sphere like 

assemblies having average diameters of 60-110 (Figure 5A, 5B)  nm and 80-130 

(Figure 6A, 6B)  nm respectively after 24 h of incubation. Since, formation of 

fibrillar nanostructures is often initialized by formation of spheroidal assemblies, 

the solution of QP3 and QP4 were further incubated for another 24 h and AFM 

experiment was performed. After a total of 48 h of incubation, it was observed that 

QP3 produced nano-belt like self-assembled structures along with some spherical 

assemblies (Figure 5C). These nano-belts were mostly straight and wide in nature 

having average width of 120-190 nm and lengths of several microns. Some of 

them were seen to stack with other nano-belts to give even wider nanostructures. 

FESEM images of QP3 xerogel (Figure 5F) reconfirmed the production of highly 
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dense network of numerous numbers of nano-belts having average diameter of 

150-210 nm. QP4 even after 48 hours of incubation maintained its spherical 

morphology although the size (120-190 nm) of the nano-spheres thus produced by 

QP4 was increased to some extent after 48 h of incubation (Figure 6C, 6D). The 

inability of QP4 to form fibrillar or any other higher order morphology may be 

associated with higher solubility of QP4 in water and PBS buffer.  

 

2 µm

1 µm400 nm
400 nm

400 nm400 nm

(F)(E)

(A) (B) (C)

(D)

 

Figure 5. (A) Atomic force microscopy (AFM) images of spherical aggregates produced by QP3 

in 1% DMSO-PBS after incubation for 24h at RT (250C), (B) amplitude image of A. (C) 

Formation of nano-belt along with nanospheres as indicated by red arrows after 48 h of 

incubation of QP3. (D) Higher magnification view of spherical assemblies obtained from image 

C and (E) Higher magnification view of nano-belts as obtained from image C. (F) FESEM 

image of the dense network of numerous nano-belts produced by QP3. 
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Figure 6. Atomic Force microscopy images of spherical assemblies produced by QP4 in 1% 

DMSO-PBS solvent system (A) after 24 h of incubation, (B) amplitude image of A. (C) Bigger 

size spherical aggregates produced by QP4 after 48 h of incubation, (D) amplitude image of 

C.  

 

4.3.3 Gelation study of quinazolinone capped peptides 

The aromatic capping group of small peptides often contributes to increase the 

self-assembling propensity of those peptides which in turn induces gelation 

property. Thus gelation behaviour was also examined for these quinazolinone 

capped small peptides in various aqueous solvent systems. None of the peptides 

produced hydrogel from pure water or pure buffer at physiological conditions; 

QP1 and QP3 were insoluble in water, QP2 was partially soluble and QP4 

which is solid at low temperature but liquid at room temperature (gum like 

consistency) was completely soluble in water. Thus to initiate gelation first the 

peptides (5-10 mg) were weighed in small glass vials, solubilized in 10 µl of 

DMSO by strong heating, and then diluted with PBS buffer (Ph = 7.4). It was 

observed that for both QP1 and QP3 a white suspension was formed which then 

turned into stable translucent hydrogels 4-8 mins after addition of PBS buffer 

(Figure 7). The formation of gel was confirmed by the ‘vial inversion test’ 

where both the gels did not show any gravimetric flow after inversion of the 

tubes. On the other hand, QP2 and QP4 were unable to form hydrogel even 

after 24 h. QP2 remained as white sol whereas QP4 produced completely clear 

solutions. These results suggested that the free terminal –COOH group in QP2 

and –NH2 group in QP4 might increase the solubility of these peptides in water 
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due to which these peptides were unable to form hydrogels. Likewise, in QP1 

and QP3 the terminal –COOH group was methyl protected and –NH2 group was 

BOC protected respectively which helped QP1 and QP3 to maintain a balance 

between overall hydrophobicity and hydrophilicity of these peptides which in 

turn resulted in hydrogels. It is notable here that QP2 after 3 days formed  

 

(A) (B)

 

Figure 7. Images of vial inversion test of hydrogels obtained from (A) QP1 and (B) QP3 in 

1% DMSO-PBS solvent system. 

 

opaque hydrogel which was confirmed by tube inversion test but unfortunately 

it failed to survive under mechanical pressure during rheological tests later on. 

While kept undisturbed QP2 hydrogel was also unable to maintain its gel 

structure for long and resulted in loose gel formation by releasing solvent from 

its gel network. The minimum gelation concentration (MGC) of QP1 and QP3 

was found to be 0.70 % (w/v) and 0.59 % (w/v) respectively and both the 

hydrogels are thermoreversible in nature. The sol-to-gel transition temperature 
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or Tgel for QP1 was calculated as 75 oC and that of QP3 was found to be 78 oC. 

Both the hydrogels were seen to exhibit an intriguing viscoelastic property, 

thixotropy which was later confirmed by rheological experiments. 

4.3.4 Rheological study 

To measure the strength and other viscoelastic properties of the hydrogels 

obtained from QP1 and QP3 in 1% DMSO-PBS buffer solvent system 

rheological experiments were performed using an Antor Paar Compact Modular 

Rheometer (MCR 102). PP25 was used as the measuring system and a well-

controlled system inside the instrument assured a constant temperature of 25℃ 

during all the rheological experiments. 

The fundamental mechanical properties of a gel can be expressed through two 

main rheological experiments such as – amplitude/strain sweep, and frequency 

sweep experiments. These experiments represent the flow behaviour and 

viscoelastic properties of a gel. The hydrogels obtained QP1 and QP2 in 1% 

DMSO-PBS solvent system were investigated using strain sweep and frequency 

sweep experiments. The result obtained from the strain sweep test (Figure 8A, 8B) 

of both the peptides demonstrated the linear viscoelastic range (LVE) and the 

dependence of Gʹ and Gʹʹ on strain amplitude. Gʹ was linear with Gʹʹ up to a critical 

strain of 6.63 % and 11.91 % for QP1 and QP3 respectively, beyond this critical 

strain value Gʹ declined. Next, with these hydrogels frequency sweep experiments 

were performed at a constant strain of 0.5 % to monitor the storage modulus (Gʹ) 

and the loss modulus (Gʹʹ) as a function of applied angular frequency. It is evident 

from Figures 8C and 8D that Gʹ was higher than Gʹʹ and no cross-over point was 

noticed within the experimental frequency regions (0.1-100 rad/s) for both the 

gels. For QP1 hydrogel, Gʹ was an order of magnitude ( ̴ 20 times) greater than Gʹʹ, 

and for QP3 Gʹ was almost 13 times greater than Gʹʹ at a constant shear strain of 
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0.5%. These results suggested the presence of soft ‘solid-like’ gel phase material 

and also these were mechanically quite stable.  

(A) (B)

(C) (D)

 

Figure 8. Strain sweep test of hydrogel obtained from (A) QP1, (B) QP3; and frequency 

sweep test of hydrogels obtained from (C) QP1, (D) QP3. 

 

The gel obtained from QP2 was also subjected to rheological experiments. It was 

observed during the strain sweep experiment that the gel could not bare the applied 

strain even in the lower range and started to rupture leaving behind the solvent 

from the gel network. Thus QP2 could not be considered a true gel although it 

qualified for the ‘tube inversion test’. 

The thixotropic property of these hydrogels was further investigated by time 

sweep rheological experiments i.e. sequential application of low and high 

strains, separated by enough time to ensure the complete gel-to-sol (G′ > G″) 

and sol-to-gel (G″ > G′) conversions (Figure 9). This sol-gel interconversion 
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was performed repeatedly for seven consecutive steps. Thixotropy is a property 

of some of the non-Newtonian pseudoplastic fluids (e.g; gels) which refers to an 

isothermal gel-to-sol and sol-to-gel reversible transition in which the gel state is 

transformed into the sol state upon the application of specific external stimuli 

such mechanical shaking, agitation, etc. and returns to the gel state upon resting.  

 

(A) (B)

 

Figure 9. Time sweep test of hydrogels obtained from (A) QP1 and (B) QP3 at a constant 

angular frequency of 10 rad/s. 

 

Low shear strain was used to begin the time sweep experiment in its initial 

phase. By applying significant strain in the second step, the gel was entirely 

broken and changed into a quasi-liquid condition (sol), as shown by the 

modulus values (G′, G′′). The recovery of the gel was observed in the third stage 

using a time sweep experiment with the same strain value as in step 1 and 

modulus values that support the reformation of the gel (G′ > G′′). The gel was 

once more ruptured with high strain at step four, then it was repaired with mild 

strain at step five. At one specific location, trials for each gel system were 

carried out. These observations collectively demonstrate the thixotropic and 

self-healing character of gel materials. 
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4.3.5 FT-IR analysis 

To gain information about structural arrangement of the synthesized peptide 

molecules in their respective self-assembled network as well as the forces 

involved in the process of self-assembly is very crucial. Hydrogen bonding is 

one of the weak forces that have the biggest impact on how molecules self-

assemble. Because of this, different hydrogen-bonding patterns are very 

important in regulating the secondary structure of peptide self-assembly. Since 

the amide backbone present in these peptides mostly determines the secondary 

structure adopted by these molecules after self-assembly, FT-IR spectroscopy 

can be used to determine the contribution of the amide groups to the self-

assembly process effectively. 

The Fourier transform infrared (FT-IR) spectra of the samples in solid and gel 

states were recorded on a Bruker TENSOR 27 spectrometer using the attenuated 

total reflection (ATR) technique. The spectra were scanned from 600 to 4000 

cm-1. Bruker software was used for data processing and experimental data 

obtained were analyzed using Origin Pro 8.0 SRO software (Origin Lab 

Corporation). 

Fourier Transform Infrared spectroscopy was used to characterize the secondary 

conformation acquired by the hybrid peptides in solid state as well as in gel state. 

From solid state FT-IR spectrum of all four peptides, a wide range of vibrational 

bands were observed due to the presence of different functional groups for 

example -CONH, -COOCH3, -NH2, -NHBOC, aromatic groups, and aliphatic 

groups (-CH3, -CH2), etc. Important band positions obtained from the solid state 

FTIR spectrum of the peptides were marked in their respective spectrum (Figure 

S). Generally, in FT-IR spectrum, characteristic amide I, amide II, and amide III 

bands mainly originating from backbone vibrations appeared at 1600-1690 cm-1, 

1480-1580 cm-1, and 1230-1300 cm-1 respectively. The origin of amide I mode of 

vibration is due to >C=O stretching vibration and the amide II and amide III bands 
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correspond to the coupling of C-N stretching and N-H in-plane bending. For QP1 

(Figure 10A).  characteristic amide bands appeared at 1665 cm-1 and 1608 cm-1 

along with a hump at 1687 cm-1. The band that appeared at 1734 cm-1 corresponds 

to the carbonyl of terminal ester group. Moreover, there are many reports where it 

was mentioned that peptides having inclination towards antiparallel β-sheet 

conformation, give two characteristic bands around 1645-1665 cm-1 and the other 

one is between 1680-1700 cm-1 in the FT-IR region. The appearance of two amides 

I bands at 1665 and 1687 cm-1 indicated the presence of an antiparallel β-sheet 

secondary structure in the solid state of QP1. In gel state of QP1, the amide 

carbonyl band shifted to a lower frequency and appeared at 1658 cm-1 along with 

two other peaks at 1612 cm-1 and 1687 cm-1. The shifting of amide I band from 

1665 cm-1 in solid state to 1658 cm-1 in gel state indicated weakening of amide 

carbonyl bond due to involvement of the carbonyl bond in extensive 

intermolecular hydrogen bonding with the solvent and other peptide molecules. 

Reappearance of amide I band at 1687 cm-1 indicated the formation of antiparallel 

β-sheet secondary structure in the gel state of QP1 (Figure 10A). Although QP2 

formed only loose gel after long incubation, FTIR spectra were also acquired with 

that loose gel obtained from QP2 in 1% DMSO-PBS. For QP2, the shifting of 

amide carbonyl stretching frequency from 1665 and 1614 cm-1 in solid state to 

1654 cm-1 and 1611 cm-1 in loose gel state indicated presence of greater extent of 

intermolecular hydrogen bonding in the gel state (Figure 10B).  . Presence of 

another weaker transition at 1686 cm-1 both in solid and gel state of QP2 suggested 

that the peptide molecules were arranged in antiparallel β-sheet fashion in their 

extended structures. Therefore, from the FTIR study, it can be said that the fibrillar 

network formed by QP1 and QP2 in 1% DMSO-PBS resulted from the β-sheet 

arrangements of the respective molecules in aqueous solution. In case of QP3, the 

characteristic amide I bands appeared at 1659 and 1606 cm-1 in its solid state and 

the band appeared at 1520 cm-1 corresponds to the amide II band. No significant 

shifting of the characteristics amide bands were observed and the band in the 
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region 1680-1690 cm-1 (Figure 10C) which corresponds to antiparallel nature β-

sheet structure was also not distinct. This fact suggested that QP3 may acquired a 

parallel β-sheet structure which resulted in sheet like nano-belt morphology. 

Moreover, the amide –NH band for all four peptides appeared in range between 

3298-3329 cm-1 and none of them appeared above the region of 3400 cm-1 

indicating the involvement of all these peptides in extensive intermolecular 

hydrogen bonding. 
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Figure 10. FTIR spectra of (A) QP1, (B) QP2, and (C) QP3 in solid and gel states.  

4.3.6 Crystallographic Study 

The structure of the molecules and their self-assembly process can be 

understood using crystallographic study. The compounds QP1 and QP3  were 

crystallized in quality crystals which were characterized with the help of single 
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crystal X-ray crystallography. It is interesting to note that both the compounds 

were crystallized with monoclinic unit cell and P1 21 1 space group. Compound 

QP1-QP4 contains two different sets of structures having quinazolinone 

moiety. Therefore, this crystallographic similarities of the representative 

molecules of each set indicated the similarity of the interactions in their solid 

state. In the case of QP1, the amide –NH of one peptide molecule formed 

hydrogen bond with amide C=O of another adjacent peptide molecule which 

produced a long one-dimensional β-sheet like structure (Figure 11). Such 

formation was stabilized through π-π stacking, π…alky, and CH…O=C 

interactions. Here, one β-sheet like structure interacted with another one through 

facing ester groups with each other by CH…O=C interaction. 

 

Figure 11. Network of noncovalent interactions in the β-sheet structure QP1. 

 

In case of QP3, BOC amide, and peptide amide are involved in hydrogen 

bonding with the same functionality of adjacent molecules (Figure 12A). 

Moreover, π-π stacking, π…alkyl, S…π, and CH…O=C are the key interactions 
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to construct β-sheet like structure in the solid state self-assembly. Such two 

infinitely large β-sheet like structures can further assemble to build complex 

assembly (Figure 12B). Here, aforesaid assembly was formed through 

CH…O=C interactions. Therefore, the remaining two molecules can also utilize 

same mechanism to produce their self-assembled structures. 

(B)

(A)

 

Figure 12. (A) Network of noncovalent interactions in the extended structure of QP3 and (B) 

interactions between two adjacent extended units of QP3. 
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4.3.7 Cytotoxicity Study 

To check biocompatibility and practical applicability of the quinazolinone 

capped peptides (QP1-QP4), cytotoxicity was checked via MTT assay on 

human cervical cancer cell line (HeLa). Cells were acquired from the National 

Centre for Cell Science, Pune, India, and was used in the study. Cells were 

cultured in Iscove’s modified Dulbecco’s medium (IMDM), supplemented with 

10% fetal calf serum and 1% antibiotic, antimycotic solution and maintained at 

37 °C under 5% CO2 and 95% air. For the assay, HeLa cells (1× 104 cells/well) 

were seeded in 96-well plates. The synthesized peptides (QP1-QP4) were 

added to the wells to various final concentrations (10, 25, 50 and 100 μM). Cells 

were incubated in presence of these molecules for 24 h at 37 °C. Following 

treatment, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide 

(MTT) solution (100 μg/well, dissolved in medium) was added to each well of 

the 96-well plate, and further incubated at 37 °C for 3 h for formazan crystal 

formation. Medium was carefully removed from the wells, 200 µl of DMSO 

was added to dissolve the crystals and intensity of developing colour was 

measured by a plate reader at 550 nm. Experiments were performed in triplicate 

and the relative cell viability (%) was expressed as a percentage relative to the 

untreated control cells. 

Treatment of the HeLa cancer cells with quinazolinone capped peptides having 

varying concentrations of 0, 10, 25, 50, and 100 µM for 24 h revealed no 

significant cancer cell death, even upto concentration of 50 µM. For each 

peptide the percentage of cell survivability ranged between 65% to 80% at 50 

µM concentration (Figure 13) and at a higher concentration, i.e., after 60 μM 

showed a negligible rise of cell death in Hela cell line (Figure 13). QP1, QP2, 

and QP4 reached their IC50 when half of the total cell death occurred at 

conecentrations of  almost 82 µM, 93 µM, and 87 µM respectively. QP3 could 

not attaine its IC50 value even after treatment with 100 µM  concentration of 
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QP3. Thus such high IC50 values of all peptides suggested that QP1-QP4 do not 

induce any acute cytotoxic effects in the cells, which provides new 

opportunities for the safe application in biomedical field.  
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Figure 13. Growth inhibitory effect of quinazolinone capped peptides (QP1-QP4) on HeLa 

cells, at concentrations ranging between (0-100) µM. 

 

4.4 CONCLUSION 

In conclusion, two sets of quinazolinone capped S-benzyl-L-cysteine based 

hybrid peptides were designed and synthesized in three to four simple chemical 

reaction steps. These peptides exhibited distinct morphological patterns in their 

self-assembled nanostructures. Small twists in the molecular structure of these 

peptides brought about the differences in their morphology. Compounds of the 

first set i.e. QP1 and QP2 formed highly cross-linked nanofibrillar assemblies 

whereas compounds of another set (QP3 and QP4) formed nanospherical self-

assembly in 1% DMSO-PBS solvent system. QP1 and QP3 formed hydrogels 

in 1% DMSO-PBS solvent with MGC 0.70% (w/v) and 0.59 % (w/v) 
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respectively. These gels were thermoreversible in nature, mechanically stable 

for weeks, and showed thixotropic properties. The solid state crystallographic 

analysis of the crystals obtained from QP1 and QP3 suggested that  QP1 

exhibited -sheet structure in the crystalline state which is stabilized through π-

π stacking, π…alky, and CH…O=C interactions which may be responsible for 

fibril formation. Along with π-π stacking, π…alkyl and CH…O=C interactions 

one more key interaction which is responsible for construction of β-sheet like 

structure in the solid state self-assembly of QP3 was S…π interaction. FT-IR 

analysis also revealed presence of intermolecular hydrogen bonded b-sheet 

secondary structure in these peptides which corroborated well with single 

crystal X-ray crystallographic results. Thus the overall study on quinazolinone 

capped cysteine based peptides gave a glimpse of different secondary structures 

adopted by these small peptides. The improvisation of tuning factors like use of 

quinazolinone as capping group, and reversal of amide bond sequence help to 

adopt two completely different nano-architectures which is rare in the literature. 

Moreover, biocompatibility of peptide self-assembled nano-architectures and 

nanomaterials makes them valuable for applications in biomedical and 

biotechnological fields. 

4.5 FUTURE SCOPE 

Heterocyclic capping groups were often used by many researchers in order to 

improve gelation propensity of short peptide molecules. Choosing correct 

capping moiety to get a desired nano morphology for a particular application is 

very crucial. There are lots of examples where researchers have used carbazole, 

imidazole, benzimidazole, indole, etc. as capping groups of short peptide 

sequences which formed a variety of nanostructures and served different 

applications. In this work, quinazolinone was used as capping group which is 

the first such example so far thus there are lot of scopes to further explore the 

effect of this capping group in self-assembly as well as in gelation process. 
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Many of the heterocyclic capped short peptides reportedly showed antibacterial 

or antimicrobial properties. Since quinazolinone moiety itself  have some 

antibacterial properties, there may be chances for these peptides to exhibit 

antibacterial activities. Again these peptides have no significant cytotoxicity 

upto concentrations as high as 100 M against HeLa cells which makes these 

peptides even more suitable for cellular application. Short peptide based 

nanostructures were often seen to inhibit amyloid fibril formation which is the 

main factor behind many neurodegenerative diseases like Alzheimer, 

Perkinson's disease, etc. Thus use of these peptides in a-synuclein aggregation 

inhibition is also included in future plans. 

 

4.6 EXPERIMENTAL PROCEDURES AND SPECTRAL DATA  

4.6.1 Procedure for Synthesis of Intermediate 1c:  

To a solution of 2-aminobenzoic acids (1a; 10.0 mmol, 1.0 equiv.) in 

trimethylorthoformate (TMOF; 15.0 mmol, 1.5 equiv.), glycine methylester 

hydrochloride (1b; 12.0 mmol, 1.2 equiv.), and p-toluene sulfonic acid (PTSA; 

5 mol %) were added and stirred under reflux for 6 h in an oil bath maintaining 

120 oC temperature. After completion of the reaction as indicated by TLC, the 

reaction contents were condensed under reduced pressure and the organic part 

was extracted from water using ethyl acetate (25 ml x 3 times).  The organic 

part was then dried over anhydrous sodium sulfate and after removing the 

solvent at reduced pressure the crude product was purified in column 

chromatography using 100-200 mesh silica gel and 40% ethyl acetate in hexane 

eluent. The product was obtained as white solid, yield = 81%. 
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4.6.2 Procedure for Synthesis of Intermediate 1d 

To a well-stirred solution of 1c (10 mmol, 1 equiv) dissolved in methanol, THF, 

and water in 1:1:1 ratio, was added lithium hydroxide (5 equiv) and the reaction 

mixture was stirred for 6 hrs. After completion of the reaction as confirmed by 

TLC, the crude mixture was concentrated by removing the organic solvents 

under reduced pressure. Then the crude was dissolved in water and neutralized 

by 1N citric acid solution. The product was then collected from water by ethyl 

acetate (3 x 20 ml) and dried over anhydrous Na2SO4. After evaporation of the 

solvent, the crude product obtained was purified by column chromatography 

using 100-200 mesh silica gel and methanol-dichloromethane as eluent. The 

product was obtained as a white solid (yield = 72%). 

4.6.3 Procedure for Synthesis of QP1 

To a well-stirred solution of 1d (600 mg, 2.16 mmol) dissolved in N,N-

dimethylformamide (10 ml), was added anhydrous hydroxybenzotriazole 

(HOBT; 350 mg, 2.59 mmol) slowly followed by 1-ethyl-3,3-(dimethylamino) 

propyl carbodiimide hydrochloride (EDC·HCl; 622 g, 3.24 mmol) at 0 oC under 

nitrogen atmosphere. Then stirring was continued for 10 mins at ice-cooled 

condition and after that to this mixture, triethylamine (TEA; 1.5 ml, 10.8 mmol) 

was added followed by S-benzyl-L-cysteine methyl ester hydrochloride (1e; 679 

mg, 2.59 mmol). The reaction was further continued for 8 h at room temperature 

(monitoring via TLC). The reaction mixture was then concentrated under 

reduced pressure and extracted with ethyl acetate (3 × 20 ml). Evaporation of 

solvent left a crude residue, which was purified by column chromatography 

over 60-120 mesh silica gel (hexane/ethyl acetate 70:30) to afford the 

compound ‘QP1’ as white solid (yield = 74%). 

1H NMR of QP1 (600 MHz, DMSO-d6): δ (in ppm) 8.98 (d, J = 7.8 Hz, 1H), 

8.30 (s, 1H), 8.14 (d, J = 6.9 Hz, 1H), 7.85 (t, J = 7.7 Hz, 1H), 7.70 (d, J = 8.0 
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Hz, 1H), 7.56 (t, J = 7.6 Hz, 1H), 7.32 (d, J = 4.3 Hz, 4H), 7.24 (dt, J = 8.6, 4.4 

Hz, 1H), 4.75 (s, 2H), 4.59 – 4.53 (m, 1H), 3.78 (s, 2H), 3.65 (s, 3H), 2.80 (dd, 

J = 13.8, 5.7 Hz, 1H), 2.72 (dd, J = 13.8, 7.7 Hz, 1H). 

13C NMR of QP1 (150 MHz, DMSO-d6) δ (in ppm) 166.94, 148.58, 138.05, 

134.48, 128.97, 128.42, 127.24, 126.96, 126.05, 52.22, 47.66, 35.37, 32.20. 

HRMS (ESI-MS): m/z calculated for C21H21N3O4S [M+H]+  = 412.1331; found 

m/z = 412.1328. 

4.6.4 Procedure for Synthesis of QP2 

To a well-stirred solution of QP1 (4 mmol, 1 equiv) dissolved in methanol, 

THF, and water in 1:1:1 ratio, was added lithium hydroxide (5 equiv) and the 

reaction mixture was stirred for 6 hrs. After completion of the reaction as 

confirmed by TLC, the crude mixture was concentrated by removing the 

organic solvents under reduced pressure. Then the crude was dissolved in water 

and neutralized by 1N citric acid solution. The product was then collected from 

water by ethyl acetate (3 x 20 ml) and dried over anhydrous Na2SO4. After 

evaporation of the solvent, the crude product obtained was purified by column 

chromatography using 100-200 mesh silica gel and methanol/dichloromethane 

(2:98) as eluent. The product was obtained as white solid, yield = 68%. 

1H NMR of QP2 (600 MHz, DMSO-d6): δ (in ppm) 8.83 (d, J = 8.0 Hz, 1H), 

8.29 (s, 1H), 8.14 (d, J = 7.9 Hz, 1H), 7.85 (t, J = 8.1 Hz, 1H), 7.70 (d, J = 8.1 

Hz, 1H), 7.56 (t, J = 7.5 Hz, 1H), 7.31 (d, J = 6.8 Hz, 4H), 7.24 (t, J = 6.5 Hz, 

1H), 4.76 (s, 2H), 4.50 (t, J = 7.6 Hz, 1H), 3.79 (s, 2H), 2.81 (dd, J = 13.7, 5.2 

Hz, 1H), 2.71 (dd, J = 13.7, 7.7 Hz, 1H). 

13C NMR (150 MHz, DMSO-d6): δ (in ppm) 171.73, 166.80, 160.13, 148.61, 

148.06, 138.21, 134.45, 128.96, 128.38, 127.22, 127.07, 126.89, 126.05, 

121.48, 52.22, 47.68, 35.49, 32.53. 
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HRMS (ESI-MS): m/z calculated for C20H19N3O4S [M+H]+  = 398.1175; found 

m/z = 398.1172. 

4.6.5 Procedure for Synthesis of Intermediate 2c 

To a solution of 2-aminobenzoic acids (1a; 30.0 mmol, 1.0 equiv.) in 

trimethylorthoformate (TMOF; 45.0 mmol, 1.5 equiv.), N-Boc-1,2-

diaminoethane (2b; 36.0 mmol, 1.2 equiv.), and p-toluenesulfonic acid (PTSA; 

5 mol %) were added and stirred under reflux for 6 h in an oil bath maintaining 

120 oC temperature. After completion of the reaction as indicated by TLC, the 

reaction contents were condensed under reduced pressure and the organic part 

was extracted from water using ethyl acetate (20 ml x 3 times).  The organic 

part was then dried over anhydrous sodium sulphate and after removing the 

solvent at reduced pressure the crude product was purified in column 

chromatography using 100-200 mesh silica gel a 40% ethyl acetate in hexane 

eluent. The product was obtained as white solids (yield = 75%). 

4.6.6 Procedure for Synthesis of Intermediate 2d 

In the next step, intermediate ‘2c’ (700 mg, 1.59 mmol) was treated with 

trifluoroacetic acid (TFA; 732 µl, 9.58 mmol) in dichloromethane solvent (12 

ml) at 0 oC. The reaction mixture was slowly brought to room temperature and 

stirring continued. After 6 h, the completion of the reaction was confirmed via 

TLC and the reaction mixture was then concentrated under reduced pressure. 

After evaporation of the solvent, the crude was washed with diethyl ether and 

dried under reduced pressure to obtain the product as a white solid (yield=60%) 

and was directly used for the next step.  

4.6.7 Procedure for Synthesis of QP3 

To a well-stirred solution of 2d (500 mg, 2.16 mmol) dissolved in N,N-

dimethylformamide (10 ml), was added anhydrous hydroxybenzotriazole 
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(HOBT; 350 mg, 2.59 mmol) slowly followed by 1-ethyl-3,3-(dimethylamino) 

propyl carbodiimide hydrochloride (EDC·HCl; 622 g, 3.24 mmol) at 0 oC under 

nitrogen atmosphere. Then stirring was continued for 10 mins at ice-cooled 

condition and after that to this mixture, triethylamine (TEA; 1.5 ml, 10.8 mmol) 

was added followed by N-Boc-S-benzyl-L-cysteine (2e; 679 mg, 2.59 mmol). 

The reaction was further continued for 8 h at room temperature (monitoring via 

TLC). The reaction mixture was then concentrated under reduced pressure and 

extracted with ethyl acetate (3 × 20 ml). Evaporation of solvent left a crude 

residue, which was purified by column chromatography over 60-120 mesh silica 

gel (hexane/ethyl acetate 70:30) to afford the compound ‘QP3’ as white solid 

(yield = 68%). 

1H NMR of QP3 (600 MHz, DMSO-d6): δ (in ppm) 8.23 (t, J = 5.8 Hz, 1H), 

8.19 – 8.13 (m, 2H), 7.82 (t, J = 7.6 Hz, 1H), 7.66 (d, J = 8.1 Hz, 1H), 7.54 (t, J 

= 7.8 Hz, 1H), 7.28 (d, J = 2.7 Hz, 4H), 7.25 – 7.19 (m, 1H), 6.95 (d, J = 8.3 

Hz, 1H), 4.10 – 4.03 (m, 1H), 4.03 – 3.98 (m, 2H), 3.69 (s, 2H), 3.49 (dq, J = 

11.1, 5.7 Hz, 1H), 3.43 (d, J = 5.6 Hz, 1H), 2.66 (dd, J = 13.6, 5.4 Hz, 1H), 2.46 

(dd, J = 13.6, 9.0 Hz, 1H), 1.38 (s, 9H). 

13C NMR of QP3 (150 MHz, DMSO-d6): δ (in ppm) 167.73, 160.50, 148.07, 

134.35, 128.91, 128.50, 127.19, 127.09, 127.02, 126.02, 121.61, 51.69, 45.91, 

37.50, 35.33, 32.08. 

HRMS (ESI-MS): m/z calculated for C25H30N4O4S [M+H]+  = 483.2066; found 

m/z = 483.2063. 

4.6.8 Procedure for Synthesis of QP4 

To a solution of QP3 (700 mg, 1.59 mmol) in dichloromethane solvent (12 ml), 

trifluoroacetic acid (TFA; 732 µl, 9.58 mmol) was added dropwise at 0 oC. The 

reaction mixture was slowly brought to room temperature and stirring 

continued. After 6 h, the completion of the reaction was confirmed by 
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monitoring TLC and the reaction mixture was then concentrated under reduced 

pressure. The crude mixture was then neutralized by treating it with 1 (N) 

sodium bicarbonate solution and extracted with dichloromethane (3 x 20 ml) 

from the aqueous layer and the product was purified by column chromatography 

over 60-120 silica gel using dichloromethane/methanol 95:5 as eluent to afford 

the final product ‘QP4’ (yield = 50%) as white solid. 

1H NMR of QP4 (600 MHz, DMSO-d6): δ (in ppm) 8.76 (t, J = 5.9 Hz, 1H), 

8.31 (s, 2H), 8.27 (s, 1H), 8.16 (d, J = 8.0 Hz, 1H), 7.83 (t, J = 7.6 Hz, 1H), 7.68 

(d, J = 8.1 Hz, 1H), 7.55 (t, J = 7.5 Hz, 1H), 7.32 (d, J = 6.6 Hz, 4H), 7.28 – 

7.23 (m, 1H), 4.16 – 4.08 (m, 1H), 4.06 – 3.99 (m, 1H), 3.89 (t, J = 6.7 Hz, 1H), 

3.74 (q, J = 12.9 Hz, 2H), 3.70 – 3.63 (m, 1H), 3.46 (d, J = 9.3 Hz, 1H), 2.83 

(dd, J = 14.1, 6.0 Hz, 1H), 2.65 (dd, J = 14.1, 7.6 Hz, 1H). 

13C NMR of QP4 (150 MHz, DMSO-d6): δ (in ppm) 167.73, 160.50, 148.07, 

134.35, 128.91, 128.50, 127.19, 127.09, 127.02, 126.02, 121.61, 51.69, 45.91, 

37.50, 35.33, 32.08. 

HRMS (ESI-MS): m/z calculated for C20H22N4O2S [M+H]+  = 383.1542; found 

m/z = 383.1539. 

1H NMR of QP4 (600 MHz in D2O): δ (in ppm) 8.10 (s, 1H), 7.99 – 7.95 (m, 

1H), 7.77 – 7.72 (m, 1H), 7.52 (d, J = 8.2 Hz, 1H), 7.47 (t, J = 7.6 Hz, 1H), 7.21 

– 7.12 (m, 3H), 7.12 – 7.07 (m, 2H), 4.13 – 4.02 (m, 2H), 3.84 – 3.74 (m, 2H), 

3.49 (d, J = 1.9 Hz, 2H), 3.40 (dt, J = 14.6, 5.1 Hz, 1H), 2.62 (qd, J = 14.3, 6.7 

Hz, 2H). 

13C NMR of QP4 (150 MHz, D2O): δ (in ppm) 168.05 , 147.24 , 136.75, 

135.02, 128.34, 128.26, 127.73, 127.10, 125.66, 125.60, 120.27, 45.51, 37.44, 

34.91, 30.76. 
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1H and 13C NMR Spectra of Synthesized Peptides 

 

 
 
 

Figure S1. 1H-NMR spectra of QP1 dissolved in DMSO-d6 solvent. 
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Figure S2. 13C-NMR spectra of QP1 dissolved in DMSO-d6 solvent. 
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Figure S3. 1H-NMR spectra of QP2 dissolved in DMSO-d6 solvent. 
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Figure S4. 13C-NMR spectra of QP2 dissolved in DMSO-d6 solvent. 
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Figure S5. 1H-NMR spectra of QP3 dissolved in DMSO-d6 solvent. 
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Figure S6. 13C-NMR spectra of QP3 dissolved in DMSO-d6 solvent. 
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Figure S7. 1H-NMR spectra of QP4 dissolved in DMSO-d6 solvent. 
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Figure S8. 13C-NMR spectra of QP4 dissolved in DMSO-d6 solvent. 
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Figure S9. 1H-NMR spectra of QP4 dissolved in D2O solvent. 
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Figure S10. 13C-NMR spectra of QP4 dissolved in D2O solvent. 



174 | P a g e  
 

 

600 1200 1800 2400 3000 3600600 1200 1800 2400 3000 3600

701

776

885

960

1224

1182

1325
1370

1464

1543
1608

1665

1734

32981130

Wavenumber (cm-1)

%
 T

 

Figure S11. FTIR spectra of peptide QP1 in solid state. 
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Figure S12. FTIR spectra of peptide QP2 in solid state. 
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Figure S13. FTIR spectra of peptide QP3 in solid state. 
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Figure S14. FTIR spectra of peptide QP4 in solid state. 
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Figure S15. ORTEP diagram of peptide QP1. Thermal ellipsoids are shown at 50 % 

probability level. 

 

Table S1: Important crystal data of QP1 

CCDC no 2233454 

Empirical formula C21H21N3O4S 

Formula weight 411.47 

Temperature/K 117.0 

Crystal system monoclinic 

Space group P21 

a/Å 10.7777(7) 

b/Å 4.9011(3) 

c/Å 19.0941(11) 

α/° 90 

β/° 104.915(4) 

γ/° 90 

Volume/Å3 974.62(11) 

Z 2 

ρcalcg/cm3 1.402 

μ/mm-1 1.766 

F(000) 432.0 
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Crystal size/mm3 0.2 × 0.02 × 0.01 

Radiation CuKα (λ = 1.54178) 

2Θ range for data collection/° 4.79 to 133.13 

Index ranges -12 ≤ h ≤ 12, -5 ≤ k ≤ 5, -22 ≤ l ≤ 22 

Reflections collected 16790 

Independent reflections 3396 [Rint = 0.0817, Rsigma = 0.0666] 

Data/restraints/parameters 3396/7/264 

Goodness-of-fit on F2 1.083 

Final R indexes [I>=2σ (I)] R1 = 0.0654, wR2 = 0.1508 

Final R indexes [all data] R1 = 0.0720, wR2 = 0.1549 

Largest diff. peak/hole / e Å-3 1.12/-0.43 

Flack parameter 0.051(17) 

 

 

 

Figure S16. ORTEP diagram of peptide QP3. Thermal ellipsoids are shown at 50 % 

probability level. 
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Table S2: Important crystal data of QP3 

CCDC no 2233446 

Empirical formula C25H30N4O4S 

Formula weight 482.59 

Temperature/K 100.0 

Crystal system monoclinic 

Space group P21 

a/Å 14.3258(5) 

b/Å 5.1860(2) 

c/Å 16.1792(6) 

α/° 90 

β/° 93.848(2) 

γ/° 90 

Volume/Å3 1199.30(8) 

Z 2 

ρcalcg/cm3 1.336 

μ/mm-1 1.525 

F(000) 512.0 

Crystal size/mm3 0.35 × 0.02 × 0.01 

Radiation CuKα (λ = 1.54178) 

2Θ range for data collection/° 5.474 to 132.516 

Index ranges -16 ≤ h ≤ 16, -6 ≤ k ≤ 5, -19 ≤ l ≤ 19 

Reflections collected 19421 

Independent reflections 4083 [Rint = 0.0824, Rsigma = 0.0646] 

Data/restraints/parameters 4083/1/310 

Goodness-of-fit on F2 1.053 

Final R indexes [I>=2σ (I)] R1 = 0.0463, wR2 = 0.1091 

Final R indexes [all data] R1 = 0.0507, wR2 = 0.1114 

Largest diff. peak/hole / e Å-3 0.41/-0.44 

Flack parameter 0.063(17) 
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