
 
 

Mechanism of Self-Assembly of Small Designer Peptides 

and Their Potential Applications 

 

 

 

 

 

 

 

 

Thesis submitted for the degree of 

Doctor of Philosophy 
in 

Chemistry 
 

 

 

Submitted by-      Supervisor 

Karabi Roy       Dr. Sunanda Chatterjee 

Roll No-156122021     Assistant Professor 

 

 

Department of Chemistry  

Indian Institute of Technology Guwahati 

Guwahati, Assam-781039 

India 

August, 2020 

TH-2414_156122021



 
 

 

 

 

 

 

 

 

 

 

 

 

 

Dedicated To My Parents, My Grandfather 

and My Brother 

For their endless love, support, encouragement and prayers 

and 

The Almighty 

 

 

 

 

 

TH-2414_156122021



 
 

 

 

 

Declaration by the Candidate 

 

I, Karabi Roy, present the thesis work for Ph.D. entitled “Mechanism of Self-

Assembly of Small Designer Peptides and Their Potential Applications”. 

The work has been carried out by me under the guidance of Dr. Sunanda 

Chatterjee, Assistant Professor, during the period from July 2015 to August 

2020 at Department of Chemistry, IIT Guwahati, Assam. The work presented in 

this thesis has not been submitted for the award of any other degree or diploma 

at any other institution.  

Though I have taken care while writing this thesis, there may still be some 

typographical errors or otherwise which are inadvertent on my part.  

 

Date: August, 2020      Karabi Roy 

Place: IIT Guwahati     Roll No-156122021 

    

 

 

 

 

 

 

TH-2414_156122021



 
 

 

 

 

 

    Certificate by the Supervisor 

  

                                                                             Dated: 26.8.2020    

                                                                                                                             

 

 

This is to certify that the thesis entitled “Mechanism of Self-Assembly of 

Small Designer Peptides and Their Potential Applications” submitted by 

Ms. Karabi Roy (Roll number: 156122021) for the award of Ph.D. degree to 

IIT Guwahati is absolutely based on her own research work and that neither this 

thesis or any part of it has been submitted for any degree/ diploma or any 

academic award anywhere before. 

 

Dr. Sunanda Chatterjee 

Assistant Professor 

Dept. of Chemistry 

Indian Institute of Technology Guwahati 

Contact: +91 361 258 3310 

Fax:        +91 361 258 2349 

Email: sunanda.c@iitg.ac.in 

 

TH-2414_156122021



 
 

 

Acknowledgements 

My first and foremost sense of profound obligation, deepest regards and utmost respect is 

towards my supervisor Dr. Sunanda Chatterjee for her tireless guidance, tenacious 

motivations and for providing a genial ambience for working throughout my research work 

in the lab. It has been an immense pleasure for me to learn a lot of things by working under 

her supervision. I would like to deeply thank her for providing with best of the facilities which 

was required to carry out my research work. I deeply thank her for guiding me constantly 

and providing me with the best of suggestions while writing this thesis. 

I want to extend my sincere thanks to my Doctoral Committee members, Prof. Debapratim 

Das, Professor, Department of Chemistry, IIT Guwahati, Prof. Debasis Manna, Professor, 

Department of Chemistry, IIT Guwahati and Dr. Shirisha Nagotu, Assistant Professor, 

Department of Biosciences and Bioengineering, IIT Guwahati for their unwavering guidance, 

support and encouragement throughout my research work.  

I want to extend my sincere thanks to Dr. Priyadarshi Satpati, Assistant Professor, 

Department of Biosciences and Bioengineering, IIT Guwahati and his group for performing 

the theoretical studies which is an integral part of my thesis work. Also, I would ardently 

thank Sir for providing me with valuable guidance and advice during the course of my work. 

I would also thank gratefully, Dr. Anil P. Bidkar Department of Biosciences and 

Bioengineering, IIT Guwahati for the biological studies that he has performed in his 

laboratory. 

A special thanks to Prof. Debapratim Das’s lab for providing facility to do the rheology 

experiments. Additionally I thank Dr. Nilotpal Singha, Dr. Bapan Pramanik and Sumit 

Chowdhuri of his lab for helping me with the said experiments.  

I am also thankful to Prof. Debapratim Das and my supervisor Dr. Sunanda Chatterjee for 

the group meetings that they conducted every week for oral presentations and scientific 

discussions which helped me a lot in carrying out my research work, increased my scientific 

knowledge and also enhanced my confidence level.  

I would also like to thank Dr. Kalyan Raidongia and his group for providing help needed to 

complete certain work of this thesis. Special mentions are Dr. Rajkumar Gogoi, Kundan 

Saha and Jumi Deka for helping me when required.  

TH-2414_156122021



 
 

I would like to gratefully acknowledge Department of Chemistry, IIT Guwahati for providing 

all the instrumentation facilities for carrying out my research work. I would also like to thank 

the staff members’ for being there when needed.; Special mentions are Dr. Babulal Das, Mr. 

Imdadul Islam and Mr. Aniruddha Gogoi for helping me in learning the instruments. 

 Also, heartiest thanks to the Central Instruments Facility (CIF), IIT Guwahati for providing 

facility for 600 MHz NMR, AFM, FESEM, PXRD and FETEM experiments.  

I would also like to thank the Centre for Environment and Department of Civil 

Engineering, IIT Guwahati for providing the facility of Atomic Absorption Spectrometry. 

Words cannot express the love and synergy provided by my lab mates, Gopal Pandit, Swapna 

Debnath, Monikha Chetia and Tanumoy Sarkar for their valuable help and support during 

the course of this work. They have been a constant support system for me through all the ups 

and downs during my Ph.D. journey. Also, thanks to all the project students who helped a lot 

in my research work.  

I wish to express my profound gratitude for endless encouragement, sustained support, close 

co-operation, unasked help from my friends throughout my journey.  

I gratefully acknowledge Indian Institute of Technology Guwahati for providing me with all 

the facility and financial assistantship for carrying out my work smoothly.  

Needless to mention, this thesis could not have been possibly completed successfully without 

the blessings of my parents and the Almighty. 

I thank all for staying there with me through thick and thin.  

 

 

 

August, 2020        Karabi Roy 

  

 

 

 

 

  

TH-2414_156122021



 
 

Abstract 

 

The thesis “Mechanism of Self-Assembly of Small Designer Peptides and 

Their Potential Applications” describes the   design of small peptides, studies on their 

self- and co-assembly and application of the developed materials in wastewater remediation 

and drug delivery. Several of the designed peptides also act as anion sensors. 

Chapter 1 is an introduction to peptide self-assembly and briefly summarizes development in 

the field. It sets the pretext of the work undertaken in the current thesis.  

Chapter 2 describes the assembly of dicyclohexylurea derivatives of amino acids into 

organogels and their applications in wastewater remediation. The amino acid derivatives 

selectively sense fluoride and hydroxide anions. 

Chapter 3   involves design of two charge complementary peptides, development of self- and 

co-assembled hydrogels from them and their applications in wastewater remediation which 

involves removal of different kinds of organic dyes, metal ions including Pb
2+

 and Hg
2+

. 

Peptides act as selective sensors for hydroxide (OH
-
), arsenite (AsO2

-
) and arsenate (AsO3

-
) 

anions. 

Chapter 4 describes the application of a peptide based hydrogel as drug delivery platform for 

topical delivery of several drugs and proteins. 

Chapter 5 discusses the mechanism of self-assembly of a tryptophan rich tetrapeptide into 

nanospherical assemblies. 

Chapter 6 contains concluding remarks, revisits lessons learnt and discusses the scope of 

future studies. 
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Chapter 1 

Introduction 

1.1. Self-Assembly  

Self-assembly is the spontaneous association of numerous individual entities into a coherent 

organization, generating well-defined structure.
1-6

 It is ubiquitous in nature at both 

macroscopic and microscopic levels. For example, from the assembly of schools of fish in the 

ocean to flocks of birds in the sky to herds of wild animals to oil droplets in water to proteins 

like collagen and keratin, which forms ligaments and hair respectively, self-assembly plays 

the underlying role. Folded functional proteins, genetic material and the cell membrane 

constituted by phospholipids and proteins, which are all vital to life, are all generated due to 

self-assembly.  During self-assembly, systems have a natural tendency of exchanging energy 

with their surroundings and then assuming patterns or structures of reduced free energy. 

Inspired by nature, several groups across the world have been engaged in the understanding 

and design of self-assembling systems, giving birth to  an independent branch of chemistry 

known as supramolecular chemistry.
9 

 Molecular self-assembly is all about artfully designing 

the molecular building blocks which are able to spontaneously  form assemblies via. the 

formation of numerous intermolecular/intramolecular interactions. Approach of molecules to 

constitute an assembly is facilitated and governed by several weak non-covalent forces like 

electrostatic interactions, hydrogen bonding, π-π interactions, cation-π interactions, charge 

transfer interactions, hydrophobic interactions, van der Waals interactions etc. (Figure 1.1).
7-9

 

Though each of these non-covalent forces is weak in nature, their collective effect is 

significant, sufficient to drive the molecules to form ordered structures. Molecules 

spontaneously undergo stepwise interactions to form hierarchical assemblies
3, 10-11

 from 

nanoscale up to macroscale which generates several kinds of soft materials that find a 

spectrum of interesting applications. The process of self-assembly often needs to be triggered 
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by several parameters like appropriate building blocks, concentration, solvent, temperature, 

sonication, ultraviolet (UV) radiation, ionic strength, pH, chemical reactions, enzymes etc. 

despite of it being a spontaneous process (Figure 1.1).
12-16

  Tuning of these parameters can 

lead to a controlled self-assembly process.  

 

Figure 1.1: Schematic representation of molecular self-assembly driven by different non-

covalent interactions and assisted by several stimuli.  

Self-assembly, is a simple and competent technique for preparation of several functional 

nanomaterials with ordered structures. Apart from nanoparticles (NPs), polymers, and other 

inorganic nanoscale building blocks, there are examples of many kind of biomolecules like 

DNA, proteins, peptides, viruses, enzymes, and others, that have exhibited great potential to 

form ordered nanomaterials by controllable self-assembly.
17-24

 Bio-molecules have a unique 

advantage over the other self-assembling nanomaterials in having biocompatibility, tuneable 

chemistries and unique molecular properties like recognition, immunocompatibility and 

favourable pharmacokinetics that make them eligible for a myriad spectrum of biological 

applications.
25

 Nanomaterials derived from lipids, proteins, peptides, nucleic acids etc. have 
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been extensively utilized for applications in the fields of biomedical engineering, drug 

delivery, tissue engineering, biosensors, and nanotechnology.
26 

1.2. Thermodynamics and Kinetics of Self-Assembly 

The term self-assembly is used to describe spontaneous thermodynamic and kinetic driven 

processes where nanoscale entities pack into regular arrangements in order to attain a 

minimum free energy through minimisation of repulsive and maximisation of attractive 

molecular interactions. It is an equilibrium process, i.e. the individual and assembled 

components exist in equilibrium.
27

 The lower free energy conformation is usually a result of 

synergistic effect of various weak non-covalent intermolecular forces between the self-

assembled moieties and is essentially enthalpic in nature. 

The thermodynamics of the self-assembly process can be represented by a simple Gibbs free 

energy equation: 

 ΔGSA = ΔHSA – TΔSSA ; SA=Self-assembly 

Self-assembly is a spontaneous process when ΔGSA is negative.  ΔHSA is the enthalpy change 

of the process and is largely determined by the potential energy/intermolecular forces 

between the assembling entities.  ΔSSA is the change in entropy associated with the formation 

of the ordered arrangement. In general, ΔHSA is negative owing to the favourable non- 

covalent interactions that drive self-assembly. For the TΔSSA term to contribute to the 

negative ΔGSA, the ΔSSA term should be positive. Desolvation of the solute molecules, during 

the self-assembly process leads to the positive ΔSSA  term (Figure 1.2). The self-assembly is 

governed by the normal processes of nucleation and growth. Small assemblies are formed 

because of their increased lifetime, as the attractive interactions between the components 

lower the Gibbs free energy. As the assembly grows, the Gibbs free energy continues to 
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decrease, both from favourable enthalpic and entropic components, until the assembly 

becomes stable enough to last for a long period of time.  

 

Figure 1.2: Schematic representation of thermodynamics of self-assembly 

Self-assembly is formed from the synergistic effect of several non-covalent forces. The 

synergistic effect of these non-covalent interactions determines the thermodynamic stability 

and the state of minimum energy of the ultimately formed nanostructures. Although, the 

ultimate driving force is energy minimization of the system and the corresponding evolution 

towards equilibrium, not all self-assembly processes are examples of simple thermodynamics. 

Due to the weak nature of the non-covalent forces they can be modulated by various factors 

like temperature, pH, salt concentration and solvents. This can result in the assembled 

structures being trapped in metastable states (Figure 1.3). In the absence of any intervention 

from the kinetic parameters, metastable structures finally grow into the thermodynamically 

favourable structures. Therefore, a competitive relationship between kinetic and 

thermodynamic states of assembly provides the possibility of transformation of self-assembly 

from thermodynamic to kinetic control.
28
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Figure 1.3: Schematic of the assembly pathways under thermodynamic and kinetic control. 

Under thermodynamic control, the final nanostructures are in the state of minimum free 

energy (orange solid line). If kinetic control (e.g. pH, temperature etc.) intervenes, the 

structure can be trapped in a metastable state (blue solid line). These metastable structures 

can further grow into the thermodynamically favoured state (blue dashed line). All structures 

are interconvertible under certain kinetic controls. The figure has been adapted with 

permission from reference 28. Copyright 2016, Royal Society of Chemistry. 

1.3. Interactions Driving Molecular Self-Assembly 

Intermolecular forces govern the interaction in between monomers in the self-assembled 

systems.  Non-covalent interactions are of prime importance in the process of self-assembly 

since they set up the scenario through which monomers interact with each other to form 

ordered structures. They represent the machinery through which molecules approach each 

other and eventually pack together. An intricate balance of the multiple non-covalent forces 

plays a significant role in the interaction of molecules which can cause further aggregation 

through a cascade of dynamic structural transitions with other or similar kind of molecules. 

The main non-covalent interactions that control the self-assembly process includes hydrogen 

bonding, electrostatic interaction, hydrophobic interaction, π-π interactions, cation-π 
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interaction and van der Waals forces which have been discussed. Though individually, these 

non-covalent interactions are weak in nature, synergistic effect plays the crucial role. These 

interactions, alone or in combination with one another are one of the most efficient 

approaches to achieve stable self-assembly for the fabrication of nanostructures. 

1.3.1. Hydrogen Bonding: One of the important interactions that occur between a hydrogen 

atom attached to an electronegative atom and another electronegative atom like oxygen or 

nitrogen in molecules is called hydrogen bonding (Figure 1.4a).  A typical hydrogen bond (H-

--X) length ranges from 1.5-2.6 Å and is of the order of 4-13 kJ/mol.
29

 It plays important 

roles in the formation of functional nanomaterials.  Several kinetic factors modulate the 

strength of the hydrogen bond which enables structural transitions between different self-

assembled structures. More importantly, the selectivity and high directionality of hydrogen 

bonds can convert monomers into diverse nanostructures
30, 31

 There are number of reports in 

the literature where we can find the formation of self-assembled nanostructures mediated by 

hydrogen-bonding. Diphenylalanine (FF) is a popular dipeptide motif for self-assembly in 

water driven by hydrophobic interactions; however, other interactions are also likely play 

important roles. For instance, Li et.al. demonstrated the formation of FF microrods by 

hydrogen-bond based self-assembly.
32 

 In another instance, Yang and co-workers studied the 

self-assembly of an FF peptide on a graphene surface and the formation of peptide nanowires 

wherein they observed that the self-assembly of the FF peptide with graphene in water was 

ascribed to both hydrogen bonds and π–π interaction.
33

 In addition to peptides, proteins, 

enzymes, DNA, and viruses can also be utilized to form self-assembled biological 

nanomaterials through hydrogen bonds. Cheng and his group developed a di-functional 

supramolecular polymer, ureido-cytosine-polypropylene glycol (UrCy-PPG) containing self-

complementary quadruple hydrogen-bonded ureido-cytosine (UrCy) moiety, which 

spontaneously self-assembled to form long-range-ordered lamellar structures in the bulk 
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state.
34

 In another study, A. K. Das and his co-workers demonstrated the involvement of 

hydrogen bonding and π- π stacking interactions as the driving force for the self-assembly of 

Amoc-capped dipeptides (Figure 1.4b).
35 

 

 

Figure 1.4: Hydrogen bonding in self-assembly: a) A typical representation of a hydrogen 

bond. b) Chemical structures of Amoc-capped dipeptides. Schematic representation of self-

assembly leading to the formation of nanofibrillar hydrogels and evaluations of the self-

supporting hydrogels. The figure has been adapted with permission from reference 35. 

Copyright 2018, American Chemical Society. 

1.3.2. Electrostatic Interaction: Coulombic interactions between opposite charges in 

solution can lead to the formation of ion pairing. The strength of an ionic bond is dependent 

on the solvent (particularly its dielectric) and the presence of mobile ions. Electrostatic 

interaction has a significant role in the formation of nanostructures formed from peptides, 

proteins, DNA, enzymes and others and in stabilizing the formed nanostructures. For 

instance, Wang et.al. investigated the self-assembly of a motif-designed peptide for the 

formation of peptide nanofibers (PNF) and bioinspired PNF based silver nanowires 

(AgNWs), wherein they fabricated graphene nanosheet (GN)-PNF-AgNW nanocomposites 

through an electrostatic interaction between negatively charged PNF-AgNWs and a polymer-
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modified with positively charged GN.
36

   In another study, Deming and his group investigated 

the self-assembly of discrete metal complexes [Au(CN)2]
−
 in aqueous solution using block 

copolypeptide K183L19 into nanorods in which electrostatic interaction played a major role 

(Figure 1.5b).
37

 Liu and co-workers studied the fabrication of micelle-induced protein 

nanowires through an electrostatic interaction when the electronegative cricoid stable protein 

one (SP1) assembled with positively charged core-crosslinked micelles.
38 

 

Figure 1.5: Electrostatic-interaction-mediated self-assembly: a) Schematic diagram of 

electrostatic interaction. b) Schematic illustration of self-assembly of co-polypeptide 

amphiphiles/Au complexes to develop the functional nanostructure. The figure has been 

adapted with permission from reference 37. Copyright 2013, International Journal of 

Molecular Science. (This is an open access article distributed under the Creative Commons 

Attribution Licenses.) 

1.3.3. Hydrophobic Interaction: It constitutes one of the most important types of non-

covalent interactions facilitating the self-assembly process. Many biomolecules, such as 

peptides and proteins, can form higher ordered nanostructures via. hydrophobic interaction 

due to their hydrophobicity
39

 (Figure 1.6). A lot of studies on the hydrophobic-interaction 

induced self-assembly of proteins and peptides have been pursued till date which has given 

rise to a variety of functional bionanomaterials.
40

 For example, Liao et. al. demonstrated the 
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formation of higher ordered nanofibers in solution via. hydrophobic interaction by using a 

small peptide amphiphile (NapFFKYp) as a model
41

. In another study, Yang and co-workers 

investigated the self-assembly of a model ionic-complementary peptide EAK16II 

(AEAEAKAKAEAEAKAK) on hydrophilic and hydrophobic substrates through electrostatic 

and hydrophobic interactions, respectively.
42

 Conjugation of biomolecules with other 

nanomaterials, such as nanoparticles or graphene can lead to the formation of functional 

nanomaterials via. a hydrophobic interaction.
43,44 

 

Figure 1.6: Hydrophobic interaction in self-assembly: a) Self-assembly of Peptide Nucleic 

Acid Amphiphles (PNAAs) C18-CTGACTGA-E4 into spherical micelles via. hydrophobic 

interaction.
 
The figure has been adapted with permission from reference 39. Copyright 2014, 

American Chemical Society.   

1.3.4. π-π Interaction: Non-covalent π-π interactions are another potential driving force to 

promote the self-assembly. It is the attractive non bonded interaction between planar aromatic 

rings which is referred to as π-π interaction or π-stacking.
45

 The steric constraints associated 

with the formation of these ordered stacking structures have a fundamental role in self-

assembly processes leading to the formation of supramolecular structures
46-51

 (Figure 1.7). 

Some biomolecules, including peptides, proteins, DNA, enzymes, and viruses containing 

aromatic motifs, undergo the formation of highly ordered superstructures by π-π stacking or 
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functional hybrids by biomolecule–material π-π interaction. For example, Su and co-workers 

investigated the role of π-π interaction between a designed peptide 

(RGDAEAKAEAKYWYAFAEAKAEAKRGD) which formed PNFs and graphene quantum 

dots (GQDs) towards the formation of novel PNF–GQD nanohybrids for the simultaneous 

targeting and imaging of tumor cells.
52

 In addition to peptides, other biomolecules, such as 

proteins, DNA, enzymes, and viruses, have also been widely used to conjugate with graphene 

to form nanomaterials via. this non-covalent force for various applications.
53,54

 Huang et.al. 

designed a GQDs–ionic liquid–nafion (GQDs-IL-NF) composite film, which could interact 

with single stranded DNA through non-covalent π-π interactions to fabricate a novel 

biosensor platform for detecting a carcinoembryonic antigen with high sensitivity.
55 

 

 

Figure 1.7: Schematic representation of π-π stacking leading to different nanostructures.  

1.3.5. van der Waals Interaction: This interaction is of comparable strength to hydrogen 

bonding, but it is non-selective, non-directional, and non-additive.
56

 The vander Waals forces, 

such as the interactions between aliphatic tails in peptide amphiphiles, represent the main 

contribution to the non-covalent interactions and are ubiquitous in peptide self-assembly. 
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There are however only a few examples that employ this interaction as a dominant force for 

the control of peptide nanostructuring.
57,58

 For example, the self-assembly of oligopeptides 

(FKFEFKFEFKFE) occurred when solution conditions reduced intermolecular electrical 

double layer repulsion below the threshold of vander Waals attraction (Figure 1.8).
57

  

 

 

Figure 1.8: vander Waals interaction: a) Schematic representation of vander Waals force. b) 

Schematic molecular model of FKFEFKFEFKFE (KFE12) wherein the vander Waals force 

plays a guiding role in the self-assembly of the peptide; Carbon atoms are pale green, Oxygen 

atoms are red, Nitrogen atoms are blue, and Hydrogen atoms are white.
 
The figure has been 

reproduced with permission from reference 57. Copyright  2000, American Chemical Society.  

1.3.6. Cation- Interactions: It is a non-covalent molecular interaction between the face of 

an electron-rich π system and an adjacent cation (Figure 1.9a). It is regarded as an 

electrostatic attraction between a positive charge and the quadrupole moment of the aromatic 

ring.
59

 π-systems are important building blocks. Cation-π interactions are widely used in 

supramolecular assembly,
60-63

 molecular recognition
64

  and the stability of protein 

structures.
65

 For instance, Horng and his group studied the self-assembly of collagen-related 

peptide, RG(POG)10F in which one Arg is attached to the N-terminus of Pro-Hyp-Gly triplets 
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and one Phe is attached to the C-terminus of the peptide into fibrils facilitated by cation-π 

interactions (Figure 1.9b).
60

 In another case, Lee and co-workers demonstrated progressive 

assembly for polydopamine coating in which Dopamine is first sequentially oxidized into its 

various heterogeneous derivatives via. covalent bonds. The covalently bonded oligomers then 

self-assembled, physically grown and chemically gained new functions progressively over 

the time in which cation-π played an important role.
62 

 

Figure 1.9: a) Cation-π interaction. b) Head-to-tail self- assembly of collagen-related 

peptides RG(POG)10F via. cation-π interactions. The figure has been adapted with permission 

from reference 60. Copyright 2011, American Chemical Society. 

1.4. Effect of External Factors Towards Molecular Self-Assembly 

Though the self-assembly is a thermodynamically favourable process, multiple stimulating 

factors might play a crucial role in overcoming the activation barrier involved in the process. 

Such factors include solvents, solution environment, including the pH, sonication, 

temperature, ion concentration, photo stimulation or chemical reactions (Figure 1.10). Such 

factors in some instances help in obliterating the existing intramolecular interactions, so that 
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the molecules can undergo intermolecular associations. In the other instances, the molecule 

may need a pre-adjustment in its structure to be able to undergo effective self-assembly. In 

other cases, tuning the solubility of the monomers by changing the solvent, temperature etc. 

might help in formation of effective self-assembly. The following section briefly discusses 

the commonly used stimuli for generating supramolecular nanostructures. 

 

 

Figure 1.10: External factors/stimuli that can be used to control molecular self-assembly. 

1.4.1. pH: One of the most effective and simplest method to trigger self-assembly is the 

change in pH.  Addition of a small amount of acid or base can easily and rapidly lead to a 

large pH shift via. a diffusion-limited process which might ultimately lead to the growth of 

nanostructures. Change in pH may affect the solute-solvent interactions and help molecules 

to grow from a homogeneous solution to a fibrillar structure in solution via. non-covalent 

forces, including aromatic−aromatic interactions, hydrogen bonding, and hydrophobic 

interactions. Literature encompasses the formation of varied structures by alteration of pH.
66-

70
 For instance, it is well known that the peptide sequence KLVFFAE from the Aβ (16–22) 
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peptide of Alzheimer‘s disease is very sensitive to the environmental pH. Hsieh and co-

workers demonstrated that the Aβ (16–22) peptide (KLVFFAE) could self-assemble in 

neutral and acidic conditions to different nanostructures.
66

 Under a neutral condition, the 

peptide assembled into nanofibers, however, under an acidic pH condition, the peptide 

formed nanotubes. In another example, Ghosh et. al. developed a strategy for precisely tuning 

the self-assembly behaviour of peptide amphiphiles by adjusting the solution pH where they 

found that the peptide amphiphiles could self-assemble into nanofibers under pH 4 and 

spherical nano-micelles at pH 10.
67

 The self-assembly of DNA molecules into ordered 

nanostructures can also be mediated by the pH-responsive formation of a triplex/tetraplex.
68-

70
 For example, Willner and his group reported the pH-stimulated reconfiguration and 

structural isomerization of a DNA origami dimer and trimer by designing pH-sensitive 

origami dimers and trimers.
70

 

1.4.2. Temperature: It is well-known that temperature is another important factor that 

affects the conformation, disrupts local intramolecular interactions and promotes/disrupts 

intermolecular interactions such as hydrophobic interactions and/or hydrogen bonding of 

molecules during self-assembly. Hamley‘s group reported that a peptide amphiphile C16-

KKFFVLK self-assembled into nanotubes and helical ribbons in aqueous solution at room 

temperature. However, on heating, remarkable unwinding transition occured which led to the 

formation of twisted tapes. The nanotubes and ribbons re-formed on cooling.
71

 Further, 

Huang et.al. designed a ―rod-coil‖ graft copolymer containing a polyphenylene backbone 

linked with poly(ethylene oxide) sidechains,
72

 which could form nano ribbons and multilayer 

sheets at different temperatures.  

1.4.3. Sonication: It is routinely used in inducing self-assembly. The force of ultrasound 

readily rearranges the aggregation of molecules by cleaving the self-locked intramolecular 

hydrogen bonds or -stacking to form the interlocked structures through intermolecular 
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association.
73,74

 Ultrasound may reshape the morphologies of the peptides and convert them 

into more elongated fibres that give rise to hydrogels, due to sono-crystallization.
75 

Gu et. al. 

reported that ultrasound not only accelerates the gelation process but also induces the 

formation of fibrils that entangle to form 3D networks.
76

  

1.4.4. Salt Concentration: Learning from nature that metal ions can impart stabilization and 

function to proteins,
77, 78

 peptides have been designed to take advantage of the same for self-

assembling.
79

 Scheneider et.al. has reported a 20 residue β-hairpin peptide where a negatively 

charged non-natural amino acid residue has been incorporated to induce metal binding 

property to the peptide. The peptide adopted a random coil conformation in water but self-

assembled into β-sheet rich fibrillary hydrogels in the presence of Zn
2+

 ions.
80

 Another 20 

residue β-hairpin peptide, metal binding hairpin (MBHP) also showed responsive 

hydrogelation in the presence of heavy metals like Zn
2+

, Pb
2+

, Hg
2+

 etc.
81

 Near infrared light 

induced leakage of Ca
2+

 ions into a solution of β-sheet forming peptides, triggered the self-

assembly of the peptide into a hydrogel.
82

  

1.4.5. Photo-Stimulation: Light is another form of stimuli which might direct self-assembly. 

Various nanostructures can be obtained by the photo-induced self-assembly of molecules.
83-87

 

In the photo-triggered assembly process, the photo-responsive groups act as photo switching 

units to mediate the structure and functions of the formed nanostructures. For example, 

Muraoka et.al. synthesized photo-responsive peptide amphiphiles with a palmitoyl tail, the 2-

nitrobenzyl group, and an oligopeptide motif (GV3A3E3), which were capable of self-

assembling into supramolecular quadruple nanofibers.
84

 Sugiyama and co-workers presented 

the fabrication of predesigned multi orientational patterns by photo-induced self-assembly of 

DNA origami nanostructures.
88

 Schneider et.al. developed a photocaged peptide which 

remains unfolded and unable to self-assemble when being dissolved in an aqueous medium, 

however, the irradiation (260 nm < λ < 360 nm) of the solution triggered the peptide folding 
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to produce amphiphilic β-hairpins that self-assembled to generate viscoelastic hydrogels.
89

 

Sophisticated supramolecular assemblies can be achieved by controlling assembly and 

disassembly using light. Stilbene derivatives are well-known molecular entities which show 

the photoinduced isomerization; They are isomerized from trans to cis form and from cis 

form to trans form under irradiation with UV and visible light, respectively.
90

   Harada et.al. 

illustrated the switching between supramolecular dimer and non-threaded supramolecular 

self-assembly consisting of 3-stilbene-α-cyclodextrin with photoirradiation.
91

  Zhang and co-

workers integrated photo sensitive spiropyran with the peptide 
D
Ala-

D
Ala and demonstrated 

that irradiation of light induced self-assembly in the system. Upon irradiation of light, the 

non-planer spiropyran moiety got converted into planer merocyanin unit that readily stacked 

and underwent self-assembly.
92

 Light induced cis-trans isomerization of azobenzene has also 

been used as an optical trigger in many photo induced systems.
93

  

1.4.6. Enzymes: Involvement of enzymes is another way of directing the self-assembly 

process in achieving unexpected successes in the generation and applications of 

supramolecular nanostructures.  Enzymes influence the self-assembly process significantly as 

they may catalyse the formation of biological materials, capable of self-assembling. Based on 

their functions and types, enzymes can promote or inhibit the aggregation and self-assembly 

of biomolecules through different strategies.
94

 Despite the diversity of enzymes, only a 

handful of them have been used for catalysing self-assembly. While enzymes like 

phosphatase
95-98

  β- lactamase,
99

 esterase,
100

  matrix metalloproteinase-9,
101, 102

  α-

chymotrypsin,
103

 thrombin, chymotrypsin,
104

 and β-galactosidase,
105

  catalyze bond cleavage 

reactions, others like lipase,
106

 microbial transglutaminase
107

 and thermolysin
108

 catalyze 

bond forming reactions. Other examples of enzymes are glucose oxidase,
109

peroxidase
110

 and 

tyrosinase.
111

 Regardless of the enzymes or the reactions they catalyse, the essential feature 

involves the conversion of a precursor molecule to the hydrogelator. In the very first example 
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of its kind, alkaline phosphatase was used to dephosphorylate Fmoc-tyrosine phosphate under 

alkaline conditions to form the hydrogelator which forms supramolecular hydrogel.
112

 Ulijn 

et.al. triggered the peptide self-assembly to form hydrogels by the use of thermolysin to 

catalytically promote the formation of peptide bond in between two amino acids to form the 

hydrogelator.
108

 Amir et.al. introduced an enzyme-triggered strategy to mediate the self-

assembly of a block coplymer into nanoparticles under  physiological conditions.
113

 Xu‘s 

group designed a series of structural precursors based on the GNNQQNY  peptide sequence 

of the yeast prion Sup35, which self-assembled to form supramolecular hydrogels induced by 

alkaline phosphatase in water.
114

 Qi and co-workers developed a novel hydrogel from the 

enzyme-induced supramolecular self-assembly of a synthetic glycopeptide to mimic the 

glycosylated microenvironment of the extracellular matrix.
115 

1.4.7. Covalent Bond Formation:  Disulphide bond formation is an important technique that 

is used to induce self-assembly. Bowerman and co-workers adopted this strategy to linearize 

a cyclic peptide by the reduction of the disulphide bond.
116

 Cyclization induced 

conformational constraint in the peptide prevented it from forming self-assembly. 

Linearization of the peptide led to the formation of β-sheets, which led to fibriller 

morphology that eventually formed hydrogels.
116

 Yang et.al. designed a precursor 

hydrogelator peptide containing a disulphide bond. Addition of reducing agent to the 

precursor peptide led to the clevage of the disulphide bond, the release of the hydrogelator 

and the subsequent self-assembly that eventually led to hydrogelation.
117

 Das et.al. used 

native ligation to generate a peptide that forms dimer upon oxidation in the presence of O2. 

The dimer acted as the gelator in mixed solvent systems of methanol/water.
118

 Besides redox 

reactions, hydrolysis has been utilized in the formation of supramolecular assemblies. Xu et. 

al. reported a  small amino acid ester molecule that upon alkaline hydrolysis gave rise to an 

acid with diminished solubility that formed  supramolecular hydrogel that was kinetically 
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stable over a large range of  pH.
119

  

1.4.8. Tailoring Molecular Structure: Molecular structure is important for guiding the self-

assembly of molecules (especially for peptide and DNA molecules) into well-ordered 

superstructures.
120, 121

 For instance, by designing peptide sequences with multiple functions, 

such as recognition, binding, signal acceptor  and self-assembly motifs, it is easy to create 

1D, 2D, and 3D peptide superstructures with desired functions.
122

 Dai et.al. used an amyloid 

peptide sequence KLVFFAK to self-assemble 2D peptide nanosheets by adjusting the 

molecular structure.
123

 Also, in case of DNA, it is possible to synthesize superstructures by 

designing and modifying DNA sequences and other complex DNA building blocks.
121 

1.5. Peptide Self-Assembly 

The first protein capable of self-assembly was discovered in 1980, when a DNA binding 

protein zuotin was isolated from Type I fimbriae of E. coli. This protein that was involved in 

the attachment of the bacteria to the eukaryotes, assembled into right handed helix and could 

be reassembled post denaturation.
124

 A repeat of a 16 residue long peptide sequence within 

the protein was responsible for its self-assembling behaviour. The peptide (EAK16-II, 

AEAEAKAKAEAEAKAK) was characterized by Alanine (Ala) residues alternating with 

positively and negatively charged amino acid residues. Another seminal advancement in the 

field came from the identification of the short peptide sequence in the amyloid  peptide, 

responsible for the aggregation of the amyloid fibrils that causes the Alzeimers disease.
125

 

Since this revelation, the dipeptide FF, which is the core aggregating motif of the 

pentapeptide KLVFF, has been thoroughly exploited to yield various nanostructures with 

novel applications by Gazit and co-workers and other groups. This in turn opened up a new 

horizon for the small peptide based gelator molecules to obtain materials with diverse 

applications in various fields. The first report on nanostructures built from amino acids was 

obtained in 1990‘s. In one of the early on studies, Ghadiri and co-workers reported 
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antiparallel stacking of cyclic peptide cyclo[-D-Ala-Glu-D-Gln)2-]  to give rise to open ended 

tubular assemblies.
126

 One of the earliest example of amino acid based hydrogelator was 

reported by Gortner and Hoffman almost a century ago,
127

   though it was only in the 1990‘s 

that Menger et.al. demonstrated that - stacking and hydrogen bonding were  the driving 

forces for this self-assembly process.
128, 129

  

Out of the wide range of biomolecules that can potentially self-assemble, peptides, composed 

of a diverse variety of amino acids, both natural and unnatural, form a class of versatile 

biologically-inspired building blocks, which have attracted increasing attention with respect 

to the creation of advanced materials and applications in nanotechnology and biomedicine. 

Peptides have a unique ability to adopt secondary, tertiary and quaternary structures which is 

absent in the other class of self-assembling molecules.
130

 This gives peptides a unique 

advantage over the others for design of unique nanomaterials which is not possible with the 

other types of organic molecules. Peptides have facile modes of synthesis (solution and solid 

phase), are relatively cost effective, are easy to handle and biocompatible. They are 

composed of twenty natural amino acids and can be further tuned by incorporation of 

unnatural amino acids with diverse side chains. Owing to this variation in the peptide 

composition, they have variable chemistries and physico-chemical properties. The side chains 

of the amino acids are decorated with various functional groups making peptides easily 

functionalizable with different groups such as fatty acids, antibodies or fluorescent 

molecules. Such variable and tunable chemistry helps in generation of building blocks of 

choice from the peptides. Additionally peptides have better immunocompatibility and 

favourable pharmacokinetics.
131,132

  Non-covalent interactions play very important roles in 

the peptide self-assembly processes.
 

Electrostatic interaction, hydrophobic interaction, 

hydrogen bonding, and π-π stacking are the key contributors of peptide self-assembly.
133, 134

 

Non-polar amino acids, such as aromatic and aliphatic amino acids, are mainly responsible 
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for hydrophobic aggregation through π-π stacking and hydrophobic interactions. Polar amino 

acids result in either electrostatic interactions or hydrogen bonding depending on whether 

they have uncharged or charged residues.
135, 136

 Besides individual amino acids, the peptide 

backbone itself also provides considerable stability through hydrogen bonds. As these non-

covalent interactions are easily affected by the external stimuli like pH values, temperature 

and solvent polarity, peptide self-assembly like others can also be triggered, manipulated and 

controlled using them.  

1.5.1. Self-Assembling Peptides: 

Peptides comprising of short amino acid sequences or repeated amino acid sequences have 

high tendency of assembling to form nanostructures. There is also a vast amount of literature 

where simple amino acid derivatives have been shown to self-assemble. A number of 

peptide-based building blocks, including dipeptides, cyclic peptides, amphiphilic peptides, 

surfactant-like oligopeptides and aromatic dipeptides, have been designed and developed for 

the creation of functional supramolecular architectures and the exploration of their possible 

applications in biology, nanotechnology and several other applications. 

1.5.1.1. Amino Acid Derivatives: Not only peptides, but single amino acid derivatives are 

also very prone to undergo self-assembly (Figure 1.11). Most amino acid derivatives 

containing an alkyl chain act as conventional amphiphiles. These contain a polar head group 

and one or more hydrophibic tails.
137-139

 In another strategy, aryl motifs like ferrocenyl, 

fluorenyl, napthyl and pyrenyl that undergo - stacking to promote self-assembly are 

appended to amino acids. Such molecules have been shown to form hydrogels.
140-142

 Xu et.al. 

reported the first case of using Fmoc amino acids (Fmoc-Tyr phosphate/ Fmoc-Lys with 

Fmoc-Lys (bonded through the -amino group) to form multicomponent supramolecular 

hydrogels.
112. 143, 144

 Though alkyl chains and aromatic groups promote self-assembly through 

hydrophobic interactions and - stacking interactions, these groups severely compromise 
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the solubility of the molecules in aqueous medium. One of the simplest strategies adopted to 

improve the solubility is to introduce charge into the molecules. Suzuki et.al. reported the 

synthesis of a L-Lys alkali metal salt which self-assembled into nanofibers and formed  3D 

network that generated a hydrogel.
145

 In another study, pyridinium salt of L-Lys formed a 

hydrogel in a large range of pH.
146

 Similarly ammonium and pyridinium salts of Phe have 

been demonstrated to form hydrogelators.
147-149

  

 

Figure 1.11: Amino acid derivatives as self-assembling materials. a) Chemical structure of 

N-(5-alkylcarbamoyl)-L-alanine and the corresponding FESEM image of the air dried gels 

formed from it in p-xylene. The figure has been adapted with permission from reference 139. 

Copyright 2011, American Chemical Society.  b) Chemical structures of L-Lys derivatives 

and corresponding TEM image of 1a in water. The figure has been adapted with permission 

from reference 145. Copyright 2004 Verlag Helvetica Chimica Acta AG, Zürich.
 

1.5.1.2. Dipeptides: The simplest peptide building blocks are dipeptides that can self-

assemble into a vast range of nanostructures (Figure 1.12). A classic example of dipeptide 

self-assembly is the L-Phe-L-Phe (FF) peptide, which forms the core recognition motif of the 

Alzheimer‘s β-amyloid peptide. Reches and Gazit first reported the self-assembly of FF into 

nanotubes by π-π stacking and β-sheet secondary structure formation.
150

 These nanotubes 

were used to cast silver nanowires which enabled its application in the bioelectrical field. FF 

nanotubes have been shown to have unique optical properties, like emitting blue fluorescence 
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and manifesting second order non-linear optical response which make them invaluable for 

nanophotonics. FF nanotubes have piezoelectric and ferroelectric properties while cationic FF 

nanotubes could pass through cell membranes and have been employed as drug delivery 

vehicles. FF could also self-assemble into nanospheres, while Fmoc-FF could form 

nanocylinders which gave rise to hydrogels. Many studies have indicated that the peptide FF 

and its derivatives could self-assemble into highly ordered nanostructures which included 

nanotubes,
150

 nanospheres,
151 

 nanofibrils,
152

 nanowires
153

 and ordered molecular chains.
154

  

 

Figure 1.12: Different nanostructures formed by dipeptides.  

Besides diphenylalanine, reports are also there for hydrophobic dipeptides such as LL, LI, 

and LF, self-assembling into nanotubes through hydrogen bonding.
155,156

 Dipeptide 

nanoparticles formed from peptide WF  have been exploited for bioimaging applications.
157

 

Other nanostructures were also reported to be formed by N-terminally modified 

diphenylalanine to a non-charged FF analog, such as Boc–F–F–COOH, Z-F–F–COOH and 

Fmoc–F–F–COOH. While the Boc-F–F-COOH peptide formed highly ordered tubular 
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structures, the Fmoc-F–F-COOH and the Z-F–F-COOH peptides self-assembled into fibrillar 

structures
158

 

1.5.1.3. Peptide Amphiphiles (PAs) With an Alkyl Group: These are the molecules which 

have a hydrophobic tail group, usually an alkyl chain, which leads to hydrophobic 

interactions, a peptide sequence that is able to form intermolecular hydrogen bonds, which 

determines the interfacial curvature of self-assembly, a section of charged amino acids to 

promote solubility.
160

 Self-assembly of peptide amphiphiles has been widely studied due to 

their potential to assemble into a large range of novel nanostructures which are of interest 

commercially and biomedically. This peptide self-assembled structure can largely be 

controlled by amino acid sequence, length of sequence and lipidation. When the alkyl chain 

combined with a peptide block is exposed to aqueous environment, the hydrophobic tail of 

the peptide adopts a 3D structure and usually results in the formation of nanofibers, micelles 

or vesicles.
160, 161

 For example, Hartgerink et.al. reported a mineralized self-assembling 

peptide, including an alkyl tail and phosphorylated serine residues, to interact with calcium 

(Figure 1.13).
162

  A C16 alkyl tail with a VVVAAAEEE (V3A3E3) peptide was reported to 

form a gel under pressure or through electrostatic interaction with divalent cations .
163 
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Figure 1.13: a) Chemical structure of the Hartgerink‘s peptide amphiphile. b) Schematic 

showing the self-assembly of PA molecules into a cylindrical micelle. c) TEM of the self-

assembled nanofibers formed from the PA. The figure has been adopted with permission 

from reference 162. Copyright 2001, The American Association for the Advancement of 

Science.  

1.5.1.4. Peptides with Aromatic Groups: Aromatic - interactions play an important role 

in the self-assembly process. Some amino acids like Phe and Trp contain aromatic side chains 

that promotes self-assembly. Exploiting this concept further, peptides functionalized at the N-

terminus with large aromatic moieties have been thoroughly investigated. As a matter of fact 

this class of peptides form potential hydrogelators. Fmoc,
164-167

 Napthalene,
168-170 

 Pyrene
171

 

are some of the aromatic moieties that have been often appended to the N-terminus of the 

peptides to yield self-assembling peptides (Figure 1.14). Ladouceur et.al. synthesized 

hydrogelators containing an electroactive aromatic group, anthraquinone. The system 

exploited a well-known redox couple anthraquinone/anthradehydroquinone as the 

hydrophobic part of a series of hydrogelators.
172

  

 

Figure 1.14: Chemical structures of aromatic self-assembling peptides: a) 2-Nap-GFFY 

peptide
165

 and b) Fmoc-IKVAV peptide. 
166

 

1.5.1.5. Surfactant-Like Peptides:  These peptides have been designed using natural lipids 

as a guide.
173

  It has been found that, often, surfactant-like peptides include a hydrophilic 

head group with one or two charged amino acids such as Asp, Glu, Lys or Arg, and a 

lipophilic tail made of hydrophobic amino acids such as Ala , Val, or Leu (Figure 1.15); the 
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N-terminus has no charge.
174, 175

 When dissolved in water, these surfactant-like peptides tend 

to self-assemble to shield the hydrophobic tail from contact with water. Like lipids and fatty 

acids, the supramolecular structure is characterized by the formation of a polar interface that 

isolates the hydrophobic tail from water. Vauthey et.al.,
173

 Zhao,
174

 and Wang et.al.,
176

 

suggested that, this class of peptides form nanotubes or nanovesicles as their main structures 

and can function in a manner similar to lipid detergent micelles or the lipid bilayer of cells. 

  

Figure 1.15: a) Chemical structure of a typical surfactant like peptide Ac-A6R-NH2.
175

 b) The 

self-assembling models of typical surfactant-like peptides.  

1.5.1.6. Ionic-Complementary Self-Assembling Peptides: These peptides are characterized 

by an alternating arrangement of negatively and positively charged residues (Figure 1.16a). 

According to their charge distribution, the following three types of charge distribution are the 

most widely studied among ionic-complementary peptides: type I, - +; type II, --++; type IV, 

----++++.
177

 The ionic-complementary peptides can be combined and modified in order to 

design other peptide blocks. For example, RADA16 is an ionic-complementary self-

assembling peptide.
178

 RADA 16-I (RADARADARADARADA) has the charge distribution 

pattern of +-+-+-+-, whereas RADA16-II (RARADADARARADADA) has the charge 

distribution pattern of ++--, but both form β-sheets after assembly. Two types of peptides, 

AEAEAKAKAEAEAKAK (EAK16-II) and AEAEAEAEAKAKAKAK (EAK16-IV) were 
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investigated. EAK16-II has a charge sequence of --++--++ at neutral pH, whereas, EAK16-IV 

has a charge sequence of ----++++. EAK16-II forms fibrillar assemblies (Figure 1.16c), 

whereas EAK16-IV forms globular assemblies.
179-181

 

 

 

Figure 1.16: a) Chemical structure of an ionic-complementary self-assembling peptide—

EAK16-II.  b) A scheme of EAK16-II self-assembly through hydrophobic interaction and 

ionic-complementarity into -sheet-based aggregates. c) AFM images of EAK16-II formed 

nanostructures. The figure has been adapted with permission from reference 177. Copyright 

2005 Published by Elsevier B.V. 

1.5.1.7. Cyclic Peptides: Cyclic peptides are polypeptide chains adopting cyclic ring 

structure. The ring structure can be formed by linking one end of the peptide and the other 

with an amide bond, or other chemically stable bonds such as lactone, ether, thioether or 

disulphide. The N-to-C (or head-to-tail) cyclization is amide bond formation between amino 

and carboxyl termini, and many biologically active cyclic peptides are formed this way.
182

 

The first self-assembled nanotube using cyclo-(L-Gln-D-Ala-L-Glu-D-Ala)2 cyclic peptides 

was achieved in 1993.
126

 Also, there are examples of cyclic peptides, self-assembled into 
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nanotubes, stabilized by hydrogen bonding between amide groups
183

 wherein, due to the 

alternating D type and L type amino acids, the peptide side chains could be positioned on the 

outside of the ring that can create a nanotube structure. There are many cyclic peptide 

sequences that can be used for the self-assembly, including alternating D type and L type 𝛼-

amino acids, alternating α- and β-amino acids, β-amino acids
185

 (Figure 1.17), and 𝛿-amino 

acids.
184-186 

 

Figure 1.17: Cyclic Self-assembling peptides: Schematic illustration of PNT formation from 

cyclic tri-β-peptide. The figure has been adapted with permission from reference 185. 

Copyright 2010 European Peptide Society and John Wiley & Sons, Ltd. 

1.5.1.8. Bolaamphiphilic Peptides: Another well studied class of self-assembling peptides 

are called bolaamphiphiles. In these peptides, two hydrophilic heads are connected by a 

hydrophobic region that is generally composed of alkyls (Figure 1.18a).
187, 188

   Presence of 

versatile functional groups on peptides such as carboxyl, amine, thiol, hydroxyl and the 

hydrophobic groups enables peptide bolaamphiphiles to exhibit diverse self-assembling 

behaviors in response to the various environments (Figure 1.18b).
189

 Das et.al. developed a 

library of bolaamphiphiles that contain various polar amino acids as the head group and 

reported their pH dependent self-assembly. Methylation of the phenols or the esterification of 
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the acids led to a stark change in the morphology of this class of peptide bolaamphiphiles.
190

 

Another class of U-shaped peptide bolaamphiphiles contain dibenzofuran template and two 

peptide strands made up of hydrophilic and hydrophobic amino acid residues with a blocked 

carboxy terminus.
191

 These molecules afforded wide nanofibers with cross β-sheet structure 

in water via. intermolecular hydrogen bonding and hydrophobic interactions. In another 

design strategy, Tovar and co-workers introduced  conjugated nanostructures into peptide 

based bolaamphiphiles to replace the alkyl chain. This class of bolamphiphiles contained a 

polar part for solubility, a β-sheet containing part for self-assembly and a core oligothiophene 

moiety for conductivity.
192, 193

 Self-assembly of these molecules resulted in a hydrogel. 

 

Figure 1.18: Bolaamphiphilic self-assembling peptides:  a) Schematic representation of a 

bolaamphiphile. b) Self-assembly of a bolaamphiphilic peptide conjugate to fibrous and 

spherical structures in different polar solvents. The figure has been adapted with permission 

from reference 189. Copyright 2014, American Chemical Society. 

1.5.1.9. Peptide Dendrimers: Woolfson et.al. proposed an approach that utilizes non-linear 

or dendritic peptides to direct the self-assembly of two complementary peptides. The two 

complementary peptides combine to exclusively form linear fibres.   The dendrimer formed 

from the linear peptides gives rise to specific structures as hyperbranched networks, 

polygonal matrixes and regularly segmented and terminated fibres.
194

 Liu et.al. reported an 

amphiphilic dendron containing three dendrite Glu unit and a long alkyl chain which formed 
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hydrogels over a large range of pH (Figure 1.19).
195

 Lee et. al. designed a dendritic peptide 

with repeating hydrophobic and hydrophilic residues and Lys terminals, that self-assembles 

to give uniform toroid structures. He demonstrated that decreasing the electrostatic 

component or increasing the hydrophobic interactions of this peptide formed -sheets that led 

to generation of 1D nanostructure. 
196

  

 

Figure 1.19: Dendritic peptides: Chemical structure of an amphiphilic dendron containing 

three dendrite Glu units and a long alkyl chain which can self-assemble to nanotubular 

structures at pH 2–9. The figure has been adapted with permission from reference 195. 

Copyright 2011 WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim 

1.5.1.10. Peptides Containing Photo Responsive Group: Peptides containing photo 

responsive group are an interesting class of molecules for studying self-assembly. The self-

assembling behavior of the peptides can be controlled by irradiation of UV or visible light 

that may bring about change in the geometry or conformation of the photo responsive 

group.
197

 A variety of photo responsive groups have been used as the photochemical module 

in these peptides.  A classic example is spiropyran whose geometry can be switched in 

between the nonplanar spiropyran and the planer merocyanin upon the irradiation of UV and 
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visible light.
92

 While the planer merocyanin form undergoes - stacking that favours self-

assembly, the non-planer spiropyran form disfavors - stacking. Zhang et. al.  reported 

spiropyran appended dipeptides forming hydrogels upon being irradiated with UV light in its 

planer merocyanin form.
92

  Azobenzene group containing peptides are another class of photo 

responsive gelators (Figure 1.20).
93,199,200

 The reversible photoregulated cis-trans 

isomerization influences the intermolecular interactions that leads to the sol-gel conversion. 

Huang et.al. reported dipeptide amphiphile containing azobenzene, which forms nanoribbons 

that gave rise to a macroscopic gel. Upon irradiation with the UV light, there was a stark 

change in viscosity with the conversion of the nanoribbons to the short fibers as revealed by 

the electron microscopic studies.
200

  

 

Figure 1.20: Photo responsive group containing peptides: Schematic representation of photo 

induced reversible phase transition of Azo-1 supramolecules. The figure has been adapted 

with permission from reference 199. Copyright 2013, American Chemical Society. 

1.5.1.11. α-Helical Peptides: α-helical peptides form nanostructures that are present in the 

cytoskeleton and in the extracellular matrix
201

 of biological systems. α-helical peptides which 
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are 25-30 residues long give rise to filamentous nanostructures.
202

 α-helical peptides, 2-6 

helices long can also aggregate around each other to form coiled coil structure that eventually 

gives rise to form fibers.
203, 204

 Helix oligomerization occurs through hydrophobic collapse of 

the hydrophobic residues and electrostatic interactions or dipole-dipole interactions in 

between the charged or polar residues. Nano fibrous structures could also be formed by ionic 

interactions in between peptides containing Glu residues at the middle of the sequence and 

Lys residues at the termini of the sequence (Figure 1.21).
205

  

 

 

Figure 1.21: Illustration of the MW1 peptide: a) Helical-wheel representations for two α-

helices showing various coiled-coil interactions: 1, hydrophobic packing; 2, charge-charge 

interactions; 3, intra-helical and 4, inter-helical cation-π interactions; b) Amino acid sequence 

with interactions 1-3 from (a) and c) Coiled-coil structure for MW1 illustrating fiber 

assembly. The figure has been adapted with permission from reference 205. Copyright 2008, 

American Chemical Society. 

Hydrogels were reported from helical peptides with triblock motifs that have coiled coil 

blocks. Tuning the length and structure of the coiled coil units led to tuning of the hydrogel 
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properties.
206

 Repeated hydrophobic and charged amino acid residues could give rise to 

coiled coil structures from α-helices.
207

  

1.5.1.12. β-Sheet Peptides: β-sheet peptides have been used extensively for the formation of 

self-assembled structures (Figure 1.22). β-sheet peptides containing alternate hydrophilic and 

hydrophobic amino acid residues in the sequence attain amphipathicity that drives the self-

assembly of the β-sheets.
208

 They self-assemble to form structures like nanorods, monolayers, 

bilayers, nanofibers etc.
150, 209, 210 

 

Figure 1.22: Schematic diagram showing the formation of supramolecular architectures by a 

β-sheet peptide building block containing hydrophobic and hydrophilic residues. 

 
β-sheet peptide QQRFEWEFEQQ self-assembled into a pH responsive hydrogel using the 

ionizable side chains of Glu and Arg amino acids .
211

  At neutral pH the peptide was soluble 

while at a lower pH it formed a hydrogel. This was due to the formation of antiparallel β- 

sheets in acidic conditions that self-assembled to form the nanofibrils and gave rise to the 

hydrogel. -hairpin peptides were also found to self-assemble into nanostructures at the air 

and the water interface.
212

 β-hairpin is another secondary structure adopted by the peptide 

where two antiparallel peptide strands are connected through a tight turn. A -hairpin peptide 

with the sequence of VKVKVKVKVDPPTKVKVKV was utilized to form responsive (pH, 

salt concentration) hydrogels by Schneider et.al.
213

 Patrick and his group investigated 

hydrogel formation by the self-assembly of two complementary β-sheet forming decapeptides 
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forming twisted fibres.
214 

Using all these different kinds of peptides as building blocks, it is possible to create nanoscale 

architectures ranging from few nanometers to hundreds of nanometer through a bottom-up 

methodology which makes peptide self-assembly a hierarchical process.
8 

1.5.2. Hierarchical Peptide Self-Assembly: 

Molecules spontaneously undergo stepwise interaction in nature to form hierarchical 

assemblies from nanoscale to macroscale. Nature is therefore an obvious source of inspiration 

for the design of nanoscale materials using the bottom up approach. Inspired by nature, the 

hierarchical self-assembly of molecules occurs across different length and time scales. This is 

driven by multiple non-covalent interactions leading to a ubiquitous fabrication strategy to 

create various architectures from the microscopic to macroscopic scale, especially for 

biomolecules.
215, 216

 A ‗‗bottom-up‘‘ approach provides a route for the development of 

nanoscale objects and devices.  

Peptide self-assembly is also hierarchical in nature (Figure 1.23). This hierarchical self-

assembly process occurs across a wide range of time and length scales from the microscale to 

the macroscale via. different interactions such as hydrophobic interaction, π-π  stacking, 

hydrogen bonding, electrostatic interactions which have distinct roles at various steps at 

different scales. As peptides are composed of amino acids, proper sequencing of these amino 

acids in a peptide molecule is the first step to establish self-assembly in a hierarchical order. 

In solution, the primary structure of peptide molecules adopt a specific secondary 

conformation, which in the presence of proper stimuli or favourable physical conditions self-

assemble to form different architectures of nanoscale order. Further assembly/elongation of 

these nanoscale structures lead to the formation of higher ordered functional materials which 

can range upto microscale. For example, peptide secondary structures like -helices or β-

sheets can self-assemble to form fibers. Assembly of many such fibers leads to the bundles of 

TH-2414_156122021



Chapter 1 
 

35 | P a g e  
 

fibers which are stronger and thicker in nature. Elongation of these fibers in three-

dimensional space leads a 3D fibrillar network which ultimately might result into  self-

supporting hydrogels which is a form of higher ordered architecture that can be visualised 

even with the naked eye.
217

 Peptides thus undergo this process of hierarchical self-assembly 

which generates several kinds of soft materials that give rise to a wide spectrum of 

applications.   

 

 

Figure 1.23: Schematic illustration of hierarchical peptide self-assembly. 

1.5.3. Serendipity vs. Directed Design: 

The phenomenon of self-assembly was serendipitously discovered at the beginning. The 

process and the materials which resulted from this caught the attention of the scientists and 

opened up an extremely active area of research. Now, about a couple of decades down, as the 

the sequence-structure relationship of the proteins are being better understood, the ability of 

designing self-assembling proteins/peptides have considerably advanced. Understanding the 

underlying mechanisms of self-assembly, the non-covalent forces that play an important role 

in the process facilitate the rational design of the self-assembling systems. Understanding the 

secondary structural motifs and their hierarchical assembly process opens up the possibilities 

to design and modulate the self-assembly properties of the peptides with the proper use of the 
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various stimuli. Thus   peptide self-assembly is no more a merely serendipitous observation 

but can be designed and tuned to a fair extent. Though the success to failure ratios in such 

exercises is not extremely high, yet the field has come a long way since its inception. 

1.5.4. Peptide Nanostructures: 

Peptides, based on their design and also on the environmental conditions, can assemble into 

different kinds of supramolecular architectures such as fibers, vesicles, spherical structures 

and nanotubular structures.  

1.5.4.1. Tubular Nanostructures: Nanotubes are nanometer-sized tube-like elongated 

hollow structures with a definite inner hole. Nanotubes are particularly attractive because of 

their potential applications in biology, chemistry, and physics, such as chemotherapy, drug 

delivery, catalysis, molecular separation, optics, and electronics.
218

 Gazit and his co-workers 

investigated the simplest peptide block, L-Phe- L-Phe, FF, which formed a tubular structure 

in HFIP (hexafluoroisopropanol) with a diameter in the range of 100–150 nm. The self-

assembly was mediated through hydrogen bonding as well as π–π stacking of aromatic 

residues.
150

 Modification of the termini of FF was done to form cationic dipeptide, NH3
+
-FF-

NH2·HCl which self-assembled into nanotubes at physiological pH (Figure 1.24).
219

 The 

peptide NH2-Phe-ΔPhe-COOH where ΔPhe denotes the non-coded and non-chiral α, β 

dehydrophenylalanine residue also formed nanotubes.
220

 There are reports of nanotubes 

formed from other dipeptide motifs; for instance, dipeptides containing β-alanine (β-Ala-Xa, 

with Xa=V, I or F) were found to form crystalline nanotubes, onto which gold nanoparticles 

could be templated .
221

 A. Bonetti reported dipeptides composed of unnatural fluorine-

substituted  β- 2, 3-diarylamino acid and Ala which self-assembled into proteolytically stable 

nanotubes.
222
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Figure 1.24: SEM image of the cationic dipeptide nanotubes formed from FF (inset: a hollow 

nanotube at greater magnification). The figure has been reprinted with permission from 

reference 219. Copyright 2007 John Wiley and Sons. 

Apart from dipeptides, the most commonly used materials for nanotubes are cyclic peptides 

as has been discussed in an earlier section (Figure 1.17) (Section 1.5.1.7). A cyclic peptide 

that was reported to self-assemble into nanotubes of viral capsid-like dimension was the 

Lanreotide octapeptide, NH2-(D)Naph-Cys-Tyr-(D)Trp-Lys-Val-Cys-Thr-CONH2 which was 

synthesized as a growth hormone inhibitor.
223

  Nanotube formation at low concentration was 

also observed for enantiomeric mixtures of cyclic peptides such as cyclo-[(D- Gln-L-Tle-D-

Glu-L-Tle)2] (Tle: tert-leucine). The nanotubes formed were stabilized by close antiparallel 

hydrogen bonds.
224

 Amphiphilic and surfactant-like peptides also form nanotubes by self-

assembly.
173

 For example, S. Zhang and his group investigated the formation of nanotubular 

structures of 2Ds, one of 40–80 nm and another in the order of 100–200 nm with Gly rich 

amphiphilic peptide GnD2-OH (where n = 4, 6, 8, 10).
225

 Also, nanotubular structures with 

diameter of 25–30 nm were found in the self-assembly of TFA salt of A6K.
226

 

1.5.4.2. Nanofibers: These are defined as fibers with a diameter of less than 100 nanometers. 

Basically, the difference between nanofibers and nanotubes is that the nanotubes are hollow 

structures unlike nanofibers. PAs with an alkyl group are the most renowned self-assembling 

peptides that form nanofibers that self-assemble into ordered structures in water through 
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hydrophobic interactions. In presence of specific solution environment, such as temperature, 

pH and ionic strength, these molecules generally assemble in water into nanofibers. Also, it 

has been cited that stable nanofibers can be formed by mixing two oppositely charged PA 

molecules (C16VVVAAAKKK and C16VVVAAAEEE) to support favourable ionic 

interactions.
227  

Stupp and his co-workers investigated the formation of nanofiber networks by 

the aggregation of the amphiphilic peptide IKVAV (Figure 1.25).
228

  

 

 

 

 

Figure 1.25: (a) Molecular graphics illustration of an IKVAV-containing peptide amphiphile 

molecule and its self-assembly into nanofibers and (b) SEM image of an IKVAV nanofiber 

network. The figure has been adapted with permission from reference 228. Copyright 2004, 

American Association for the Advancement of Science. 

They also reported a helical fiber formed by a photoresponsive peptide amphiphile containing 

a palmitoyl tail, a 2-nitrobenzyl group and an oligopeptide segment GV3A3E3 which 

converted into single fibers upon photochemical cleavage of the 2-nitrobenzyl group present 

in the former peptide.
84

 Short peptide FKFEFKFE having an alternating pattern of 

hydrophobic and hydrophilic amino acids was shown to form self-assembled nanofiber 

structures.
229
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1.5.4.3. Vesicle or Spherical Structures: Amphiphilic peptides with distinct hydrophobic 

and hydrophilic parts self-assemble into vesicles or spherical structures which have a hollow 

core and can encapsulate hydrophilic molecules as shown by Van-Hell et.al.
230

 Proline rich 

peptides, co-polypeptides and cyclic peptides are the other classes of peptide molecules 

which give rise to vesicular nanostructures. For example aqueous assembly of oppositely 

charged poly(L-Lys)-b-poly(L-Leu) and poly(Glu)-b-poly(L-Leu) block co-polypeptides  

gave rise to unilamellar vesicles.
231, 232

  The driving force of the aggregation was the  

formation of α-helices by the hydrophobic poly(L-Leu) part. Polyarginine coated vesicles 

showed potential intracellular delivery of the entrapped hydrophilic molecules. Rodriguez 

Hernandez et.al. reported formation of pH sensitive vesicles from zwitterionic  diblock co-

polypeptides containing poly-L-Glu-b-poly-L-Lys (PGA-b-PLys) (Figure 1.26).
233

 Charged 

co-polypeptides changed from random coil conformation into α-helical structures upon 

neutralization. At acidic pH, PGA block was neutralized, which formed the core while the 

Lys formed the shell, in contrast to the basic pH where the Lys was neutralized and formed 

the core while the PGA part formed the shell.
233

 Dreher et.al. developed thermo-responsive 

elastin-like polypeptides (ELP) of linear AB diblock architecture that assembled into 

spherical micelles with a slight increase in temperature from  37 to 42 C. Size of the 

micelles were controlled by the length of the copolymer and the hydrophobic to hydrophilic 

ratio.
234

 Lee and co-workers designed a block copolymer of Pro and Arg P10R3, where the 

peptide showed polyproline II like rigid conformation and self-assembled into vesicles.
235, 236

 

Another Pro rich peptide P10Tat also self-assembled into vesicles. Both of these peptides were 

used for the intracellular delivery of hydrophilic drugs. Cyclic peptides also produce vesicle-

forming nanostructures. In a study, Parang and his group designed a number of cyclic 

peptides, among which the designed peptides, [WR]n (n = 3-5) generated vesicle-like 

nanostructures at room temperature.
237
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Figure 1.26: Schematic representation of the self-assembly into vesicles by the diblock 

copolymer PGA15-b-PLys15. The figure has been reproduced with permission from reference 

233. Copyright 2005, American Chemical Society. 

1.5.4.4. Amyloid Nanofibrils: The self-assembly of peptides and proteins into fibrillar 

structure is a very common phenomenon in biological systems. Amyloid fibrils are key 

examples of protein self-assembly into nano-fibrillar structures.
238

 Amyloid fibrils have β-

sheet conformation generated by polypeptides of 30–40 amino acids or longer. It has been 

shown by Gazit in a study that short peptide fragments, for example, tetra- to hexapeptides, 

form a fibrillar structure with similar biophysical and structural properties of amyloid 

fibrils.
239

 Thus, they can be used as a model system for studying amyloid fibrils formation 

and biological self-assembly processes. NFGAIL and FGAIL are very good examples of 

short peptides which can self-assemble into fibrillar structures.
240

 It was found that aromatic 

residues played critical roles in the process of amyloid formation.  Diphenylalanine (FF) is 

the core recognition motif of the Alzheimer‘s β-amyloid polypeptide as mentioned earlier. 

Fmoc-FF self-assembled into nano-fibrils in aqueous solution, which led to a hydrogel 

formation.
152
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Figure 1.27: Amyloid fibrils. Electron micrograph of insoluble aggregates formed in an aged 

peptide solution in phosphate buffer (pH 7.4) of a) hIAPP (22-27) (NFGAIL), b) hIAPP (20-

27) (SNNFGAIL). The figure has been adapted with permission from reference 240, 

Copyright 2000, with permission from Elsevier. 

1.5.4.5. Rod-Coil/Coiled Coil Nanostructures: These peptides have alternating blocks with 

rod like stiffness and coil like flexibility.  Like other building blocks these molecules can be 

used to construct distinct nanostructures of controlled shape and size. Lomander et.al. 

reported a  hierarchical assembly into a coiled coil from a 31 residue long peptide containing 

alternate hydrophobic and hydrophilic amino acid residues. The coiled coil structure was 

stabilized by the disulphide bond formed in between the cysteine residues of different coils 

(Figure 1.28).
241

 Ryadnov et. al. designed a nano-reactor with multiple cavities by assembling 

supramolecular dendrimers called supradendrimers in two steps. The monomeric peptide SD1 

(QEIARLEQEIARLEYEIARLE) formed a dimeric coiled coil structure also known as the 

Leu zipper. These dimers gave rise to the rigid rods which hierarchically formed hollow 

dendrimer cells through tight non-covalent packing. In the second step, a complementary 

peptide SD2 (Ac-(K(KIEALKOKIEALKYKIEALK-εAhx))3 ) was used to form 

compartment in the dendrimeric cavities. Co-assembly of the two peptides resulted in dimer 
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SD1, 2 which had encapsulation ability and  acted as nano reactors where Ag nano particles, 

of the same size as the nano cavities were synthesized by the reduction of silver nitrate by 

sodium citrate.
242

  

 

Figure 1.28: a) Peptide sequence of the 31 residue peptide. Charged amino acids are labelled 

with (+) or (-) and polar amino acids are labelled with (0) b) Model of a coiled-coil. c) 

Morphology of coiled-coil assembly of the peptide at pH 2. The figure has been adapted with 

permission from reference 241. Copyright 2005, American Chemical Society. 

1.5.4.6. Gels-Hydrogel/Organogel: Peptide self-assembly often forms a class of soft 

materials called gels which loses their flow property, in spite of holding large amounts of 

water/organic solvents. Hydrogels are three dimensional network of mesh like structures 

formed from the assembly of peptide molecules that entraps large amounts of water while 

organogels entrap large amounts of organic solvents. Gels are formed by different classes of 

molecules and can be classified into two types: a) Physical gels, which are formed from the 

supramolecular self-assembly of molecules driven by the non-covalent forces discussed 

earlier and b) Chemical gels, which are formed by covalent crosslinking in between the 

molecules (Figure 1.29). In physical gels, the molecular property of the constituents is 

retained while in the chemical gels, the molecular property is completely lost, due to 

formation of covalent bonds. 
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Figure 1.29: Schematic representation of peptide gels formed by physical association of the 

fibrillar nanostructures or chemical crosslinking using a crosslinker in presence of a solvent.  

Peptide-based hydrogels are known to be highly biocompatible and biodegradable. Fmoc-FF 

was found to form hydrogels comprising of nanofibril networks in aqueous solutions.
243

 

Hydrogel formation is not limited to simple block structures. For instance, A. Saiani explored 

the use of graphene oxide (GO) as nano-filler for the reinforcement of FEFKFEFK, a β-sheet 

forming self-assembling peptide into hydrogels.
244

 In another study, Hiew and his group 

studied the formation of a hydrogel in water by an eight residue peptide, Ac-

GLYGGYGVNH2 without any cross-linking agent or chemical modification.
245

 Xu and co-

workers reported a new class of hydrogelators, based on the Fmoc-
D
Ala-

D
Ala dipeptide 

which efficiently formed hydrogels that responded to ligand–receptor interaction stimuli. A 

transition occurred upon the binding of the dipeptide to its ligand, vancomycin.
246

 An 

ultrashort peptide containing α, β-dehydrophenylalanine, LeuΔPhe was developed by V. S. 

Chauhan and his group which spontaneously formed strong and stable injectable hydrogel 

under physiological conditions. The gel was capable of entrapping and releasing 
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mitoxantrone, an anticancer drug that significantly controlled tumor growth.
247

 Apart from 

hydrogels; there are also reports of organogels which are equally important and useful.   

Organogels have been used as potential materials to clean oil spillage in the oceans due to 

their phase selective gelation abilities. Poddar and co-workers studied a series of tripeptide 

based low molecular weight organogelators in different saturated hydrocarbons, crude oil, 

and aromatic solvents.
248

 Chatterjee and co-workers have studied the organogelation of low 

molecular weight gelator (LMWG) dipeptides containing para amino benzoic wherein the 

dipeptides  formed phase selective, thermoreversible, rigid gels in a large range of organic 

solvents and fuels such as petrol, diesel, and kerosene.
249

 Banerjee and his co-workers 

investigated the role of protecting groups in the formation of organogels by keeping the ideal 

peptide sequence but modifying the terminal ends of the peptide. They used the peptide 

sequence P–Ala–Val–Ala–Q, where P=Boc/Piv/Cbz/Ac and Q=methyl ester/ethyl ester/ n-

propyl ester/isopropyl ester/benzyl ester.
250

 In his another work, an N-terminally pyrene-

attached tripeptide, namely, Py-Phe-Phe-Ala-OMe was developed which formed stable 

transparent fluorescent thermoreversible organogels in various organic solvents and showed 

strong blue-emitting fluorescence. This fluorescent organogel was found to be an excellent 

host for the incorporation of graphene.
251

  

1.5.5. Applications of Peptide Based Self-Assembled Nanomaterials: 

Self-assembled peptide nanostructures have been considered as potential biomaterials and are 

used for biomedical applications such as drug delivery, tissue engineering etc. and also in 

non-biomedical applications which includes wastewater treatment, nano-electronics, nano-

reactors, template for nanofabrication and many more. 
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1.5.5.1. Biomedical Applications: Nanostructures formed by peptides have been widely 

utilised in biomedical applications such as delivery platforms, tissue engineering, 3D cell 

culture, cell adhesion, antimicrobial agents and biosensors which are discussed briefly in the 

following section.  

1.5.5.1.1. Delivery Systems: Peptide self-assembled nano architectures are more suitable as 

delivery systems due to their intrinsic physical and biological properties compared to other 

organic materials. They are widely used in the diagnosis and treatment of human diseases. 

Out of the known peptide nanostructures, hydrogels are widely used in delivering 

protein/peptide drugs. For drug loading and release, the nanocarriers should encapsulate 

molecules effectively, protect them from dilution and degradation, and release them in a 

controlled and sustained manner. Additionally, drug delivery systems need to be non-

cytotoxic, capable of site specific in delivery, and should be easily biodegradable.   

1.5.5.1.1.1. Drug Delivery: It has been found that, the conventional administration of 

hydrophobic drugs suffers several disadvantages, including low water solubility, poor oral 

availability, quick biodegradation, nonspecific delivery, and serious side effects.
252,253

 

Therefore, drug delivery systems could be used to encapsulate these therapeutic agents to 

increase drug efficacy.
254

  PAs often self-assemble into vesicles or nanotubes which can 

encapsulate the hydrophobic drug, while the surface can be modified to achieve target 

specific delivery. For example, Stupp and his co-workers conjugated the anti-inflammatory 

drug dexamethasone with the PA (C16-V2A2E2) via. a hydrazine linkage to achieve long-term 

drug release in both in vitro and in vivo tests.
255

 In another study, Zhang et.al. used the Tat 

CPP as a molecular building unit to construct well defined nanofibers that could encapsulate 

hydrophobic drug paclitaxel and facilitate its delivery efficiently.
256

 KLD based peptide 

hydrogel
257

 with injectable properties could also be used to directly come into contact with 

the tumor sites to enhance the efficacy and safety of tumor therapy. Peptide self-assembled 
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microtubes, such as that formed from L-diPhe also could be utilized for cancer therapy 

through conjugation with doxorubicin in high efficiency.
258

 The nanofiber structures which 

self-assembled from the EAK peptides have been demonstrated to deliver anticancer drug 

ellipticine through encapsulation method.
259

 Dendrimer peptide GFLG self-assembled into 

compact nanoparticles with negative charges on the surface after conjugation with the PEG 

and anticancer drug doxorubicin.
260

 The nano-carrier was capable of 9.62 wt % of drug 

loading and release accompanied by enzyme responsive drug delivery applications. This 

formulation had greater efficacy and lower cytotoxicity compared to the free drug with non-

detectable side effects. Peptide based hybrid nanostructures were fabricated from PLA and 

V6K2 peptides. The self-assembled nanoparticles were conjugated with doxorubicin and 

paclitaxel. These nano-assemblies had higher toxicity towards the cancer cells and were less 

toxic to the healthy cells compared to the free drugs.
261, 262

  

Targeted Drug Delivery: Chemotherapy which is one of the most widely practised form of 

treatment for cancer has the biggest disadvantage of being non-specific in its action. Apart 

from affecting the cancerous cells, it also affects other normal healthy cells involved in active 

division and proliferation. Peptide nanomaterials show important roles by recognizing 

cancer-specific receptors and delivering anticancer drugs to cancerous cells and tissues. 

Peptides designed as hydrogels target cancer cell surfaces and the tumor vasculature to 

minimize the side effects of chemotherapy.
263

 Peptide RGD that originates from the cell 

surface glycoprotein binds to integrins, which are expressed on the cell surface. Hence RGD 

peptides are tethered to several self-assembling peptides to improve the targeting.
264

 Cyclic 

RGD further improves the binding to the integrins and is used to target drugs to the cancer 

cells. It has been tethered to the anticancer drugs like doxorubicin. Murphy et.al. 

demonstrated cyclic RGDfK tethered doxorubicin targeting supressed growth of primary 

tumor and prevented metastasis.
265

 Peptide Lyp-1, -CGNKRTRGC- a nine-amino acid cyclic 
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peptide is known to recognize lymphatic metastatic tumors. Lyp-1 conjugated PEG-PLGA 

nanoparticles showed 4-8 fold increased cellular uptake both in vitro and in vivo. The peptide 

showed good targeting efficacy but exerts cytotoxic activity.
266

 Peptide based dual-functional 

liposomes have been used in the targeted drug delivery in cancer treatment. Hyaluronic acid 

coated R6H4 peptides were screened for pH responsive anticancer drug delivery. This module 

was demonstrated to have very high in vitro and in vivo efficacy of tumor targeted drug 

delivery.
267

   

Stimuli Responsive Drug Delivery: Peptide assembled nanostructures, especially hydrogels 

have acted as an important class of drug delivery vehicle. They can encapsulate the drug 

whose release can be controlled with the help of various stimuli such as pH, temperature 

etc.
268

 For example, a curcumin containing hydrogelator system was developed from the 

curcumin-FFE-ss-ERGD monomers. The FFE peptide and the disulphide moiety helped in 

the self-assembly of the system while ERGD motif guided the assembly to the cancer cells. 

The self-assembled nanostructures were responsive to pH change that they encountered after 

endocytosis and then disassembled into monomers.
269

 Wu and his co-workers designed a pH 

and redox dual stimuli-responsive polyAsp derivative as a controlled drug release system. 

The polyethylene glycol (PEG) chain was grafted onto the polyaspartamide backbone via. 

redox responsive disulfide linkage, providing a shedable shell for the polymeric micelles in a 

reductive environment. Doxorubicin was encapsulated into the core of micelles. The 

doxorubicin-loaded polymeric micelles exhibited accelerated drug release behavior in the 

acidic and reductive environment of glutathione (GSH).
270

  

1.5.5.1.1.2. Protein/Gene Delivery: Peptide nanostructures have also been utilised in protein 

and gene delivery or gene therapy. For example, Zhang et.al. conducted pioneering work in 

this field wherein they used the RADA16-I peptide to self-assemble into a hydrogel which 

encapsulated four proteins, lysozyme, trypsin inhibitor, bovine serum albumin (BSA), and 

TH-2414_156122021



Chapter 1 
 

48 | P a g e  
 

immunoglobulin G (IgG). This self-assembled peptide hydrogel scaffold had enhanced 

effects on sustained-release.
271

   Shea et.al. observed that the self-assembled cationic peptides 

modified with lipoplex had enhanced gene delivery efficiency, having higher transfection 

efficiency, higher internalization, enhanced nuclear accumulation and a lower percentage of 

lysosomal DNA compared to lipoplexes.
272

 Also, Zhang et.al. designed and synthesized two 

types of biocompatible bola-like amphiphilic peptides with dual ligands comprising of a 

tumor-targeting moiety of RGD sequence and a cell-penetrating moiety of R8 sequence 

which acted as gene vectors.
273

 Targeting peptide GE11 with branched structures has been 

developed and assembled with other components for gene delivery.
274,275 

1.5.5.1.2. Tissue Engineering: Tissue engineering is an important field of regenerative 

medicine for tissue repair and has become a hot topic in the recent past. Besides application 

as delivery systems, the self-assembled peptide-based nanomaterials also have shown to be 

potent candidates for tissue engineering. Self-assembling peptides like RADA16 I and II have 

been found to promote extensive neuron outgrowth.
276

 The IKVAV pentapeptide combined 

with Glu and A4G3 alkyl residues is another example of self-assembling peptides that 

promoted neuronal growth.
228

 Peptide fragments SKPPGTSS, PFSSTKT, and RGD 

combined with the RADA16-1 peptide increased the levels of nestin, β-tubulin, and other 

neuronal markers.
277, 278

 The nanofibrous scaffolds  of  self-assembling peptide SAPNF, have 

been used to regenerate tissues such as nerve, cartilage and bone.
279

 Self-assembled peptides 

with nanotubular or nanofiber structures could mimic the natural extracellular matrix of many 

tissues and localize drug release at the desired site making them useful for tissue 

regeneration.
280

  Grodzinsky et.al. reported KLD-12 hydrogel as a promising peptide scaffold 

for cartilage tissue repair.
281

  

1.5.5.1.3. 3D Cell Culture: Peptide nanomaterials have also been used in 3D cell culture. The 

3D culture could mimic the in vivo structure environment and enhance biological activity.
282
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The groups of Ulijn and Gazit, first applied hydrogels of Fmoc-FF in 3D cell culture.
283, 284

 

Besides the Fmoc, even the Napthalene and the Cbz ((benzyloxy)carbonyl)  derivatives of the 

di-Phe were studied for their cell culture applications. All the di-Phe hydrogels could support 

proliferation and cell culture of chondrocytes in both 2D and 3D for up to 10 days.
152

 Zhang 

et.al. did 3D cell culture with different cells, such as stem cells, neural cells, venous 

endothelial cells, hepatocytes and chondrocytes. They synthesized hydrogels by the self-

assembly of RAD16 peptides and other linear peptides which have been used in 3D cell 

culture.
285

 Multicomponent hydrogels were generated that had improved properties than the 

single component ones. RADA16 was co-assembled with the RGDA 16 peptide. The mixture 

scaffold was shown to promote better cell attachment and proliferation of the MC3T3-E1 

cells compared to the RADA scaffold.
286

 Collier et.al. designed multicomponent hydrogels 

using RGDS-Q11 and IKVAV-Q11, which contained a  self-assembling fiber forming part 

Q11 tethered to  a  ligand for integrins RGDS or the IKVAV segment. Such a design allowed 

the ligand to be pointed on the surface of the nanofibers and specifically increased Human 

Umbilical Vein Endothelial Cells (HUVEC) attachment, spreading and growth over the Q11 

peptide.
287

 The Q11 derived peptides were very less immunogenic and hence were potential 

candidates for in vivo use.  

1.5.5.1.4. Cell Adhesion: For use in biological studies, epitopes that promote cell adhesion 

are frequently incorporated into peptide amphiphiles. It is known that cells adhere to the 

Extra Cellular Matrix (ECM) through the formation of a focal adhesion complex between cell 

membrane integrins and ECM proteins.
288,289

 The incorporation of such cell adhesion 

sequences into assembled networks of peptide amphiphiles allows for both structural and 

functional mimicry of native ECM. Peptide RGD is one such common ligand present on 

several ECM proteins,
290, 291

 which is sufficient for triggering cell adhesion. Stupp et.al. 

linked cyclic RGD peptide  at the side chain of a PA  to construct a branched architecture in 
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the monomer. This gave rise to the cylindrical nanofibers. By controlling the branching of the 

monomers the density of the RGD epitopes on the nanofibres could be precisely controlled 

which in turn improved the signalling for cell adhesion, spreading and migration of the 3T3 

fibroblast cells in the 2D and the MDA 231 cells in the 3D migration.
292

  

1.5.5.1.5. Antimicrobial Agents: Antimicrobial peptides (AMPs) are a class of peptides 

which have the ability to kill microbes via. a rapid membrane disruptive mechanism with 

very low resistance development against them. Compared to natural AMP sequences, 

designed AMPs have their sequences optimized, with lesser cytotoxicities, better protease 

resistance and are easier to synthesize and scale up. Most designed AMPs are cationic and 

amphiphilic. Self-assembled peptide nanostructures are found to have significant 

antimicrobial activity in spite of their relatively weak membrane disrupting power in the 

monomeric form.
293-295

 Schnaider et.al. showed a higher bactericidal activity of the 

nanofibers self-assembled from FF dipeptides than the non-assembled GG peptide.
295

 In 

another study, Veiga et.al. synthesized Arg rich antibacterial peptide hydrogels with different 

Arg contents (two, four, six, or eight Arg residues in the sequence).
296

  Chu-Kung et.al. 

studied the effect of the length of fatty acids of peptides on their antimicrobial properties 

where the peptides YGAAKKAAKAAKKAAKAA (AKK) and LKKLLKLLKLLKL (LKK) 

were conjugated with fatty acids, and the results indicated that the increased length of the 

fatty tails conjugated to AKK peptides enhanced interactions between the peptides and 

membranes, which consequently increased their antibacterial activity.
297, 298

  

1.5.5.1.6. Biosensors: Wang et.al. constructed a thrombin responsive hydrogel by 

functionalizing the  hydrogelator with both the aptamer and its  complementary sequence as 

the physical crosslinking points. Upon exposure to the human thrombin solution, the aptamer 

binds with the thrombin instead of its complementary sequence, leading to the swelling of the 

hydrogel due to loss of crosslinking.
299

 Park et.al. employed a Fmoc -FF hydrogel  as a bio 
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sensing platform by encapsulating enzymes (e.g. Glucose oxidase or horse radish peroxidase) 

and fluorescent reporters like CdTe or CdSe quantum dots into the hydrogel simply by 

addition to the peptide. These systems successfully detected analytes (glucose or phenolic 

compounds) on the basis of photoluminescence quenching of the hybridized quantum dots.
300

 

Yang et.al. demonstrated self-assembling peptide conjugates with the vancomycin (Van), 

NBD–FFYEGK(Van) and NBD–FFYEEGK(Van) for the detection of bacteria. This 

antibiotic tethered derivative exhibited more effective antimicrobial activities against E. 

faecalis than the parent Van molecule.
301

 Yang et.al. synthesized compounds dabcyl-

GFnG3−nDEVDGK- (FITC/rhodamine) (n = 0-3) with and without F- substitution on the 4-

position of the benzyl ring of Phe as the self-assembling probes for caspase-3.
302

 They 

demonstrated that one or two units of Phe or 4-fluoro Phe greatly lowered the background 

fluorescent intensities of the conventional quenched probes with quenchers dabcyl by the 

synergistic effect of Fluorescence resonance energy transfer (FRET) and aggregation caused 

quenching (ACQ). These probes could detect caspase 3 in complex environments such as 

apoptotic cells. Matsui et.al. showed several types of architectures of biosensors based on 

functionalized peptide nanotubes allowing for the detection of viruses and heavy metallic 

ions and their use as probes for bacteria and other microorganism sensing.
303 

1.5.5.2. Non-Biomedical Applications: Apart from usage in biomedical applications, peptide 

based nanostructures have also found their utility in applications which are non-biomedical. 

Few of them are discussed below.   

1.5.5.2.1. Wastewater Treatment: The 3D network of the hydrogels is capable of 

immobilizing several metal ions, organic dyes and other small molecules which are 

responsible for water pollution. For instance, amino acid and peptide based gels have been 

gaining popularity in wastewater remediation. Water pollution is an increasing area of 

concern due to the negative impacts and consequences for human and ecosystem health due 
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to toxic organic dyes and heavy metals from industrial waste. In response to this issue, 

supramolecular peptide gels present a fascinating counter measure due to their waste 

sensitivity, reusability, and proper biodegradability. Literature encompasses a number of 

reports on waste water remediation by peptide nanostructures, especially peptides 

hydrogels/organogels. Banerjee and co-workers have reported a tripeptide-based self-

shrinking hydrogel capable of removing toxic dyes and heavy metal ions such as Pb
2+ 

from 

wastewater.
304

 This tripeptide-based gelator demonstrated self-shrinking properties, allowing 

for easy removal of water pollutants through instant syneresis. Also in another work, 

Banerjee et.al. studied the formation of the pH responsive transition metal-ion-induced 

thermoreversible  hydrogels using a bolaamphiphile containing Phe residues which was used 

for adsorbing different types of dyes from water.
305

 A low molecular weight peptide-based 

ambidextrous gelator was designed to produce soft materials (gels) with dual function; 

removal of toxic organic dyes in waste water treatment and oil spill recovery.
306

  

1.5.5.2.2. Chemosensing: The network of supramolecular hydrogels can reversibly entrap a 

variety of molecules which can develop different readouts like fluorescence enhancement or 

quenching, FRET, change of colour etc. depending on the nature of the gels. Das and co-

workers designed a pyridine containing molecule with a pyrelenediimide (PDI) core which 

self-assembled in the presence of Pd
2+

 ions. This led to the quenching of the fluorescence and 

detection of the Pd
2+

 ion. Upon addition of cyanide ions (CN
-
) to the self -assembly, the Pd

2+
 

are pulled out of the assembly which fell apart and the fluorescence increased again. The 

detection limit was found  to be 0.55 ppb (for Pd
2+

) and 0.26 ppb (for CN
-
).

307
 Ko and his 

group developed a biodegradable colorimetric chemosensor for Cu
2+

 ions detection in 

aqueous water using a poly(Asp) nanofibrous hydrogel. This hydrogel sensor exhibited high 

sensitivity and selectivity toward Cu 
2+

 ions over other competing ions with a detection limit 

of 0.01 mg/L.
308
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1.5.5.2.3. Templates for Nanofabrication: Apart from usage in wastewater remediation, 

peptide nanostructures have been used as template for nanofabrication. Gazit‘s group 

demonstrated the use of nanoscale fibers or tubes as templates for the formation of metal 

nano-wires with an aromatic system. They used the di-Phe tube to template a silver nanowire 

inside it. The peptide was then removed using proteinase K to give a fine nanowire 20 nm in 

diameter.
150

 Guler and his co-workers have developed an amyloid inspired short peptide 

sequence (Ac-KFFAAK-Am) which formed 1D nanofibers. This fibrous network was used as 

template to mineralize SiO2 and TiO2. After calcination of the organic part, micron-long 

nanotubes of SiO2 and TiO2 were formed.
309

 Other examples of self-assembled peptide 

templates include I3K, phage-displayed P7A peptides
310

 and aniline–GGAAKLVFF
311

 to 

synthesize Pt nanoparticles for different applications. I3K assembled nanofibers have been 

used to template Pt nanoparticles while phage-displayed P7A peptides were utilized to tune 

morphologies of Pt nanoparticles. I3K assembled nanofiber decorated Pt nanostructures were 

used for electrochemical oxidation of hydrogen and methanol while aniline– GGAAKLVFF 

supported Pt nanoparticles were used as an electrocatalyst to improve oxygen-reduction 

reaction.  

So far, we have discussed several promising applications of self-assembled peptide 

nanomaterials in drug/gene delivery, tissue engineering, antibacterial therapy, and biosensor 

devices, waste water treatment and nanofabrication. Besides all these, there are many more 

applications found in literature which are derived from peptide architectures. Extensive 

discussion on all the topics is beyond the scope of our thesis. 

1.5.6. Characterisation Techniques Used for Self-Assembled Peptide Nanostructure:  

So far we have found that peptides are a very popular class of building blocks and the 

nanomaterials derived therefrom are endowed with various applications from regenerative 

medicine to nanofabrication. Characterization of the self-assembled nanoscale architectures 
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using sophisticated techniques is important to understand the mechanism of self- assembly. 

This will enable improved design of molecules to control the self-assembly process and 

achieve custom-made applications. Various experimental techniques that are used for 

characterization purposes can be broadly classified into spectroscopic, X-ray and powdered 

crystallographic, microscopic, rheometric and biophysical tools which are discussed below 

(Figure 1.30). These experimental techniques have been used extensively in all the studies 

entailed in this thesis. 

 

 

 

Figure 1.30: Schematic representation of the characterisation techniques used for self-

assembled peptide nanostructures.   

1.5.6.1. Spectroscopic Analysis: Spectroscopic techniques, in general, employ light to 

interact with matter and thus probe certain features of a sample to learn about its consistency 

or structure. In order to have an understanding about the chemical and physical characteristics 

of nanoscale peptide organizations, such as their bond properties, vibrational modes and 

covalent and non-covalent interactions, spectroscopic methods are useful.  The common 

spectroscopic techniques such as nuclear magnetic resonance (NMR), Fourier transform 
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infrared (FTIR) spectroscopy, Raman, CD spectroscopy, Dynamic light scattering (DLS) and 

UV-Vis/Fluorescence spectroscopy have been widely used for the analysis of different self-

assembled peptide nanostructures designed for various applications. 

1.5.6.1.1. NMR Spectroscopy: It is a key method for studying the structure and dynamics of 

peptide-based architectures in both liquid and solid conditions.
312

 NMR experiments 

primarily involves 1D NMR of active nuclei like 
1
H(Proton), 

13
C(Carbon) 

19
F(Fluorine), 

31
P(Phosphorous) etc. and 2D NMR spectroscopy wherein multipulse sequences are 

employed to provide additional information not obtainable from 1D spectra. The most useful 

and commonly used forms of 2D NMR spectroscopy provide correlations between proton and 

other NMR-active nuclei signals based on some interaction between them. 2D NMR includes 

COSY (co-relation Spectroscopy), NOESY (nuclear overhauser effect spectroscopy), 

TOCSY (total correlation spectroscopy) and heteronuclear correlation experiments, such 

as HSQC, HMQC, and HMBC. Literature encompasses a number of reports on the usage of 

these NMR spectroscopic experiments in elucidating the self-assembly pattern as well as 

structural pattern of peptide nanostructures. For example, the self-assembly mechanism of 

Fmoc-protected peptide networks have been studied by 1D proton and 2D NOESY in liquid 

and sol–gel transition states, and it was found that hydrophobic and intermolecular 

interactions were the key forces for nanostructure formation.
313

  Diffusion ordered NMR 

(DOSY) spectroscopy, is used to measure the diffusion coefficient of the  species in the 

solution. As with the progress in the self-assembly, the  size of the assemblies increase and 

diffusion coefficient diminishes, DOSY is a  good experimental technique for studying the 

process.
314

  It was used to investigate the transient supramolecular configuration and 

assembly of the peptide nanostructures due to the biocatalytic activity and hydrolysis of the 

assemblies in a liquid environment.
315

  The molecular conformation of peptide fragment 105–

115 of transthyretin, TTR (105–115) in the fibrillar state was probed by 1D and 2D magic-
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angle spinning solid-state NMR (MAS ssNMR).
316

 
13

C and 
15

N linewidth measurements 

indicated that the peptide formed highly ordered fibrils in which there was a single unique 

environment for each residue. The packing of self-assembled palmitoyl PA (GANPNAAG) 

nanostructures and their supramolecular organization into fibers have been identified by the 

analysis of the data derived from ssNMR and rotational-echo double resonance (REDOR) 

NMR analysis measuring the distances between 
13

C and 
15

N isotopically labelled PA 

molecules.
317

  Also, the structural model of RADA16-I nanofibers, based on solid state NMR 

measurements on samples with different schemes for 
13

C isotopic labelling was identified, 

where NMR peak positions and line widths indicated that the nanofibers were composed of 

two stacked β-sheets stabilized by a hydrophobic core formed Ala side chains.
318  In another 

study, solution-state NMR spectroscopy was employed to measure the surface chemical 

properties of the fibres in a range of hydrogels formed from N-functionalised dipeptides.
319

  

The evidence of the presence of β-hairpin conformation within the nanofiber structure of the 

self-assembled peptide MAX8 was reported from ssNMR spectroscopy.
320

  Information about 

the presence of intermolecular forces driving self-assembly like hydrogen bonding, 

hydrophobic interactions or aromatic - stacking interactions, the critical aggregation 

concentration (CGC) of the peptides etc. can also be obtained from specialized experiments 

like solvent titrations,
321

  deuterium exchange,
322

 temperature dependent NMR ,
323, 324

 

concentration dependent NMR
325

 etc. NOESY NMR gives an idea about the spatial distance 

in between protons and is an invaluable technique for studying the self-assembly process.
326, 

327
  

1.5.6.1.2. Infrared (IR) Spectroscopy: IR spectroscopy deals with the electromagnetic 

spectrum change of peptides due to molecular vibrations and conformational changes within 

amide A (∼3200–3300 cm
−1

), amide I (∼1600–1700 cm
−1

), amide II (∼1480–1580 cm
−1

) and 

amide III (∼1200–1300 cm
−1

) bands in the mid-infrared region.
328-330

 The shifts in these 
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bands are analysed to monitor the structural changes as a result of the peptide self-assembly. 

For example, the structural changes which occur as a result of peptide self-assembly triggered 

by various factors such as UV radiation, ultrasonication or pH were investigated by the shifts 

in the amide I band.
331-333

  Also, the peaks in the amide I region which correlate to the C=O 

stretching of the self-assembled peptide nanostructures gives an indication about the presence 

of parallel or antiparallel β-sheet secondary structure organization of the peptide 

assemblies.
334, 335

  Presence of hydrogen bonding can be established by monitoring the NH 

stretching bands in the 3200-3600 cm
-1

 range. While the non-hydrogen bonded NH‘s appear 

towards the 3400 cm
-1

, the hydrogen bonded NH stretching shifts more towards lower 

wavenumber of about 3200 cm
-1

.
336, 337 

1.5.6.1.3. Raman Spectroscopy: Similar to the vibrational IR techniques, Raman 

spectroscopy is used to provide a structural fingerprint by which molecules can be identified. 

In peptide self-assembly, Raman scattering helps in the analysis of the structural properties in 

the assigned modes of molecular bonds found in the peptide architectures.
338

 However, lack 

of spatial resolution at dilute conditions makes detailed characterization of the peptide 

nanostructures a strenuous task using conventional Raman spectroscopy. Different 

approaches have been developed to improve the scattering intensities for the analysis, for 

example, the relatively low Raman signal of the peptide assemblies was increased via. 

surface-enhanced Raman scattering (SERS) using the localized surface plasmon resonances 

of the metallic clusters in liquid or solid environments.
339, 340 

1.5.6.1.4. Circular Dichroism (CD) Spectroscopy: It is an absorption spectroscopy which 

uses circularly polarized light to investigate structural aspects of optically active chiral media. 

CD spectroscopy functions at the near and far UV regions (180–320 nm) and provides 

information on the secondary structure of peptide assemblies.
341

 Changes in the conformation 

of the self-assembling peptides which may occur because of pH change,
342

 chirality of 
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supramolecular architectures
343

  and interactions  in between different molecules or metal 

ions
344, 345

  can be investigated by CD analysis.  A shift in the CD spectra gives an insight into 

the conformational differences, such as twisting or disordering of β-sheets in the assemblies 

due to the π–π* transitions within the peptide backbone.
342, 346

  In addition to secondary 

structure analysis, π–π interactions between aromatic peptide assemblies can also be 

monitored by CD.
347, 348

  

1.5.6.1.5. Dynamic Light Scattering (DLS): It is a spectroscopic method used to determine 

the size distribution of particles (polymers, proteins, colloids, etc.) in solution.  It relies on 

fluctuations in the scattered light due to the internal mobility of the structures within 1–1000 

nm size range in the solution.
349, 350

 DLS helps in gaining information about the peptide 

assembly mechanisms. Various supramolecular peptide nanostructures and peptide polymer 

conjugates
351-353

 have been analysed via. DLS, and the size distribution, hydrodynamic 

radii,
236, 354

  polydispersity index and zeta potential of the assemblies were reported in 

conjunction with other characterization techniques.  

1.5.6.1.6. UV-Visible and Fluorescence Spectroscopy: UV-Vis and fluorescence 

spectroscopy are inevitable tools for elucidating the aggregation kinetics and self-assembly 

mechanisms of chromophore conjugated peptides. They measure the changes in the 

wavelength of light absorbed or emitted, that result from the energy absorptions between 

electronic levels, which are in turn controlled by the intramolecular/intermolecular 

interactions. UV-Visible deals with the absorption of light in the region of 100-700 nm while 

fluorescence spectroscopy deals with the decay of the electronic excited states of the 

molecule. The shift in the absorption or emission wavelengths, quenching (ACQ), or 

enhancement of  fluorescence (Aggregation induced emission, AIE) signal,  appearance of 

additional peaks in the UV/fluorescence spectra (excimer/exciplex bands) helps in the in-

depth understanding of the peptide self-assembly.  The time dependent self-assembly 
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properties of chromophore-conjugated peptides were studied by using fluorescence 

technique.
355

 The contribution of π–π stacking in the self-assembly of aromatic peptides
356, 357

 

and β-sheet peptide fibrils
358

 have been studied by monitoring the fluorescence emission 

signal. Additionally, the investigation of the self-assembly process of peptides into different 

nanostructures driven by π-π stacking molecular interactions in the chiral tether constrained 

cyclic peptides,
359

 peptide-tetrathiophene-peptide conjugates
360

  and cyclic pentapeptides  Ac-

CAAAS5(X)-NH2, , where X = methyl, phenyl, or naphthyl
361

  was carried out using UV–Vis 

spectroscopy and fluorescence spectrophotometry. For being able to use fluorescence 

spectroscopy in studying the self-assembly processes, either fluorophores are linked to the 

self-assembling peptide monomers or fluorophore dyes such as congo red, ANS, ThT etc. are 

added into the peptide solution.  Valuable information about the self-assembled system like 

the packing fashion of the aromatic moieties (J or H aggregates), increasing hydrophobicity 

due to the progression of self-assembly can be obtained from the UV spectroscopy.  It is quite 

a common practise to incorporate chromophores in the monomeric units as a probe to monitor 

the self-assembly of the system using the UV-Vis/ fluorescence spectroscopic techniques. 

1.5.6.2. Microscopic Techniques: Microscopic characterization at nanoscale is critical to 

understand the processes directing peptide molecules to self-assemble and identify structure–

function relationship of the nanostructures. Fundamental microscopic techniques such as 

TEM, SEM, AFM, fluorescence microscopy provide a detailed insight into the peptide 

architectures.   

TEM allows imaging of size and morphology of self-assembled peptide nanomaterials with 

high resolution and magnification at a scale of a few nanometers or even below. TEM not 

only involves structural characterization but also identification of elemental composition and 

chemical bonding. It is based on transmission of electrons through the specimen, which 

should be thin, to get good quality images. A variety of TEM images of the self-assembled 
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peptide aggregates including nanofibers, nanospheres, nanobundles, nanotubes, helices, etc. 

have been reported.
362-367 

Unlike TEM, SEM gives information only about surface of the specimen at nanoscale. When 

specimen is too thick for TEM imaging, using SEM is a more appropriate choice to get high 

resolution images. Unlike TEM, SEM uses electrons reflected from surface of sample as 

signals for image generation. The morphologies of different peptide nanostructures using 

SEM are found in literature.
368-373

 
 

AFM is a highly sophisticated technique, which can not only generate high resolution 3D 

topography of the surface, but also mechanical properties of peptide nanomaterials. It 

facilitates in situ visualization of the self-assembly process of a variety of peptide building 

blocks into supramolecular nanostructures with nanoscale resolutions. For instance, by time-

lapse AFM, the growth, directionality, and changes in morphology of individual amylin 

fibrils on mica surface was observed over several hours
374

. Also, AFM imaging has been used 

to observe the formation of right-twisted helical ribbons and their conversion to micro-

crystals in an amyloid derived peptide fragment, ILQINS hexapeptide.
375

 Investigation of a 

dual-mode self-assembling peptide NH2-VGGAVVAGVFF-CONH2 into nanofilaments was 

performed using the in situ liquid-phase atomic force microscopy.
376

   

Apart from the above imaging techniques, direct visualization of peptide self-assembly is also 

possible using fluorescence imaging techniques like fluorescence microscopy and confocal 

microscopy
377

 either via. covalent conjugation of fluorescence probes to the peptides or by 

using the intrinsic fluorescence properties of the peptide nanostructures without any probe 

conjugation.
377-379 

1.5.6.3. X-Ray Diffraction (XRD) Techniques: It is a technique which uses the interactions 

(reflection, diffraction or scattering) of high energy electromagnetic radiations with the self-
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assembled peptide nanostructures to provide valuable information for the determination of 

size, shape and structural orientation. XRD patterns of self-assembled peptide nanostructures 

were used to determine packing parameters and molecular organization focusing on the non-

covalent interactions between the building blocks. A very few studies have succeeded in 

obtaining single crystal XRD patterns from small amyloid peptide fragments.
380-382

 For 

example, fiber XRD pattern from a peptide YYKLVFFC containing a key aggregation 

sequence (KLVFF) from the amyloid β-peptide was obtained from a dried stalk of the 

amyloid peptide.
383

 Unlike single-crystal XRD, powder XRD (PXRD) looks at a large sample 

of polycrystalline material and therefore is considered a bulk characterization technique. 

The powder pattern is considered a "fingerprint" for a given material; it provides information 

about the phase (polymorph) and crystallinity of the material. The PXRD pattern provides 

information associated with the hydrogen bonding, π–π stacking and β-sheet secondary 

structural organization of the peptide assemblies.  For instance, the interplanar spacing (d) of 

about 4.7 Å is the distance between the peptide chains within a β-sheet, while the d spacing 

of about 9.0 Å can be characterized as the distance between two stacked β-sheets.
384, 385

 

Another peak at around d = 3.8 Å signifies the π−π interaction between the aromatic groups 

of the molecules.
386

 In addition to PXRD, another X-ray technique involve small-angle X-ray 

scattering (SAXS), which is performed using lower angle X-ray scatterings at a range of 1° to 

10°.
387,388

 SAXS can be a highly complementary tool to microscopy as it allows the 

investigation of the samples in their wet-state without the need for any sample preparation. 

SAXS is in particular well suited to the study of the proteins and peptides self-assembly as it 

allows the investigation of objects and features in the 10 to 500 nm scale.
388

 

1.5.6.4. Mechanical Characterization Technique-Rheology: There is also a need to 

characterize certain peptide nanostructures using nanomechanical characterization 

techniques. The most important one is rheology which measures the viscoelastic behaviour of 
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different peptide assemblies especially peptide gels. The mechanical properties of peptide 

gels can be determined using oscillatory rheology or micro rheology techniques, which 

highlight the sol–gel transition of the peptide architectures due to the external or internal 

stimulus.
214, 389-392

 Rheometric experiments such as oscillatory time sweep, frequency sweep 

and strain sweep measurements are carried out using common bench-top rheometers. In a 

common oscillatory rheological measurement, the storage modulus, G′, and loss modulus, 

G′′, are the most common parameters that are measured for a gel system. G′ (Pa) and G′′ (Pa) 

are usually monitored as a function of time, applied angular frequency, and applied 

oscillatory strain. In a viscous sol state, G′′ is greater than G′. Therefore, for a solid, physical 

gel the storage modulus is greater than the loss modulus (G′ ≫ G′′) and is the key 

requirement for such systems.
393

 Inter-crossing of the G′ and G′′ denotes the point of sol-gel 

conversion. 

1.5.6.5. Isothermal Calorimetry (ITC): It is a physical technique used to determine 

the thermodynamic parameters of interactions in solution.  ITC can measure the amount of 

heat released or absorbed upon molecular interactions, at constant temperature and pressure. 

The thermodynamics of self-assembly provides an insight towards predicting the type of 

supramolecular structure that will eventually form through aggregation of molecules which 

can fundamentally contribute to the rational design of self-assembling peptides, leading to 

development of structures with specific and desired functions.
394

 One of the earliest reports 

on the application of ITC in the study of peptide/protein self-assembly published by 

Lakshminarayanan et.al. showed that the ITC dilution experiments proved the 

thermodynamic driving force for micellar self-assembly of an eggshell matrix protein to be 

entropic in nature.
395

 In another study, ITC was used to gain a quantitative understanding of 

the formation of supramolecular nanoparticles as a result of dendrimer-dye self-assembly.
396
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ITC experiments also indicated an enthalpic advantage for rippled β-sheet co-assembly 

compared to self-sorted β-sheet assembly of the enantiomeric peptides L- and D-(FKFE)2 .
397 

1.5.6.6. Surface Tension Measurements: Surface tension is a solution property and based 

on the molecular adsorption at the interface, affecting the surface free energy. The adsorption 

process involves three steps: i) diffusion of the molecules from the bulk to the sub-interface; 

ii) transfer of the molecules from the sub interface to the interface; iii) rearrangement of the 

molecules at the interface.
398

 Considering diffusion to be the rate limiting step, small 

molecules are expected to rapidly accumulate at the interface due to their faster diffusion rate 

than large ones. Thus, in the self-assembling peptide systems, the surface tension may reflect 

predominantly the properties of peptide monomers and small peptide assemblies, rather than 

those of the large peptide aggregates.
399

 Surface tension measurements can give useful 

insights on the hydrophobicity of peptide self-assembly in solution. It is expected that 

increased hydrophobicity would lead to increased surface activity at the air-water interface, 

resulting in decreased surface tension.
179

 This information on hydrophobicity makes it 

possible to speculate the conformation of the assemblies of peptide. For instance, the surface 

tension results show that EAK16-IV (AEAEAEAEAKAKAKAK) in pure water has a lower 

surface tension than EAK16-II (AEAEAKAKAEAEAKAK), indicating that EAK16-IV 

assemblies are likely more hydrophobic.
179

 Also, in another study surface tension 

measurements for the peptide EAK16-I (AEAKAEAKAEAKAEAK) revealed a critical self-

assembly concentration of 0.3 mg peptide/mL water, below which the surface tension 

decreased rapidly with increasing peptide concentration, and above which the surface tension 

remained at a constant. There were two structural transitions observed with increasing 

peptide concentration: the first was from globular nanostructures to fibrils, and the second 

from the fibrils to relatively thick fibers. The second structural transition occurred at the 

critical self-assembly concentration as determined by the surface tension measurements.
400 
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1.6. Chemosensors 

1.6.1. What are Chemosensors?  

Sensor is a system that on stimulation by any form of energy undergoes change in its own 

state and thus one or more of its characteristics.
401

 This change is used to analyse the 

stimulant both qualitatively and quantitatively. Considerable research efforts have been 

invested in developing efficient sensors for different target analytes. According to the 

definition proposed by IUPAC ―a chemical sensor is a device that transforms chemical 

information, ranging from the concentration of a specific sample component to total 

composition analysis, into an analytically useful signal‖.
402

 However strictly speaking, a 

chemosensor is not a sensor, as it is not a device, rather it can be the active part of the device. 

In simple words, a chemosensor is a molecule that teams up with an analyte to relay a 

noticeable change in the form of a signal which can either be related to the concentration of 

the analyte
402

   or provide a binary ―on‖ or ―off‖ signal.
403

 Design of the chemosensors 

consist of three components as shown in Figure 1.31; a chemical receptor capable of 

recognizing the guest of interest usually with high selectivity; a transducer or signalling unit 

which converts that binding event into a measureable physical change and finally a method of 

measuring this change and converting it to useful information. 

 

Figure 1.31: Schematic diagram showing binding of an analyte A (guest) by a chemosensor 

(host), producing a complex with altered optical properties. 
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1.6.2. Classification of Chemosensors:  

Depending on the type of signals produced or the spectral changes created by the binding 

event, chemosensors may be classified as follows: 

1.6.2.1. Electrochemical: These types of sensors can be created by the attachment of redox 

active group to a receptor and produce signals in the form of changes in the electrochemical 

properties which can be measured by methods like voltammetry and potentiometry.  

1.6.2.2. Electrical: These are based on measurements, where no electrochemical processes 

take place, but the signal arises from the change of electrical properties caused by the 

interaction with the analyte. 

1.6.2.3. Thermometric: These are based on the measurement of the heat effects of a specific 

chemical reaction or adsorption which involves the analyte. 

1.6.2.4. Optical:  In these types of chemosensors, the coordination site binds the guest in 

such a way that signalling unit brings changes in the optical properties. Depending on the 

changes in the spectroscopic properties of sensors, upon interaction with analytes, these can 

be divided into two categories: 

1.6.2.4.1. Chromogenic Chemosensors:  These are the molecular systems in which physical 

and chemical properties change when interacting with an analyte, so that a change in colour 

which might be visible by naked eye, accompanied by a corresponding change in absorbance 

wavelength  (recorded using ultraviolet–visible spectroscopy) or change in chirality (using 

CD spectroscopy) is produced. 

1.6.2.4.2. Fluorogenic Chemosensors: In fluorogenic chemosensors, the interaction between 

the coordination site and the guest moiety shows the changes in fluorescence behavior of the 

signalling unit. 
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A number of analytical techniques are being used to monitor and measure metal ions/anions 

which include atomic absorption spectroscopy (AAS), atomic emission spectroscopy (AES), 

inductively coupled plasma mass spectrometry (ICP-MS), electrochemical techniques, anodic 

stripping voltammetry, colorimetry and spectrophotometric methods like UV-Vis 

spectrophotometry and fluorimetry. Among these methods naked eye detection (colorimetry), 

UV-Vis spectrophotometry and fluorimetry are preferable due to their operational simplicity 

and cost effectiveness in contrast to other methods, all of which involve high cost of 

analytical instrumentation and are operationally critical. The development of colorimetric 

sensors is increasingly appreciated since naked eye detection can offer qualitative and 

quantitative information without resort to any spectroscopic instrumentation. The 

fluorescence measurement on the other hand is usually very sensitive, versatile and offer sub-

micromolar estimation of guest species. A wide variety of optical chemosensors have been 

reported for the cation, anion and neutral molecules. 

1.6.3. Need for Chemosensors:  

The development of chemosensors for metal ions and anions has received significant 

attention in the recent years. Metals are present everywhere around us, in living or non-living 

species. Chemosensors are of great importance for the detection of chemical species in a 

variety of fields including physiology, medical diagnostics, catalysis and environmental 

chemistry. As cations and anions are prevalent in both industry and in farming and as such in 

the environment, chemosensors are beginning to find extensive applications in these fields. 

Heavy metals like Hg
2+

 and Pb
2+

 are known to cause severe environmental pollution and is 

detrimental to health of human beings.
404, 405

 A wide variety of symptoms are observed upon 

exposure including digestive, kidney and especially neurological diseases. Cobalt is an 

essential element, required for the coenzyme vitamin B12 but is also believed to be 

cardiotoxic and may cause lung damage if present in excessiveness.
406, 407

 Likewise, other 
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metal ions such as magnesium, zinc, iron have an impact industrially, biologically and 

environmentally.
408-411

 Moreover, Arsenic, being a teratogenic and carcinogenic toxic 

element, causes serious skin problems, neurodegenerative disorders and cardiovascular 

diseases etc.
412, 413

 Similarly in case of anions, few examples may include fluoride, chloride, 

and cyanide sensing which is now being used for environmental monitoring. Sensing these 

anions can aid the monitoring of landfills for leaks, tracing the movement of pollutants within 

a natural water body and detection of salt water intrusion into drinkable ground or surface 

waters.
414-416

Moreover, the excess of fluoride can lead to fluorosis which is fluoride toxicity 

and results in increase in bone density which makes its detection really important.
417

  

From the above it is clear that proper detection of the ions at trace level is very important as 

many industrial and agricultural processes can lead to the release of ions to the environment. 

If left unchecked, these can have devastating effects. Moreover, certain ions, if not detected at 

proper time can lead to serious health hazards. Therefore, designing new selective ion sensor 

systems is an important goal for detection of ionic species selectively at lower concentrations. 

Limit of Detection: The limit of detection (LOD) is an important figure of merit in analytical 

chemistry. It is defined as the lowest concentration that can be measured or detected with 

statistical significance by means of a given analytical procedure. Several ways of determining 

(estimating) the limit of detection are present: visual estimation, calculation based on the 

numerical value of the signal/noise  ratio,  calculation based on determinations for blank 

samples, graphical method, calculation based on the standard deviation of signals and the 

slope of the calibration curve. The choice of an appropriate method for LOD determination 

depends on the method‘s purpose as well as the requirements of a given analytical 

procedure.
418
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1.6.4. Examples of Chemosensors:  

As discussed in the above section, design and synthesis of chemosensors for using in sensing 

of metal ions and anions is of significant importance. Literature encompasses a number of 

chemosensors for detecting metal ions/anions. Some of the representative examples are 

mentioned in this section. Nam et.al. reported a urea derivative of naphthalene which showed 

colour change with fluoride ion.
419

 Sokkalingam and Lee developed another coumarin-based 

probe to quantitatively determine fluoride ion concentrations in both acetonitrile and water 

solutions. The sensor operated through ―turn-on‖ chromogenic and fluorogenic dual modes 

that were triggered by fluoride-promoted cleavage of the Si-O bond.
420

 Bozdemir et.al. 

fabricated two BODIPY derivatives containing silyl-protected phenolic groups that served as 

sensors for fluoride in solution and a poly- (methylmethacrylate) matrix.
421

 H. Sayahi et.al. 

reported a ratiometric, colorimetric and ‗‗turn-on‘‘ fluorescent chemosensor based on 

phenol–bisthiazolopyridine hybrid  for cyanide ion.
422

 Li et.al. reported a azobenzene based 

ratiometric colorimetric chemosensor which was highly selective for cyanide ion.
423

 Jiang et. 

al. reported a novel iminocumarin based turn off chemosensor for acetate ion.
424

 Vilar and 

co-workers synthesised compounds containing  thiourea group linked to an azophenyl group 

to produce a cyanide sensor.
425

 Likewise, Saha and Guha have described the fluoride sensing 

via. anion–π interaction and charge/electron transfer by a π-electron deficient 

naphthalenediimide (NDI).
426

 A pyrene based probe was synthesized as a‘turn-on’ 

fluorescent chemosensor for the detection of Fe
2+

 and Fe
3+

 ions in acetonitrile/water solvent 

mixture.
427

 Carbon nanodots based iron sensors were also reported which could detect iron in 

human serum and living cells.
428

 Arene based fluorescent probes could detect iron 

selectively.
429

  A salicylaldehyde appended rhodamine hydrazine derivative has been reported 

for the selective determination of Cu
2+

 at photophysical condition without interference from 

other cations.
430

  Fluorophore of tetramethyl substituted bis(difluoroboron- 1,2-bis[(1H-
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pyrrol-2-yl)methylene] hydrazine has been reported as an ideal turn-on fluorescent sensor for 

Cd
2+

 ion.
431

  Yang et.al. prepared benzo[α]-phenoxazinium based chemosensor for selective 

detection of Zn
2+

.
432

 Likewise, a pyrene based derivative bearing an azadine group was 

designed and synthesized as ratiometric and turn off-on chemosensor for selective detection 

of Hg
2+

 in aqueous solution by Zhou et.al.
433

 Huang and co-workers reported a rhodamine 

based chemosensor that was capable of sensing Hg
2+

 ions in aqueous buffer solution.
434

 In 

addition to the examples cited here, there are many other well reported chemosensors which 

are useful in the detection and sensing of a wide variety of metal ions and anions.  Reporting 

them extensively is beyond the scope of the current discussion. Out of the various sensors 

studied, amino acids and peptides are also known to bind to ions, in some cases very strongly, 

which makes them as potent candidates as chemosensors. 

1.6.5. Peptides as Chemosensors: 

The development of peptide based chemosensors for the detection and quantification of metal 

ions and anions in biological or environmental samples is the subject of considerable 

research. The majority of this research involves the design, synthesis and testing of amino 

acids or peptide motifs with a high degree of selectivity for a target ion. Few such examples 

of peptide based chemosensors are discussed below. 

The amino terminal Cu(II)- and Ni(II)-binding (ATCUN) motif which has been studied for 

more than 35 years is a structural feature which is present in a protein or peptide. It has a (1) 

a free NH2-terminus, (2) a histidine residue in the third position, and (3) two intervening 

peptide nitrogens and is known to bind Cu (II) and Ni (II) specifically.
435 

A novel peptide-

based fluorescent chemosensor (Dansyl-His-Pro-Gly-His-Trp-Gly-NH2) containing both Trp 

and a dansyl fluorophore has been designed to serve as a promising analytical tool for 

detecting Zn
2+

 in 100% aqueous solution and living cells.
436

 Another example includes a new 

fluorescence chemosensor based only on a tripeptide conjugated with FITC group (FITC-
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Ahx-GCA-NH2), as a promising analytical tool for simultaneous detection of Cu
2+

, Ag
+
 and 

S
2−

 in aqueous solutions (Figure 1.32).
437 

 

Figure 1.32: Fluorescence emission colour changes of L under UV lamp (365 nm) in the 

presence of metal ions. The figure has been adapted from reference 437. Copyright 2018 

Elsevier B.V. 

Similarly, another fluorescence chemosensor based on tetra–peptide conjugated with dansyl 

groups (Dansyl–Ser–Pro–Gly–His–NH2) was developed as a promising analytical tool for 

detecting Cu 
2+

 and S
2-

 in 100% aqueous solutions, which exhibited excellent cell biotoxicity 

and intracellular biosensing ability. The chemosensor displayed ―on–off–on‖ response type 

fluorescence change upon subsequent additions of Cu 
2+

 and S
2-

 to the aqueous media and 

living cells.
438

 In another study, a fluorescent peptide sensor based on pentapeptide dansyl‐ 

Gly‐His‐Gly‐Gly- Trp‐COOH was designed which had selective and sensitive responses to 

Hg
2+

 and Cu
2+ 

(Figure 1.33).
439

 The peptide probe differentiated Hg
2+

 and Cu
2+

 ions by a 

‗turn‐on‘ response to Hg
2+

 and a ‗turn‐off‘ response to Cu
2+

. Another study involved the 

detection of Cd
2+

 using a fluorescent ―turn-on‖ peptide chemosensor DSC (Dan-Ser-Cys-

NH2) based on photoinduced electron transfer (PET).
440

 Another example of Cd
2+ 

detection 

involved the study of fluorescent chemosensor with a Lys backbone and both –NH2 sites 

conjugated with cysteine and dansyl group (H2L).
441
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Figure 1.33: Proposed fluorescence detection mode of dansyl‐ Gly‐His‐Gly‐Gly-Trp‐COOH 

for Cu
2
, Hg 

2+
. The figure has been adapted with permission from reference 439. Copyright 

2019, John Wiley & Sons, Ltd. 

In an interesting example of a chemosensor based on Trp for monitoring Pb(II) and Hg(II) in 

aqueous solutions, Trp displayed the unique function as a ligand for the metal ions as well as 

a quencher of fluorescence upon the metal binding event (Figure 1.34).
442

 A colorimetric 

visualization of arsenic using unmodified gold nanoparticles (AuNPs) and a phytochelatin-

like peptide (γ-Glu-Cys)3-Gly-Arg (denoted as PC3R) was developed in which arsenic 

prevented the peptide from attaching to the surface of AuNPs by coordinating to all the three 

cysteine residues of PC3R, thus preventing the PC3R-triggered AuNPs aggregation and color 

change.
443
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Figure 1.34: Structure and fluorescence emission spectra of a Trp based chemosensor in the 

presence of metal ions in HEPES buffer solution at pH 7.4 displaying the response towards 

Hg
2+

. The figure has been reproduced from reference 442. Copyright 2013, American 

Chemical Society. 

Selective anion sensing can often be controlled by a judicious arrangement of recognition 

moieties around an anion of interest and as such peptides have proven to be highly efficient 

and selective anion receptors using a small number of amino acid building blocks placed in a 

precise arrangement.  For instance, a cyclic tetrapeptide composed of alternating Gly and 8-

amino-4-iso-butoxyquinoline-2-carboxylic acid showed a high binding affinity for fluoride 

ion.
444

 In another study, a coumarine-attached peptoid based fluorescence probe was 

developed as an efficient CN
-
 sensor which exhibited significant Turn-ON fluorescence upon 

the addition of CN
-
 .

445
  

Although amino acids and peptides are known to bind to ions and in some cases very 

strongly, making them useful as chemical sensors, but there are only a few instances of 

exploiting this binding in sensing. However, during the last few years, there has been an 

increase in the design, synthesis, and detection of ions using peptide based sensors. Much of 

the sensing work is focused on utilising spectroscopic response of the materials towards ions 
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in solutions. There has been a push to develop and utilise other analytical methods that are 

simple, fast, and reliable to detect ions in the field, however, optical spectroscopy, out of all, 

is of particular interest as it provides the basis for sensitive and inexpensive methods of 

detection.  

1.7. Aim of the Thesis  

In the present thesis, we have designed small peptide based self-assembling systems. We 

have explored the mechanism of the assembly process in molecular details and employed the 

materials developed for various applications, specifically in drug delivery and wastewater 

remediation. Some of these small peptides also manifest a potential for detection of anions 

like fluoride and arsenite.  This body of work involves several experimental techniques like 

UV, fluorescence, NMR, PXRD, FTIR, FESEM, FETEM, AFM Rheology, CD etc. and 

theoretical analysis using DFT studies. 

Chapter 1: The present chapter talks about development in the field of peptide self-assembly 

by summarizing the literature and introduces the pretext of the present work undertaken in the 

current thesis.  

Chapter 2: Dicycloyhexylurea derivatives of amino acids have been designed to form 

organogels that can efficiently remove organic dyes from wastewater. The organogelator 

molecules can efficiently and selectively detect fluoride and hydroxide anions. 

Chapter 3: Two charge complementary peptide hydrogelators have been prepared and their 

self-assembly and co-assembly have been studied in details. The self- and co-assembled gels 

efficiently remove organic dyes, divalent metal ions like Ni
2+

 and Co
2+

 and heavy metals like 

Pb
2+

 and Hg
2+

 from water. Peptides can act as selective sensors for cation Fe
3+

 and anions 

like arsenite, arsenate and hydroxide. 
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Chapter 4: Hydrogel formed by the positively charged peptide from Chapter 3 was exploited 

to act as a universal drug and protein delivery platform.  Antibiotic drug ciprofloxacin (CP), 

anticancer drug 5 fluorouracil (5-FU) and proteins like BSA and lysozyme were co-

assembled/loaded into the hydrogel and released sustainably with the retention of activity in 

the case of the drugs and the retention of secondary structure in the case of the proteins 

respectively. 

Chapter 5: The self-assembly mechanism of a small tryptophan based tetrapeptide was 

studied and explained explicitly with the help of fluorescent drug and dye molecules such as 

curcumin and carboxyfluorescein respectively. 

Chapter 6: The concluding remarks and overall summary of the work of the thesis is 

explained in this chapter along with the discussion of the scope of future studies.  
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Chapter 2 

Dicyclohexylurea Derivatives of Amino Acids as Dye Absorbent 

Organogels and Anion Sensors 

2.1. Peptide Organogels 

Organogelators are a family of low molecular weight organic molecules that can form gels in 

organic solvents at low concentrations. Amino acid or peptide based organogels are versatile 

in biological and nano-technological applications. These are assemblies of gelators in organic 

liquids to produce viscoelastic semisolid materials that exhibit no flow property at the steady-

state. During the gelation process, small molecular gelators self-assemble into one-

dimensional aggregates which further entangle to form three-dimensional networks that 

entrap and immobilize a large amount of organic solvents. Self-organization of the 

monomeric species to higher-order structures in a hierarchical fashion gives rise to several 

nanostructures such as fibrous, tubular, or helical.
446,447

 As discussed in the introduction, the 

process of gelation is driven by several non-covalent intermolecular interactions, commonly 

electrostatic,  van der Waals, π-π stacking, hydrophobic and hydrogen bonding (Figure 2.1).  

Hydrophilic-lipophilic balance
448-452

 plays an important role in the gelation event. Several 

external factors such as heat, solvent, light and ions
453-456

 facilitate gelation and can be used 

to control the process. Junbai Li and his group reported that the single dipeptide molecule (L-

Phe- L-Phe, FF) self-assembled into long nanofibrils in organic solvents, HFIP/chloroform 

and entangled further to form gels. The obtained FF gels were responsive to temperature. The 

formation of FF organogels was found to be driven by the hydrogen bond of peptide main 

chains and the π-π interactions between aromatic residues of the peptide.
456

  

TH-2414_156122021



Chapter 2 
 

77 | P a g e  
 

 

Figure 2.1: Schematic depiction of the proposed self-assembly mechanism of the dipeptide 

FF where phenyl groups stack through π-π interactions, and the resulting molecular stacks 

further assemble to form nanofibrils. Such nanofibrils may entangle to form the peptide 

organogel. The figure has been reproduced with permission from reference 456. Copyright 

2008, American Chemical Society. 

Yan and his group have found that the properties of a trace amount of hydrogen bond forming 

solvent such as ethanol have an impact on the formation of FF organogels in DCM when the 

ethanol content was increased to 3% v/v (Figure 2.2).
457

    

 
 

Figure 2.2: Schematic depiction of gelation of FF dipeptide in presence of trace amounts of 

solvent (ethanol) in DCM. The figure has been reproduced with permission from reference 

457. Copyright © 2016, American Chemical Society. 
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In another study Ulijn and Bai et.al. developed an in situ ultrasonic method to obtain 

organogels assembled by FF-based tripeptide 
D
FFD in methanol.

332
  

The physical properties of an organogel like the transition temperature (Tgel), viscosity, and 

elasticity change with the change in the nature of the network which is responsible for gel 

formation. Gels with a long-range and cross-linked aggregation among gelator molecules 

result in a robust network compared to a short-range and unidirectional packing forming a 

transient gel.
458, 459

 The formation of a gel is treated as a kinetically trapped structure
28 

and so, 

they can be rationally designed and regulated by external stimuli like solvent,
457

 pH,
460  

temperature
248

 etc. Although intense effort has been devoted to establish a structure– property 

relationship for the development of LMWGs it is still difficult to predict the gelation ability 

of a compound unambiguously. Thus, a major challenge in this field is the rational design of 

gelator molecules together with the proper understanding of the gelation mechanism. 

2.2. Applications of Peptide Organogels 

Different from hydrogels, organogels have 3D networks that are capable of capturing a large 

amount of organic solvent molecules. Because of the toxicity of organic solvent, organogels 

are limited in their applications in drug delivery and biological tissue engineering.
461-463

 

However, despite of this fact, peptide based organogels continue to evoke intense interest 

because of their wide-ranging applications in other fields such as nanofabrication, templated 

materials, sensors, phase selective gelation and waste water remediation by dye and metal ion 

adsorption/absorption.
251,306,464-470

 Few examples are discussed here. Peptide based 

fluorescent organogels have been found as important organic functional materials. For 

example, the thermo-responsive organogel formed from FF in chloroform (or toluene) was 

used as candidate to entrap lipophilic nanocrystals, such as quantum dots (QDs). The 

achieved hybrid gels not only remain the photoluminescence of QDs, but also improve the 
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stability of the QDs, and protect QDs from oxidation.
456

 In another study, an N-terminally 

pyrene-conjugated oligopeptide, Py-Phe-Phe-Ala-OMe, formed blue-emitting transparent 

fluorescent organogels in various solvents such as toluene, xylene, and ethanol. The 

organogel was used as an excellent host to embed graphene nanosheets to form a stable 

hybrid organogel with thermoreversibility and shear-thinning properties.
251

 Apart from being 

used as templates to prepare nanomaterials in situ, organogels can also be used as stabilizing 

agents to stabilise gold and silver nanoparticles.
464

 The treatment of wastewater requires 

urgent attention in environmental science and in this regard amino acid/peptide based 

organogels have turned out to be potential materials. Out of all the applications, we are going 

to emphasize those in which of peptide based organogels were used in waste water treatment. 

2.2.1. Wastewater Treatment-Dye Absorption: Water pollution is a matter of grave 

concern in the modern day society. The treatment of wastewater demands utmost attention to 

sustain human civilization. Dyes used in textile, paper, leather, cosmetics, pharmaceutical and 

food industry are major sources of water pollution.
471

 Manufacture and use of synthetic dyes 

have become a huge industry in the recent past.
472

 The toxic synthetic dyes upon reaching 

water bodies have adverse effect on all forms of life and on ecosystem as a whole.
473

 The dye 

effluents have a negative impact on the immune system and reproductive system. Moreover, 

they exhibit potential geno-toxicity and cardio-toxicity.
474

 Dye effluents undergo degradation 

to form products which are highly toxic and carcinogenic.
475-477

 It is of grave environmental 

concern and treatment of waste water is of primary importance. Conventional methods of 

treating dye effluents like incineration, biological treatment, and absorption upon solid 

matrices like activated carbon, chemical precipitation, electrochemical techniques, ion 

exchange, and others, have their own limitations due to their low sensitivity, incomplete 

removal, high-energy requirements, and production of toxic sludge.
478

 Amino acid/ peptide 

based organogels offer an appealing alternative for removal of dyes from contaminated water 
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due to their high water permeability, large surface area for adsorption and simplicity in use 

along with reusability and proper biodegradability. There are several works on these 

organogels found in the literature, whereby they are employed in wastewater management. 

For instance, S. Guchhait and S. Roy studied two peptide based LMWGs, [11-(2-tert-

Butoxycarbonylamino-3-methyl-butyrylamino) undecanoylamino]-acetic acid (TBMBUA) 

and [11-(2-tert Butoxycarbonylamino-3-methyl-pentanoylamino)-undecanoylamino]-acetic 

acid (TBMPUA) which were able to entrap toxic dyes like rhodamine B (RB), crystal violet 

(CV) and methylene blue from aqueous dye solution (Figure 2.3).
469 

Chen and Yin et. al. 

studied a series of monopyrrolotetrathia-fulvalene (MPTTF) containing tripeptide organogels 

formed in aromatic solvents, such as toluene and xylene which could adsorb RB and CV dyes 

from water, indicating a potential application in environmental remediation.
479

  

 

Figure 2.3: Absorption of A, B) RB, C, D) Methylene blue and D,E ) CV by the amphiphile 

TBMPUA. P, Q and R are the Rhodamine B, Methylene blue and Crystal violet dye 

entrapped amphiphile, respectively. The figure has been adapted with permission from 

reference 469. Copyright 2018, Springer Nature. 
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2.2.2 Oil Spill Recovery: Oil spills have been regrettably common environmental havoc 

around the world despite of the technological control and the continuously improved 

preventive measures. They often originate in oil platforms, refineries, or oil tankers that have 

an accident or that ‘clean’ their tanks in the ocean. Different ecosystems such as open and 

protected sandy beaches, estuaries, and rocky shores are affected to a great extent due to the 

oil reaching the coast. Also, the spilled oil remains in the water to be finally deposited on the 

sea bottom in deep or shallow waters creating a serious threat to the marine life and marine 

ecosystem.
480, 481

 Phase-selective organogelators (PSOGs) which are capable of gelling 

organic solvents in the presence of a second, immiscible liquid phase, which is typically 

water, can be a useful solution to this.
482-485 

The PSOGs can selectively gel the oil layer from 

the oil-water biphasic mixture, thus controlling the spreading of the oil spill. The gelled oil 

can then be efficiently separated from the water phase by mechanical methods such as 

filtration.
482, 486, 487

 For example, Das and his group studied dipeptide based organogelators 

which underwent phase selective gelation in variety of aromatic solvents in presence of water 

(Figure 2.4a).
468

 Additionally, these dipeptides also possessed dye adsorption quality which 

made them useful in water purification.
468

 Another example is of a terminally protected 

peptide based gelator Boc-cis-ACHC-Aib-Phe-OMe (cis-ACHC=cis-2 

aminocyclohexanecarboxylic acid), that can entrap various organic solvents and oils, leading 

to the formation of self-supporting gels which made it useful for oil-spill recovery (Figure 

2.4b).
470

 We can find a large number of works done in this field of dye absorption by various 

groups in the literature. Citing of all the work is beyond the scope in this thesis.  
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Figure 2.4: a) Phase selective gelation of the gelator C15H31-FG-C16H33. (1) 10 mg of the 

gelator in 1 mL toluene and 1 mL water, (2) Gelator was dissolved upon heating. (3) 

Selective gelation of toluene layer by gelator at RT. The figure has been adapted with 

permission from reference 468. Copyright 2008 WILEY‐VCH Verlag GmbH & Co. KGaA, 

Weinheim. b) Photographs of gels of peptide Boc-cis-ACHC-Aib-Phe-OMe in various oils 

and organic solvents. The figure has been reproduced with permission from reference 470. 

Copyright 2014 WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim. 

2.3. Anion Sensing: Fluoride Detection 

Anions play a vital role in a broad range of environmental, technological, and physiological 

processes, making their detection and quantification valuable. Because of their biological, 

technological, and environmental relevance, an ability to selectively detect anions is of 

paramount interest for many applications. While cation recognition and sensing has been 

relatively well established for some decades
488, 489

, anion binding and sensing remains notably 

more challenging, mainly due to the more complex geometries of anions, pH dependence, 
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and their inherently strong hydration.
490-492

 Among these anions, fluoride, having the smallest 

ionic radius, highest charge density, and a hard Lewis basic nature, has evolved as an 

attractive target for sensor designs owing to its association with a diverse array of biological, 

medical, and technological processes. This makes the sensing and recognition of fluoride ion 

a highly popular topic of interest. Fluoride is extremely important for dental care and 

osteoporosis, while chronic exposure to high levels of fluoride anion can lead to dental or 

skeletal fluorosis.
493

 This anion is present in several chemical weapons like sarin, soman and 

chemical warfare agent.
494, 495 

This makes anion detection, and hence design, synthesis and 

development of new sensors of immense importance.
496-498

 Of the various responses 

generated upon ion sensing, optical sensors where the interaction with an anion leads to a 

change in the absorbance (color) or fluorescence properties of the receptor are the most 

popular being highly sensitive.
499

 Urea moiety is a well-known anion binder.
500

 There are 

several experimental
501-503

 and computational
504, 505 

studies on urea based fluoride sensors. 

For instance, a unique supramolecular sensing system for fluoride ion was constructed from 

new bispyrenyl thioureas formed by poly(ethylene glycol) (PEG) chains linked to methoxy 

benzene pyrene thiourea which had a detection limit as low as 46.2 μg/L towards F
-
.
506

 

Another example consisted of a thiacalix[4]arene-based fluorescence sensor bearing two 

naphthylthiourea groups.
507

 In this probe, intermolecular binding interactions between F
-
 ions 

and the NH protons of thiourea moieties trigger intramolecular π-π interactions of naphthyl 

groups, which led to excimer formation and emission. This sensor displayed a high selectivity 

for F
-
 with a detection limit of 2.6 × 10−7 M. Development of anion, especially fluoride 

responsive low molecular weight organogels have also picked up momentum in the recent 

years. In such systems detection of anion is accompanied by dramatic fluorescence changes 

and sol-gel phase transitions.
508, 509  

 

TH-2414_156122021



Chapter 2 
 

84 | P a g e  
 

2.4. Present Study 

Although, there have been several reports on gelation of small peptides and single amino acid 

derivatives,
510, 511

 there are no reports of dicyclohexylurea (DCU) derivatives of single amino 

acids forming organogels. In this work, we have designed three single amino acid derivatives 

of DCU namely, Fmoc-Phe-DCU (M1), Fmoc-Phg-DCU (M2) and Fmoc-Gaba-DCU (M3) 

and for the first time reported their organogelation. We have also tried to understand their 

mechanism of self-assembly and looked at their potential applications. These molecules act 

as phase selective thermoreversible organogelators which can be used as dye absorbents. 

Additionally, molecules M1-M3 can act as sensors of selective anions like fluoride, acetate 

and hydroxide (Figure 2.5). Anion sensing abilities of the molecules have been studied using 

spectroscopic techniques like UV absorption, fluorescence and NMR on one hand and DFT 

studies on the other. Such simple, economically viable yet multifunctional small molecules 

are of immense relevance in the recent times. 

 

 

Figure 2.5: Schematic illustration of the work done in this chapter. 
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2.5. Experimental Details 

2.5.1. General Procedure for Synthesis of the DCU Derivatives:  

Amino acid based DCU derivatives were synthesized by solution phase methodology. The N-

termini of the amino acids were protected by Fmoc group using Fmoc-OSu while the C-

termini were protected by N,N՜-dicyclohexylcarbodiimide (DCC). All the compounds were 

purified using column chromatography using silica gel (100-200 mesh size) as stationary 

phase and hexane and ethyl acetate as eluent. Finally, compounds were characterized by 

analytical HPLC, 
1
H NMR (400MHz), and mass spectrometry.  

2.5.1.1. Synthesis of Fmoc-Protected Amino Acids: The amino acid (5mmol, 1eq) (L-Phe, 

L-Phg and GABA) was dissolved in water and sodium bicarbonate (10 mmol, 2 eq) was 

added with stirring. The resulting solution was cooled to 5C and Fmoc-OSu (7.5 mmol, 1.5 

eq) was added slowly as a solution in 1, 4-dioxane (also cooled). The resulting mixture was 

stirred at 0 °C for 1 h and allowed to warm to RT overnight. Dioxane was evaporated and 

water was added to the residue. The aqueous layer was extracted three times with ethyl 

acetate. The aqueous layer was then acidified to pH 1 with 10% HCl and extracted three 

times with ethyl acetate. The combined organic layers were dried over sodium sulphate and 

concentrated in vacuo to obtain the product (Fmoc-AA-OH) which was then purified by 

column chromatography using hexane and ethyl acetate as the eluent.  

Yield: Fmoc γ-Abu-OH, 4.32 mmol, 86.4%; Fmoc- Phe-OH, 3.98 mmol, 79.6% and Fmoc-

Phg-OH, 4.10 mmol, 82%. 

2.5.1.2. Synthesis of Fmoc-AA-Dicyclohexylurea Carbamate: To a solution of Fmoc-AA-

OH, (1 eq) in dichloromethane (DCM, 15 mL), DCC (2 eq.) was added and the mixture was 

stirred for 48 h at RT. 50 mL of ethyl acetate was added to the reaction mixture and DCU was 

filtered off. The organic layer was washed three times with 1 M sodium carbonate (50 mL) 
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and two times with brine (50 mL), dried over anhydrous sodium sulfate and evaporated in 

vacuo followed by purification using column chromatography to obtain a solid product.  

2.5.1.3. Synthesis of Boc-4-Aminobutyric Acid Dicyclohexylurea (M4): M4 was 

synthesised according to the protocol mentioned in reference 513. 

Yield: M1: 2.10 mmol, 52.7 %; M2, 2.97 mmol, 72.5% and M3: 2.75 mmol, 63.6%. 

M1-M4 were characterized using analytical HPLC (Appendix A, Figure A1a-d, Page I), ESI-

MS (Appendix A, Figure A2a-d, Page I, II), and 
1
H NMR (Appendix A, Figure A3 a,b, A4 

a,b, Page II, III). 

1
H NMR: M1 (Figure A3a): 

1
H NMR (400 MHz, CDCl3) δ 7.76 (d, 2H, aromatic ring Hs), 

7.54 (dt, 2H, aromatic ring Hs), 7.43 – 7.27 (m, 7H, aromatic ring Hs), 7.22 – 7.18 (m, 2H, 

aromatic ring Hs), 5.37 (d,1H, NH-CH), 4.73 (m, 1H, NH-CH, cyclohexyl), 4.31 (d, 2H, -

CH2-CH- of Fmoc-), 4.21 – 4.05 (m, 2H, -CH2-CH- of Fmoc and –CH-, H of Phe),), 3.71 – 

3.59 (m, 1H, cyclohexyl CH-NH), 3.02 (ddd, 2H, CH2,  H of Phe), 1.93-1.05 (m, 21H, 

cyclohexyl Hs). 

M2 (Figure A3b):
 1

H NMR (400 MHz, CDCl3) δ 7.76 (d, 2H, aromatic ring Hs), 7.61 – 7.55 

(m, 2H, aromatic ring Hs), 7.39 (dt, 7H, aromatic ring Hs), 7.30 (ttd, 2H, aromatic ring Hs), 

5.94 – 5.87 (m, 1H, NH-CH), 5.66 (d, 1H, NH-CH, cyclohexyl ), 4.44 – 4.30 (m, 2H, -CH2-

CH- of Fmoc-), 4.21 (t, 1H, -CH2-CH- of Fmoc), 4.04 (d, J = 14.3 Hz, 1H, -CH-NH, H of 

Phg), 3.67 (dtd, 1H, cyclohexyl CH-NH), 2.00-1.04 (m, 21H, cyclohexyl Hs). 

M3 (Figure A4a): 
1
H NMR (600 MHz, CDCl3) δ 7.77 (d, 2H, aromatic ring Hs of Fmoc-), 

7.59 (d, 2H, aromatic ring Hs of Fmoc-), 7.40 (t, 2H, aromatic ring Hs of Fmoc-), 7.32 (td, 

2H, aromatic ring Hs of Fmoc-), 5.16 (s, 1H, NH-CH2), 4.33 (d, 2H, -CH2-CH- of Fmoc-), 

4.20 (t, 1H, -CH2-CH- of Fmoc), 3.96 (s, 1H, NH-CH, cyclohexyl), 3.72 – 3.63 (m, 1H, 

cyclohexyl CH-NH), 3.28 (m, 2H, -CH2-CH2-CH2-CO), 3.15 (m, 2H, -CH2-CH2-CO), 2.48 

(t, 2H, -CH2-CH2-CO), 1.96-1.05 (m, 21H, cyclohexyl Hs);  
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M4 (Figure A4b): 
1
H NMR (400 MHz, CDCl3) δ 1.42 {s, 9H, -(CH3)2 of Boc group}, 4.77 

(s, 1H, NH-CH), 4.15 (s, 1H, NH-CH, cyclohexyl), 3.93 (m, 2H, -CH2-CH2-CH2-CO), 3.71 – 

3.61 (m, 1H, cyclohexyl CH-NH), 3.15 (m, 2H, -CH2-CH2-CO), 2.44 (t, 2H, -CH2-CH2-CO), 

2.00 – 1.04 (m, 21H, cyclohexyl Hs). 

2.5.2. Gelation Experiment:  

To check the ability of the gelator molecules to form gel in different solvents, weighed 

amounts of the synthesized compounds (M1-M3) were taken in vials and 500 µL of different 

solvents were added to them. Samples were heated in a heating block at temperatures ranging 

from 60- 100 °C and subsequently cooled to RT.  Gel was formed within 15 minutes which 

was stable to inversion of the glass vials. 

2.5.3. Determination of the Gel-to-Sol Transition Temperature: 

The gel-to-sol transition temperature (Tgel) was determined by placing the gel containing vial 

in an oil bath and slowly raising the temperature of the bath at the rate of 1C per minute. The 

temperature was monitored using a thermometer. The Tgel was defined as the temperature at 

which the gel melted and started to flow.  

2.5.4. Rheology: 

The viscoelastic properties of organogels were determined by rheology at 25 C at a 

concentration of 2.0 w/v% in 1, 2 DCB. A strain sweep test was performed over a range from 

0.1-10% strain at a fixed oscillatory frequency of 1 rad/s. Furthermore the mechanical 

strength of the organogels was determined from the oscillatory test, i.e. frequency sweep, 

which was carried out under an appropriate strain of 0.1% with the frequency ranging from 1-

100 rad/s. Rheological experiments measure two parameters; storage modulus (Gʹ) and loss 

modulus. A defining measure of gelation process is having a higher value of Gʹ than Gʹʹwhich 

are essentially independent of frequency.  
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2.5.5. FESEM: 

FESEM images of the synthesised molecules M1-M3 were obtained by casting a drop of the 

solution of the gelator molecules in 1, 2-DCB on a silicon wafer which was allowed to dry for 

a few hours under vacuum before imaging.  For the morphology of the organogel, it was 

casted on the silicon wafer and allowed to dry under vacuum before imaging.  

2.5.6. Fluorescence Spectroscopy:  

To gain an insight into the self-assembly behaviour of M1-M3, fluorescence experiments 

were performed by monitoring the fluorescence of the Fmoc moiety. Samples of different 

concentrations were prepared in 1,2-DCB and their fluorescence emission was monitored 

keeping the fluorescence excitation wavelength fixed at 301 nm. 

2.5.7. FT-IR Spectroscopy: 

FT-IR spectroscopy measurements were recorded using KBr pellets.  Measurements were 

performed on powdered samples and on the xerogel obtained for M1-M3 and the two were 

compared with each other. 

2.5.8. NMR Experiments: 

1
H NMR experiments were performed for routine characterization of the molecule. 

Concentration dependent 
1
H NMR (0.25 mM, 0.5 mM, 1 mM, 2 mM, 3.44 mM (MGC) and 5 

mM) was recorded for the molecule M2 in CDCl3 at ambient temperature. DMSO titration 

was performed at 5 mM concentration of M2 and 0.5% to 15% DMSO concentrations in 

CDCl3 at ambient temperature. 
1
H NMR experiments were conducted at different 

concentrations of fluoride ions to understand the mode of interaction between the molecules 

and fluoride ions for its anion sensing functions. 
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2.5.9. PXRD: 

Wide angle X-ray diffraction analysis was done for both the powdered samples and the 

xerogels obtained from drying the organogels of M1-M3 obtained from 1, 2 DCB. 

2.5.10. Dye Absorption Studies: 

First, 2 mg of the gelator molecule was dissolved in 500 µL of 1, 2 DCB. Into it 500 µL of 

the aqueous solution of dye (CV, RB, Neutral Red (NR)) was added and the mixture was 

heated at around 100 
0
C for 10 minutes. Upon cooling the mixture, the bottom layer i.e. the 

organic solvent 1, 2-DCB with the gelator formed the gel while the aqueous phase formed a 

supernatant over the gel. This was allowed to stand for 24 h at RT, after which the amount of 

unabsorbed dye was checked by monitoring the UV of the supernatant aqueous solution and 

calculating the concentration from a standard calibration curve of the dye (Appendix A, 

Figure A10a-c, Page VI). The amount of dye loaded in the gel and the dye loading efficiency 

were then calculated as follows: 

Dye loaded = (Initial dye-Unabsorbed dye) 

Loading efficiency: Dye loaded/Initial dye X 100 

2.5.11. Recycling of the Gel in Dye Absorption/Release: 

M1 organogel was used for showing the recycleable nature of the organogels. CV dye was 

first loaded onto M1 organogel and the loading in each cycle was calculated as described 

above. To the dye loaded gel, 500 µL of diethyl ether was added as the release medium. 

Diethyl ether layer was then taken out after 1 h and kept in a vial (V1), 500 µL of fresh di 

ethyl ether was added to the gel for release which was subsequently taken out after 3 h (V2). 

This was repeated for another three times at time gaps of 6, 10 and 16 h (V3, V4 and V5 

respectively). Each time the diethyl ether where the dye was released was taken out and kept 

in vials (V1-V5) for evaporation. After complete evaporation of ether, 500 µL of water was 

added to V1 and its absorbance was monitored. Then the contents of V1 were added to V2 for 
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monitoring the UV. In this way the contents of each vial was added to the next one for UV 

monitoring at time intervals of 1, 3, 6, 10 and 16 h. From the UV data, amount of dye 

released at these different time points could be easily calculated using a standard curve for 

the dye. Percentage of the amount of dye released in cycle 1 was calculated with respect to 

the dye loaded. 

Dye release efficiency was calculated as follows: 

Release Efficiency: Dye released in a cycle/ Dye loaded in the cycle X 100 

 For the second cycle, 500 µL, 40 µM dye solution was added to the gel again for dye loading 

studies. The rest of the experiment was done as already described above. Amount of dye 

loaded and released in each cycle was calculated. The gel could be reused effectively for 

three cycles after which the quality of the gel degraded. 

2.5.12. Anion Sensing:  

1 mM stock solutions of the gelator molecules in acetonitrile were prepared. Stock solutions 

of 10 mM tetrabutylammonium salts of F
-
, Cl

-
, Br

-
, I

-
, H2PO4

-
, OH

-
, AcO

- 
and HSO4

- 
were 

prepared in acetonitrile. Then, 0.2 mM solutions of the gelator molecules were prepared from 

the stock solutions by dilution. Also, 0.2 mM solutions of all the anions were prepared from 

the 10 mM stock solution. For monitoring UV and fluorescence spectra 500 µL of 0.2 mM of 

the gelator solution was taken and 500 µL of 0.2 mM anion solution was added into it so that 

the final concentration of the gelator and the anion solution became 0.1 mM. The UV and 

fluorescence was monitored for all the anions with the three gelators. Anion sensing was 

studied with Fmoc-Phe-OH as control. For the control experiment, 500 µL of 0.2 mM of the 

solution of Fmoc-Phe-OH was taken and into it 500 µL of 0.2 mM anion solution was added 

so that the final concentration of the molecule and the anion in solution became 0.1mM. 
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2.5.13. Titration of the Gelator Molecules with Specific Anions: 

500 µL of 0.2 mM of gelator solution was taken in different 1 mL volumetric flasks and into 

them 500 µL of different concentration of the anion solutions were added so that the final 

concentration of the gelator solution became 0.1 mM. The fluorescence of these solutions 

was then monitored as described above. The fluorescence emission was monitored for 

excitation wavelength of 301 nm. 

2.5.14. Computational Details: 

DFT/TDDFT calculations were performed by the Gaussian 09 program package
514

 using 6-

31+G* basis set. Geometry optimizations of DCU derivative (M2) in its free and anion bound 

state were performed without symmetry constraints. Normal mode analysis was performed 

for ensuring true local minimum geometry. Polarizable continuum model (PCM)
515

 with 

acetonitrile as solvent was used to include the solvent effects in all the calculations. A 

dielectric constant (ε) of 36.64 (acetonitrile) was used for including solvent effect.  Gas-phase 

optimized geometries were subjected to further optimization in acetonitrile solvent. Based on 

optimized geometries of the ground states, the absorption spectra of free M2, and its 

complexes M2:X
- 
(X=F, Cl, Br, I, AcO, OH) were calculated by the TDDFT methods, at the 

same level of theory. Several possible geometries of free M2 and anion bound M2:X
-
 were 

studied. 

2.6. Results and Discussions  

2.6.1. Gelation Studies:  

The gelation ability of the three amino acid based molecules was studied in a variety of 

aromatic and aliphatic solvents by ‘stable to inversion of vial’ test upon heating and 

subsequent cooling. Figure 2.6 shows the chemical structure of the synthesised molecules and 

the organogels formed from M1, M2 and M3 in 1, 2 DCB. 
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Figure 2.6: a) Chemical structures of M1-M4. b) Gels formed from M1-M3 in 1, 2 DCB. M4 

does not form gel. c) Thermo-reversibility of the organogels. d) Phase selective gelation 

behaviour of the organogels. 

We have observed that, aromatic amino acid Phe derivative Fmoc-Phe-DCU (M1), formed 

gel in various organic solvents like benzene, chlorobenzene, 1,2 DCB, THF, toluene, 

chloroform, DCM  and 3-xylene  upon being heated and subsequently cooled. M1 does not 

form any gel in aliphatic organic solvents. This is a subtle hint that the gelation process may 

be facilitated by aromatic interactions. M1 contains aromatic side chains of the amino acid 

residue Phe and an aromatic N terminal protecting group Fmoc. To investigate which if any 

of these groups were involved in gelation, we replaced the Phe residue with two other amino 

acid residues, a) aromatic Phenylglycine (Phg) to form Fmoc-Phg-DCU (M2) and b) non 

aromatic γ-aminoisobutyric acid (Gaba) to generate Fmoc-Gaba-DCU (M3). Both M2 and 

M3 formed gels like M1 and their gelation properties were same as that of M1 (Table 2.1, 

Figure 2.6b). This observation indicates that the aromatic side chain of the amino acid residue 
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may not be a necessary factor in the gelation process. The aromatic moiety Fmoc most 

probably plays an important role in the gelation process. To investigate the role of Fmoc 

group in the gelation process we have synthesised and studied the control molecule Boc-

Gaba-DCU (M4). This molecule did not form gel under the experimental conditions (Figure 

2.6b) suggesting that the π-π stacking of the Fmoc moieties is one of the main drivers for the 

gelation process. Minimum gelation concentration (MGC) of most gels for the three gelators 

in different solvents lies within 0.2 to 0.45 (w/v %) (Table 2.1). All the molecules M1-M3 

have a very low MGC in 1, 2 DCB. Thus most of the experiments to study the morphology of 

the organogels have been done in 1, 2 DCB. The thermal stability of the gel has been studied 

in different organic solvents by monitoring the gel melting temperature (Tgel) at the MGC. 

The Tgel values of the gels formed from various solvents have been found to be ranging from 

32 to 96 C (Table 2.1). The gels formed by M1-M3 are of thermo reversible nature, i.e. the 

gels are reversibly converted into sols upon heating. On cooling the sols, gels are formed 

once again (Figure 2.6c). M1–M3 act as phase selective gelators which can selectively gel the 

organic part from a mixture of water-organic solvent as shown in the Figure 2.6d. 

2.6.2. Morphological Studies:  

Morphological features of the gel formed by M1-M3 in 1, 2 DCB at MGC have been studied 

by FESEM (Figure 2.7 a-c). M1 forms aggregated morphology which is distinctly different 

from M2 and M3. M2 adopts a fibre-like morphology while M3 forms nano-tape like 

morphology.  The morphology of M1-M3 in solution at 10 mM concentration in 1,2 DCB is 

distinctly different from that in the gel state as shown in Figure 2.8. 
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Figure 2.7: a-c) FESEM images of the organogels formed from M1-M3 in 1, 2 DCB at their 

MGC (~0.21 % wt/v)  

Table 2.1: Table showing the gelation properties, physical state, MGC and sol-gel 

conversion temperature (Tgel) of M1-M3 in various solvents. (TNS: Translucent, OG: Opaque 

Gel, P: Precipitate, S: Solution) 

  

  

Solvents 

M1 
  

State/MGC(%w/v)/T
gel
(°C) 

M2 
  

State/MGC(%w/v)/T
gel
(°C) 

M3 
  

State/MGC(%w/v)/T
gel
(°C) 

Chloroform OG/0.30/72 OG/0.30/70 OG/0.20/76 

1,2 DCB TNS/0.21/88 TNS/0.20/86 TNS/0.21/92 

Toluene OG/0.25/102 OG/0.25/96 OG/0.25/96 

Benzene OG/0.30/76 OG/0.30/72 OG/0.32/78 

DCM OG/0.42/30 OG/0.42/32 OG/0.40/32 

THF OG/0.35/62 OG/0.35/64 OG/0.35/68 

3-xylene TNS/0.45/86 TNS/0.45/86 TNS/0.45/90 

Chlorobenzene TNS/0.35/84 TNS/0.35/88 TNS/0.35/90 

Hexane P P P 

Cyclohexane P P P 

Acetonitrile S S S 

Methanol S S S 

Diethyl ether P P P 

Isopropanol S S S 

DMSO S S S 

DMF S S S 
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Figure 2.8: FESEM images of a-c) M1-M3 at 10 mM concentration in 1,2 DCB in solution 

state and in d-f) gel state respectively. 

2.6.3. Viscoelasticity of the Organogels: 

The mechanical strength of the gel is revealed from the viscoelastic properties, which has 

been studied using rheology (Figure 2.9 a-f). For rheological studies the gels have been 

formed from M1-M3 in 1, 2 DCB at 2% w/v concentration. An angular frequency sweep 

experiment was performed and the storage modulus (Gʹ) and the loss modulus (Gʹʹ) were 

plotted against the angular frequency sweep at a constant strain (Figure 2.9a-c).  For M1, the 

storage modulus was greater than the loss modulus till about 100 rad/s angular frequency 

sweep. This observation suggested that the gel material has considerable strength and could 

sustain external forces. The storage modulus of the gel was of the order of 10
4
 Pa which 

indicated a considerable mechanical strength of the organogel. In another typical experiment, 

the storage modulus and the loss modulus have been plotted as a function of % strain (Figure 

2.9 d-f). The storage modulus was higher than the loss modulus in the experiment till a 

particular strain beyond which the two crossed each other. The same trend was observed for 

the gels prepared from M2 and M3. 

TH-2414_156122021



Chapter 2 
 

96 | P a g e  
 

 

Figure 2.9: Rheology profile of the organogels M1-M3 in 1, 2-DCB respectively at 2% w/v 

as a function of a-c) frequency and d-f) % Strain 

2.6.4. Mechanism of Self-Assembly: 

The molecules designed have the following features: a) Fmoc moiety at the N terminus, b) 

DCU moiety at the C terminus and c) An intervening amino acid residue which is 

hydrophobic in nature. Amino acids Phe and Phg have aromatic side chains. Hence, the 

organogels formed by these molecules hence have a high chance of being stabilized by the a) 

- interactions in between the N terminal Fmoc groups and/or the side chains of the 

aromatic residues, b) intermolecular hydrogen bonding in between the NH and CO of the 

urea groups and amino acids and c) the vander Waals interaction in between the hydrophobic 

amino acid residues. However formation of organogel by M3 which contains the non-

aromatic amino acid residue Gaba indicates that aromatic side chains are not necessary for 

the gelation process. On the contrary, inability of M4 (Boc-Gaba-DCU) to form organogel 

under similar experimental conditions is a direct proof that - stacking of the N terminal 

Fmoc moieties is of immense importance in formation of gels. In order to probe the role of 
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the Fmoc groups in the self-assembly process, we studied the concentration dependent 

fluorescence emission of the Fmoc group. Concentration dependent NMR and DMSO solvent 

titration were performed to study the role of hydrogen bonding in the gelation process. FTIR 

of powdered and xerogel samples were compared. 

2.6.4.1. Fluorescence Studies:  

The fluorescence emission spectra for M1-M3 in 1, 2 DCB with varying concentrations is 

shown in Figure 2.10a-c. The characteristic fluorescence emission peak for monomeric Fmoc 

group appeared at around 350 nm at lower concentrations for all the three compounds. With 

increase in the concentration, the peak at 350 nm was blue shifted to about 346 nm for all the 

compounds (Figure 2.10). Blue shifting of the emission maxima with increasing 

concentration, was an indication of the increasing hydrophobic environment, which is a 

predictable consequence of increasing self-assembly. This was accompanied by the 

quenching of the peak intensity (Figure 2.10) which may be attributed to ACQ upon self-

assembly. Thus fluorescence experiments indicate that self-assembly occurs in all the systems 

M1-M3 progressively with increasing concentration. In the fluorescence spectra of M3, upon 

increasing the concentration, additional broad peaks appeared at 415 nm and 450 nm, which 

might be attributed to the excimer peaks. Absence of side chains in Gaba used in M3, might 

lead to closer packing of the molecules leading to appearance of excimer peaks (Figure 

2.10c). This proves that the self-assembly proceeds via. stacking of the Fmoc groups. Thus 

aromatic interactions in between the Fmoc groups is an important driving force for the self-

assembly of these systems. 
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Figure 2.10: a-c) Concentration dependent fluorescence spectra of M1-M3 in 1, 2 DCB.  

2.6.4.2. FT-IR Studies: 

FTIR studies were performed on the powdered as synthesized gelators and the xerogels. 

Xerogels are dried gels obtained from the freeze-drying of the organogels. It is assumed that 

the self-assembled network of molecules formed from the intermolecular interactions is held 

intact even in the xerogel state. The superimpositions of FTIR spectra of M1-M3 

respectively, from the powdered sample and the xerogels obtained from 1, 2 DCB are shown 

in Figure 2.11a-c. The molecules contain two NH protons and two carbonyl moieties. Peaks 

for NH protons in molecules M1-M3 in the powdered state appear at 3416/3319 cm
-1

, 

3405/3321 cm
-1

 and 3358/3315 cm
-1

 respectively. These peaks get significantly broadened in 

the xerogel state for all the compounds. Similarly the Fmoc carbamate carbonyl, the amino 

acid carbonyl and the urea amide carbonyls which give distinct peaks in the region of 1706-
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1650 cm
-1

in the molecules M1-M3 in the powdered state are notably diminished in the 

xerogel state. 

 

Figure 2.11: a-c) Comparison of the IR spectra of M1-M3 in powdered (black) and xerogel 

(red) state. 

2.6.4.3. Molecular Packing: 

X-ray diffraction studies have been carried out to obtain information about molecular packing 

of M1-M3 in gel state. XRD pattern of the xerogels obtained from 1, 2 DCB in the wide 

angle regions for M1-M3 is shown in Figure 2.12a-c (Table 2.2). The wide angle XRD 

patterns of all the xerogels show periodic diffraction patterns unlike the powdered samples 

and this indicates presence of ordered structures in their xerogel form.  Powder XRD pattern 

for xerogels of all the three molecules M1-M3 looks identical suggesting that very similar 

packing pattern is present in all of them. The peak at 2 = 21.88 (d = 4.08 Å), 21.78 (d = 

4.08 Å) and 21.9 (d = 4.06 Å) for M1-M3 might correspond to the - stacking distance in 

between the aromatic moieties of the gelator molecules. The peak at 2 =18.56 (d = 4.78 Å), 

18.90 (d = 4.69 Å) and 18.94 (d = 4.68 Å) for M1-M3 might correspond to the distance in 

between the C-terminal ends of the gelator molecules.
512 
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Figure 2.12: a-c) PXRD of M1-M3 xerogels. 

Table 2.2: Parameters (2 and interplaner distance (d)) obtained from PXRD experiment on 

the xerogels obtained from M1-M3. 

 

Xerogel 

Peak 1 Peak 2 Peak 3 Peak 4 

2θ 

(edrgdd)  

d(Å) 2θ 

(edrgdd)  

d(Å) 2θ 

(edrgdd)  

d(Å) 2θ 

(edrgdd)  

d(Å) 

M1 13.961 6.33 16.761 5.29 18.561 4.78 21.781 4.08 

M2 14.521 6.11 17.221 5.16 18.901 4.69 21.881 4.07 

M3 14.341 6.18 17.121 5.18 18.941 4.68 21.901 4.06 

 

2.6.4.4. Role of Hydrogen Bonding:  

The role of intermolecular hydrogen bonds in formation of the self-assembly of the peptides 

is probed by performing concentration dependent 
1
H NMR experiment and monitoring the 

change in chemical shifts of the NH groups present in the molecules. Figure 2.13a shows the 
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overlay of the NH regions of the 
1
H NMR spectra obtained for M2 at different concentrations 

(0.125 mM, 0.25 mM, 0.5 mM, 1 mM, 2 mM, 3.44 mM (MGC) and 5 mM) in CDCl3. 

Concentrations less than MGC, MGC and  higher than MGC were selected. There was no 

visible change in the chemical shifts of the two amide protons of M2 across the entire 

concentration range (0.125 mM - 5 mM) indicating that there was no change in the electron 

density about the amide protons or in other words there was no change in the hydrogen 

bonding status of the two amides in this concentration range. To find out the hydrogen 

bonding status of the amide protons, we performed a DMSO titration experiment (Figure 

2.13b).  Amide proton of urea (N-Ha) did not show any change in its chemical shift while the 

amide proton of the amino acid Phg (N-Hb) showed a considerable downfield shift (δ =0.85 

ppm) indicating that the N-Ha was already hydrogen bonded unlike the Phg amide proton. 

 

Figure 2.13: NH region of the stacked 
1
H NMR spectra of M2 in CDCl3 a) at different 

concentrations and b) at 5 mM concentration upon addition of different amounts of DMSO-

d6. 
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2.6.5 Application of the Organogels in Dye Absorption: 

The organogels formed by the molecules M1-M3 were subjected to the dye absorption 

studies with the aim to employ these organogels for purifying water contaminated with toxic 

dyes. We checked the dye absorption by the gels with three dyes, namely CV, NR and RB. 

When the mixture of the organic solution of LMWG and aqueous solution of dye was heated 

and subsequently cooled, the organic phase with the LMWG molecule selectively formed gel 

and absorbed the dye from the aqueous solution within some time. The fading of the color of 

the aqueous phase, containing the dye was visually monitored as shown in Figure 2.14. The 

quantification of the amount of dye absorbed by the organogels was performed by monitoring 

UV of the aqueous phase (Figure 2.15a-i).  All the organogels acted as very efficient dye 

adsorbents with about 90% efficiency for all the dyes (Figure 2.16, Table 2.3).  

 

Figure 2.14: Absorption of dyes CV (a, d, g), RB (b, e, h), NR (c, f, i) by the organogels M1, 

M2 and M3 respectively, in 1,2 DCB at time t = 0 and t = 24 h. LMWG in 1, 2 DCB 

(colourless) was mixed with aqueous solution of dye, mixture was heated and cooled 

subsequently at t = 0 h. After t = 24 h, the gels turned coloured due to dye absorption. 
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Figure 2.15: UV-Vis spectra showing absorption of dyes CV, RB and NR by organogels 

formed from a, d, g ) M1; b, e, h) M2 and c, f, i) M3 in 1, 2 DCB. 

 

Figure 2.16 Quantitative summary of the loading efficiency of organogels formed by M1-M3 

for dyes CV, RB and NR. 
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Table 2.3: Absorption/Loading efficiency of different dyes in organogels formed from M1-

M3. 

Gelators CV (%) RB (%) NR (%) 

M1 90.03 98.46 83.00 

M2 87.70 97.24 92.84 

M3 95.03 97.54 96.69 

 

2.6.6. Reusability of the Organogel:  

In order to be efficiently used as a material for water purification, the material should be 

economic and hence, recyclable. The organogels from M1-M3 could be reused over three 

cycles for subsequent loading and release of the dye, after which the quality of the gelator 

degraded (Figure 2.17).  

 

Figure 2.17: Reusability of organogels in dye absorption. a-c) UV-Vis graph showing CV 

(40 µM) loading after 24 h in cycles 1-3 in the organogel formed from M1 in 1,2 DCB. d-f)  
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UV-Vis graph showing  time dependent CV release from the M1 organogel in the three 

subsequent cycles. 

Figure 2.17a-c shows the percentage efficiency of CV uptake in 24 hours in the three 

subsequent cycles and Figure 2.17d-f indicates percentage release of CV after 16 hours in the 

three subsequent cycles from M1 organogel. Figure 2.18 compares the diminishing loading 

and release efficiencies of M1 organogel in the three subsequent cycles.  

 

Figure 2.18: Plot of the % loading and release efficiency in three successive cycles for CV. 

Table 2.4 shows the amount of dye that could be loaded and subsequently released in the 

three cycles. 

Table 2.4: Loading/Release efficiency of organogel formed from M1 with dye CV 

Cycle `1 Cycle `2 Cycle `3 

Load (%) Release (%) Load (%) Release (%) Load (%) Release (%) 

87.17 96.47 83.98 91.27 77.16 75.95 
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2.6.7. Ion Sensing Studies:  

As our molecules contain urea moiety which is known widely as a fluoride ion sensor, we 

looked into anion sensing abilities of M1-M3. We first decided to look at the UV-Vis 

absorption and fluorescence behaviour of M1-M3 in the absence and the presence of various 

anions like F
-
, Cl

-
, Br

-
 , I

-
, HSO4

-
, H2PO4

-
, CH3O

-
 and OH

-
 (as their Bu4N

+
salts). The 

spectroscopic studies were performed in acetonitrile as the molecules did not form gel in this 

solvent. Secondly, acetonitrile was inert and did not have any absorption in the range of 200-

600 nm. UV absorption of M1-M3 was only sensitive to fluoride, acetate and hydroxide 

(Figure 2.19 a-c). In the absence of anions, M1 and M2 (Figure 2.19 a-b) contained peaks at 

265 nm, 289 nm and 299 nm. Shoulders were observed at 255 nm and 272 nm. Upon addition 

of fluoride, acetate and hydroxide, the shoulder at 255 nm developed into a peak with 

appearance of another new peak at 245 nm. The peak at 289 nm disappeared. Peaks at 265 

and 299 nm remained unchanged (Figure 2.19a-c). In the presence of other anions (Cl
-
, Br

-
, I

-
, 

HSO4
-
, H2PO4

-
), there was no change in peak positions and minor changes in peak intensities 

were observed (Figure 2.19a-c). M3 had similar UV absorptions as M1 and M2, which did 

not change appreciably upon addition of any anions (Figure 2.19c). 

 

Figure 2.19: a-c) UV-Vis spectra showing anion sensing ability of M1-M3 in acetonitrile 

(0.1 mM) for different anions (0.1 mM). 
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In order to look at the effect of the anions on the excited state of the molecules, change of the 

fluorescence emission signal in the presence of anions was studied (Figure 2.20a-c).  In the 

absence of anions, upon being excited at 301 nm, the fluorescence emission maxima for M1-

M3 was at 332 nm. Upon addition of 0.1 mM fluoride, acetate and hydroxide, the peak at 332 

nm was slightly blue shifted (for M1 and M3) (Figure 2.20a, c) and quenched (predominantly 

for M2) (Figure 2.20b). A prominent new peak appeared at 459 nm for all the three molecules 

M1-M3. There was negligible effect on the fluorescence spectra of M1-M3 in the presence of 

other anions (Figure 2.20a-c). Thus it was concluded that molecules M1-M3 selectively 

sensed fluoride, acetate and hydroxide anions.  

 

Figure 2.20: a-c) Fluorescence spectra showing anion sensing ability of M1-M3 in 

acetonitrile (0.1 mM) for different anions (0.1 mM). 

To find out the sensitivity of anion detection, the fluorescence response was monitored as a 

function of anion (F
-
, OAc

-
 and OH

-
) concentration for a fixed concentration of M1-M3 

(Figure 2.21, 2.22 and 2.23).  For all the three molecules, anions could be detected at a 

minimum concentration level of about 0.02 mM. With increase in the concentration of the 

anion, the intensity of the peak at 459 nm steadily increased. 

In order to understand the interaction in between fluoride anion and M1-M3 in greater detail, 

1
H NMR titration experiment was carried out with M2 in the presence of fluoride ions 

(Figure 2.24). With increasing concentration of F
-
, the urea NH (N-Ha) shows no change in 
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its chemical shift value while the NH proton of the amino acid Phg (N-Hb) disappears quickly 

with a downfield shift (δ =  0.24 ppm). This observation indicates that strong interaction 

via. hydrogen bonds exists between the amino acid NH (N-Hb) and the fluoride in the anion 

complexed form. The urea NH does not seem to form any hydrogen bonds with the anions as 

it is already intramolecularly hydrogen bonded as seen from the DMSO titration of M2 earlier 

(Figure 2.13b). 

 

Figure 2.21: a-c) Fluorescence spectra of M1 in acetonitrile at various concentrations of 

anions fluoride, acetate and hydroxide. 
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Figure 2.22: a-c) Fluorescence spectra of M2 in acetonitrile at various concentrations of 

anions fluoride, acetate and hydroxide. 

 

Figure 2.23: a-c) Fluorescence spectra of M3 in acetonitrile at various concentrations of 

anions fluoride and acetate. 
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Figure 2.24: 
1
H NMR titration of M2 with fluoride anion in CDCl3 at room temperature. 

2.6.8. Theoretical Studies: 

We performed DFT studies for understanding the mode of binding of fluoride to the M2 

molecule at the atomic level. The optimized ground state structures of M2 monomer and its 

fluoride bound M2:F
-
 complex are shown in Figure 2.25.  N-Ha (DCU) and N-Hb (amino acid 

backbone) bond lengths are almost identical, former being slightly elongated for free M2 

monomer (Figure 2.25a). Intramolecular hydrogen bond between N-Ha of DCU and carbonyl 

of amino acid backbone in the six-membered ring is a characteristic feature of M2. The angle 

N-Ha…O is 132.5
0
 and Ha…O distance is 1.81Å respectively. This feature is supported by 

the 
1
H NMR DMSO titration experiment discussed earlier (Figure 2.13b) in which N-Ha was 

shown to be intramolecularly hydrogen bonded. Calculations suggest two possible fluoride 

binding modes which are isoenergetic; single (M2:F
-
_S1, Figure 2.25b) and double (M2:F

-

_S2, Figure 2.25c) intermolecular hydrogen bonds between F
-
 and M2. Fluoride binding to 

the amino acid backbone N-Hb leads to elongation of the N-Hb bond length from 1.01Å to 
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1.09Å (M2:F
-
_S1, Figure 2.25b). F

-
…Hb distance is 1.43Å and the orientation of the six-

membered ring relative to N-Hb is altered upon fluoride binding (Figure 2.25b). Double 

hydrogen bonded M2:F
-
_S2 geometry suggests disruption of intramolecular hydrogen bond 

which is energetically compensated by the formation of second hydrogen bond in between 

the M2 and F
-
, making it isoenergetic to M2:F

-
_S1. N-Hb, F-…Hb distances in the double 

hydrogen bonded M2: F
-
 S2 is 1.06Å and 1.51-1.54 Å respectively. The shorter F  …Hb and 

larger N-Hb in M2:F
-
_S1 with respect to M2:F

-
_S2 makes N-Hb of the former more 

susceptible towards fluoride induced deprotonation. This observation is in lines with the 
1
H 

NMR titration experiment discussed above (Figure 2.24).  

 

Figure 2.25: Optimized structures of dicyclohexyl urea derivative (a) M2 (b) Single 

coordinated fluoride bound complex, M2:F
-
_S1 (c) Doubly coordinated fluoride bound 

complex, M2:F
-
_S2. (d) Computed absorption spectra in acetonitrile for M2 (dotted black 

line), M2:F
-
_S1(dashed red line) and M2:F

-
_S2 (solid red line). 

However, fully deprotonated form (M2
-
:HF) was not observed upon geometry optimization 

starting with different geometries with varying F  …Hb and N-Hb distances in single 
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intermolecular binding mode. Optimization with different initial geometries always gave 

M2:F
-
_S1 (Figure 2.25b). Calculated normal model frequencies of all the optimized 

geometries indicate that all the reported structures were true minima on the potential energy 

hyper surface. The calculated absorption spectra of M2 and M2:F
- 
are shown in Figure 2.25d 

and calculated absorption peaks  are listed in Table 2.5. For M2 monomer, the first calculated 

absorption peak located at 265.64 nm, is in excellent agreement with the experiment (Figure 

2.19b). This absorption is primarily assigned to the highest occupied molecular orbital 

(HOMO) to lowest unoccupied molecular orbital (LUMO) transition. The optimized 

geometries of M2:X
-
  (X = Cl, Br, I, OH, OAc) are given in Figure 2.26. Characteristic 

absorption peaks of fluoride bound M2:F
- 
at 255 nm and 246 nm were also reproduced by 

theoretical calculations (Table 2.5). The molecular orbitals relevant to the absorption peaks 

are shown in Figure 2.27.  

 

Figure 2.26: The optimized geometries of M2:X
-
  (X = Cl, Br, I, OH, OAc) 
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Figure 2.27: Molecular orbitals (MO) involved in characteristic UV-Vis absorption peaks (a) 

M2 (b) M2:F
-
_S1 (c) M2:F

-
_S2. 

Table 2.5: The calculated absorption spectra, oscillator strengths (f) and assignments for M2, 

M2:F
-
_S1, and M2:F

-
_S2, along with experimental data. 

 f value Assignments cal (nm) exp (nm) 

M2 0.2072 HOMO > LUMO 265.6 265 

M2:F
-
_ S1 0.4088 HOMO > LUMO 268.2 265 

0.0219 HOMO-2 > LUMO 254.4 255 

0.0019 HOMO-1 > LUMO 245.5 246 

M2:F
-
_S2 0.4343 HOMO > LUMO 267.9 265 

0.0006 HOMO > LUMO+1 255.3 255 

0.0704 HOMO-3 > LUMO+1 245.9 246 

 

2.6.9. Effect of Anions on the Formation and Disruption of Organogels: 

To study the effect of the anions on the ability of formation and the disruption (gel-sol 

transition) of organogels, the anions were added a) to the organic solvent containing  M1-M3, 

heated together and cooled subsequently (Figure 2.28a-c, 2.29a-c, 2.30a-c) and b) to the 

preformed gel (Figure 2.28d-f, 2.29d-f, 2.30d-f). This study was performed only with those 

anions which had a fluorescence response. Fluoride prevented gel formation in all of the 
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LMWG molecules, while hydroxide prevented gel formation only in M2 and M3. Gel 

formation was not prevented by acetate for any of the molecules M1-M3. None of the anions 

could disrupt preformed gels formed by M1 to M3 (Figure 2.28d-f, 2.29d-f, 2.30d-f). This 

indicated that once the assembly was formed, the part of the molecule responsible for the 

anion binding was shielded from the solvent or approach of the ions was prevented due to the 

assembly formation. Hence the anions have no effect on preformed gels. On the other hand, 

interaction in between the molecules and the anions causes certain changes in its backbone 

conformation that prevents the assembly of the molecules thereafter. Thus the assembly 

formation was prevented in the presence of anions. The varying response towards the anions 

might be associated with the varying strength of self-assembly of different gels, which in turn 

arises from the subtle changes in the structures of these molecules. 

 

Figure 2.28: Effect of fluoride, acetate and hydroxide ions on the (a-c) formation and (d-f) 

disruption of organogels formed from M1. Only fluoride prevents formation of organogel, 

while none of the anions cause gel to disrupt. 
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Figure 2.29: Effect of fluoride, acetate and hydroxide ions on the (a-c) formation and (d-f) 

disruption of organogels formed from M2. Fluoride and hydroxide prevents formation of 

organogel, while none of the anions cause gel to disrupt. 

 

Figure 2.30: Effect of fluoride, acetate and hydroxide ions on the (a-c) formation and (d-f) 

disruption of organogels formed from M3. All the three anions prevent formation of 

organogel, while none of the anions cause gel to disrupt. 

2.6.10. Importance of DCU Moiety in Ion Sensing: 

Having understood now that the urea NH (N-Ha) is actually not involved in the fluoride 

binding event we asked the question if the DCU moiety is important at all in the ion sensing 

abilities of M1-M3.  To probe this we considered the control molecule Fmoc-Phe-OH and 

studied its ion sensing abilities. There was no UV absorption or fluorescence response in the 

presence of any of the anions that were tested (Figure 2.31). This is crucial evidence which 
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indicates that the DCU moiety of the M1-M3 plays a significant role in their ion sensing. This 

might be due to the role of DCU moiety in modulating the molecular orbitals in a specific 

manner that leads to fluorescence response in the ion detection. 

 

Figure 2.31: Anion sensing abilities of Fmoc-Phe-OH. 

2.6.11. Self-Assembly Model and the Anion Sensing: 

Figure 2.32 summarizes the mechanism of self-assembly of M1-M3. From all the studies 

above it can be concluded that π-π stacking of the Fmoc moieties and the hydrophobic effect 

are the two most important forces driving the self-assembly of M1-M3. Hydrogen bonding 

seems trivial in this process. Involvement of the urea NH (N-Ha) in intra molecular hydrogen 

bond, forming the six membered ring is supported by the NMR experiments and DFT studies 

(Figure 2.13b and 2.25a). The amino acid Phg amide proton is non-hydrogen bonded (Figure 

2.13b) and remains so in the hydrophobic pockets even at concentrations greater than MGC 

indicating that intermolecular hydrogen bonds are not the driving forces for the self-assembly 

process. In the self-assembled state, adjacent molecules come close and the Fmoc groups are 

stacked together at 180  to each other. This is supported by the PXRD data where the 

interplaner distance of about 4.07  0.1 Å is obtained which is the ideal distance for aromatic 

stacking. However stacking of the Fmoc moieties most probably occurs by approach of 

adjacent molecules from opposite sides (Figure 2.27).This happens firstly as the C terminal 
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end of the amino acid residue contains DCU moieties which impart non-planarity to the 

molecules, preventing adjacent molecules to approach as close as 4Å from the same side. 

Secondly, side chains of Phe and Phg contain bulky phenyl groups, in a plane which is almost 

perpendicular to that of the Fmoc moieties. This might also prevent same side approach of 

molecules. In M3, amino acid Gaba does not contain any side chains, which leads to better 

stacking of the molecules than in M1 and M2. This is supported by the presence of excimer 

peaks only in the fluorescence spectra of M3.  

 

Figure 2.32:  Schematic for self-assembly of the organogels from M1-M3. 

As the NH of urea (N-Ha) is intramolecularly hydrogen bonded, the only NH available for the 

anion complexation is the N-Hb from the amino acid. Upon complexation with the anion, the 

backbone of the molecule gets distorted as seen from the DFT studies. This in turn prevents 

the approach of the molecules close enough to let π-π aromatic stacking possible and thus 

prevents gelation process. This explains the inability of M1-M3 to form gels in the presence 
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of anions. Once the gelation occurs, the non-hydrogen bonded N-Hb that complexes with the 

anions is housed deep in the hydrophobic pocket. This pocket is flanked by the Fmoc 

stacking on one side and the non-planer DCU moiety on the other. Moreover, fluoride and 

other anions being highly charged do not prefer to enter into the hydrophobic pocket to 

access the non- hydrogen bonded NH. This explains why the anions have no effect on the 

organogels. 

2.7. Conclusion 

In this study we have reported a new class of LMWG. Dicyclohexylurea derivatives of amino 

acids are extremely simple molecules that easily form organogels in a large range of organic 

solvents. The mechanism of gelation has been delineated and it has been proved that 

molecular self-assembly was driven by - interactions in between the Fmoc moieties and 

hydrophobic effect. The reported organogels are capable of absorbing different organic dyes 

highly efficiently and are recyclable in nature. M1-M3 can act as selective anion sensors for 

fluoride, hydroxide and acetate. The mechanism of fluoride sensing has been clearly 

understood and the mode of fluoride binding established both by experimental and 

computational methods. We may conclude by saying that this new class of amino acid 

derivatives of urea forms easily synthesizable and cost effective materials which can have 

multiple applications like water purification by removal of toxic dyes effectively and as anion 

sensors for selective anions like fluoride, acetate and hydroxide. 

 

TH-2414_156122021



Chapter 3 

119 | P a g e  

 

 

 

 

 

 

 

 

Chapter 3 

Co-Assembly of Charged Complementary 

Peptides and Their Applications as Organic 

Dye / Heavy Metal Ion (Pb
2+

, Hg
2+)

 

Absorbents and Arsenic (III/V) Detectors 

 

TH-2414_156122021



Chapter 3 
 

120 | P a g e  

 

Chapter 3 

Co-Assembly of Charged Complementary Peptides and Their 

Applications as Organic Dye / Heavy Metal Ion (Pb
2+

, Hg
2+

) 

Absorbents and Arsenic (III/V) Detectors 

3.1. Peptide Hydrogels: Self-Assembly and Co-Assembly  

Hydrogels are three dimensional polymeric networks capable of assimilating huge volumes 

of water. These are made of hydrophilic polymer chains that are chemically or physically 

interlinked.
516-518

 Hydrogels constituted by chemical bonds and physical bonds are termed as 

chemical and physical gels respectively. The strength of the cross-linked system is dictated 

by the junctions which are tightly bound by strong forces like covalent, ionic bonds and/or 

weak forces such as hydrogen bonding, π-π stacking, hydrophobic interactions, hydrophilic 

interactions.
 519-521

 Molecular property of the hydrogelator is lost in the chemical gels while 

they remain intact in the physical gels. Many hydrogelating molecules are reported which can 

be assembled, under specific conditions, into gels through the self-assembly of small 

molecules. Owing to their large water content, hydrogels resemble biological tissues and can 

be put to various biomedical applications such as cell culture,
 522, 523

 tissue engineering,
 524

 

drug delivery,
 525,526

 regenerative medicine.
527

 Additionally hydrogels can also be used in 

environmental remediation and wastewater management.
 528-530

 Among various hydrogel 

building blocks, peptides are particularly attractive due to their facile synthesis, excellent 

gelation ability, good biocompatibility and bioactivity.
 531

 Being simple, robust and versatile 

biomaterials, peptide based hydrogels have gained significant attention in the recent years.
 532  

 

Peptide hydrogels have three dimensional fibrillar network structure
217

 and are composed of 

α-helices, β-sheets or random coiled arrangements.
 533-535 

Peptide based hydrogels can be 

prepared in the presence of triggers like heating-cooling, sonication, adjustment of the pH of 

the solutions,  addition of suitable salts or by performing enzymatic reactions on the gelator 
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precursors
536-538 

 Nature of amino acids in the peptide determines its hydrophobicity and 

hydrophilicity balance which is crucial for the gelation process.  

 

Figure 3.1: Schematic illustration of the hydrogelation process. The figure has been adapted 

with permission from reference 532. Copyright 2013 Acta Materialia Inc. Published by 

Elsevier Ltd.. 

Supramolecular co-assembly of peptides involves the combination of two or more building 

blocks together to form an ordered organization.
 539

  Co-assembly results in multifunctionality 

or in generation of some special properties by the combination of the two partners which 

cannot be achieved by any one of them. In addition to co-assembly between molecules of 

same kind, for example peptide molecules, several different kinds of molecules like DNA, 

porphyrin rings, proteins etc. also have been shown to co-assemble with peptides
540-544 

and 

give rise to materials with diverse applications. Supramolecular co-assembly between two or 

more distinct functional peptide building blocks results in structurally complex and diverse 

nanostructures. Co-assembly can take place in four possible ways, namely cooperative, 

orthogonal (self-sorting), random and destructive co-assembly (Figure 3.2).
545,546 
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Figure 3.2: Peptide supramolecular co-assembly. Schematic illustration of how two peptide 

building blocks (black and red bricks) can self-assemble into an ordered architecture. Mixing 

them results in a complex co-assembled architecture (wall comprising of both black and red 

bricks) via. four possible supramolecular arrangements such as cooperative, orthogonal (or 

self-sorting), random and disruptive co-assembly. 

In cooperative self-assembly, two peptide building blocks interact with each other to give rise 

to architectures in which both the components are arranged in alternate fashion. This kind of 

assembly usually occurs in cases where the individual components are very much similar to 

each other with minor differences. In contrast, orthogonal self-assembly or self-sorted co-

assembly occurs when the constituent partners assemble independently on their own in the 

presence of the other. Such phase separated co-assembly is particularly necessary in 

fabricating p-n heterojunction photovoltaics. Designing of orthogonally co-assembled 

systems is quite challenging as the two components involves different kinds of non-covalent 

interactions. Co-assembly in between different components can also occur in between the two 

extremes which involve various degrees of mixing and self-sorting. In random self-assembly, 
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organization in between the partners does not occur in any precise manner while in 

destructive self-assembly, organization of one of the components is disrupted by the other. 

The interplay between the mixing ratios of the individual building blocks allows adaptable 

co-assembly mechanism to tune the morphology and the resulting physical, chemical and 

mechanical properties leading to relevant applications of these multifunctional 

supramolecular architectures.
 327, 546 

Different kinds of non-covalent forces, most importantly 

aromatic interactions
545, 547-549 

and electrostatic interactions
227,550 

have been used in the  

design of  co-assembled systems. Enantiomeric peptides,
397,551 

chemical
552

 and 

electrochemical stimuli
553

 and enzymatic reactions
554

 have also been exploited in various 

studies to generate co-assembled systems. Co-assembled systems have been vastly employed 

in controlling physical dimensions of nanostructures,
555,556 

 generating non-canonical 

complex topologies,
 557 

 light harvesting systems,
 558

 conducting architectures,
 559

 biocatalytic 

assemblies
560

  and biomimetic scaffolds for tissue cultures.
334

 

As discussed in the last chapters, water pollution is an eminent threat to the health of modern 

world and requires urgent action. Removal of toxic organic dyes and metal ions from water is 

an important application of hydrogels.
304, 305, 561

 Peptide hydrogels are extremely efficient in 

removal of contaminants from water, since they are water permeable, possess a high surface 

area, are biodegradable and reusable.   

3.2. Arsenic Detection 

Arsenic poisoning of the underground water is a severe environmental problem worldwide. 

Millions of people in more than 70 countries are affected by arsenic poisoning of the drinking 

water. The exposure to Arsenic can have disastrous health consequences if not detected at 

correct time.
562

 The most toxic forms are the oxo anions of Arsenic in its +III and +V 

oxidation states., namely arsenites (AsO2
-
) and arsenates (AsO3

-
).

563
 This evokes an urgent 

need for highly selective and robust moieties for detecting arsenic. There are only very few 
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examples where peptides have been used for detection of arsenic.
 443, 563, 564 

A unique As(III)-

binding peptide with a sequence of T-Q-S-Y-K-H-G was obtained through the repeated 

positive screening against As(III) with Limit of Detection (LOD) of 54 nM and negative 

screening against some representative foreign metals from a phage peptide library.
564

  

3.3. Present Study 

In this chapter, we have designed two charge complementary peptides A1 (WLVFFK) and 

A2 (WLVFFE) with an intention of studying the self-assembly of each of the peptides and 

their co-assembly. We rationally designed the peptides with features that would facilitate 

assembly. Both the peptides consisted of the LVFF moiety which is derived from the 

Alzheimer’s amyloid β peptide sequence
565

 and is known to form β-sheet conformation
566

. In 

order to make the peptides water soluble, we added basic Lys and acidic Glu in the sequence 

of A1 and A2 respectively. Electrostatic interaction in between the oppositely charged side 

chains at physiological pH would facilitate co-assembly of the two peptides. A Tryptophan 

(Trp) residue was added at the N-terminus of the peptides, to be able to use its intrinsic 

fluorescence properties in monitoring the self-assembly process. Also, the aromatic side 

chain of Trp might help in the stacking of the peptides to form self- assembled structures 

leading to gelation. We have thoroughly studied the mechanisms of self-and co-assembly in 

these systems. We have employed these hydrogels obtained in wastewater management. A1 

hydrogel and the co-assembled gels of A1 and A2 were capable of absorbing cationic, 

anionic and neutral organic dyes individually and from a mixture in water with high 

efficiency (80% efficiency). The gels could be used recyclably for about three consecutive 

cycles. Both kinds of hydrogels were also capable of absorbing toxic heavy metal ions like 

Pb
2+ 

and Hg
2+ 

from water in addition to that of metal ions like Co
2+

 and Ni
2+

. Peptides A1 and 

A2 could act as selective sensors for anions like AsO2
-
 and AsO3

-
 where arsenic is present in 
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its most toxic oxidation states like As (III) and As (V) respectively. Figure 3.3 gives an 

overview of the work done in the present Chapter. 

 

Figure 3.3: Schematic of the work done in the present chapter.  

3.4. Experimental Details 

3.4.1. Synthesis and Purification:  

The two peptides A1 (H2N-WLVFFK-COOH) and A2 (H2N-WLVFFE-COOH) were 

synthesized by standard solid phase peptide synthesis (SPPS) using Fmoc Chemistry on 

Wang resin (0.1 mmol). Deprotection of the Fmoc group was achieved by 20 % piperidine in 

DMF. The amino acids were coupled using hydroxybenzotriazole (HOBt) and benzotriazole-

1-yl-oxy-tris-pyrrolidino-phosphonium hexafluorophosphate (PyBOP) as coupling reagents 

in DMF. After attaching all the amino acids, the peptides were cleaved from the resin using 

95% TFA and were precipitated in cold diethyl ether. The peptides were purified using 

reverse phase HPLC on a C18 column using acetonitrile/water gradient. After purification, 

the peptides were characterized using analytical HPLC on C18 column to check its purity 
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using acetonitrile/water as solvent system (Appendix A, Figure A5a, b, Page III). Further 

they were characterized by ESI-MS (Appendix A, Figure A6a, b, Page IV) and 
1
H NMR 

spectroscopy (600 MHz) (Appendix A, Figure A7 and A8, Page IV, V). 

ESI-MS of A1. Calculated mass= 838.4741 Da, Calculated (M+H)
+
=839.4775 Da, Observed 

(M+H)
+
= 839.4917 Da, Observed (M+2H/2)

+
= 420.2499 Da  

ESI-MS of A2. Calculated mass= 839.4218 Da, Calculated (M+H)
+
=840.4251 Da, Observed 

(M+H)
+
= 840.4435 Da, Observed (M+2H/2)

+
= 420.2528 Da. 

A1: 
1
H NMR ((Appendix A, Figure A7) (600 MHz, DMSO-d6) δ 10.98 (s, 1H, -COOH at the 

C-terminus), 8.63 (s, 1H, -NH of Trp indole ring), 8.15 (d, 1H, backbone NH), 8.00 (d,1H, 

backbone NH), 7.93 (d, 1H, backbone NH), 7.71 (d,1H, backbone NH), 7.36 (d,1H, backbone 

NH), 7.24 – 6.99 (m, 14 Hs, Phenyl rings of Phe and Trp ), 4.57 – 4.48 (m, 3Hs, α H of Phe 

and Lys ), 4.43 (d, 1H, α H of Trp), 4.21-4.09 (m, 3Hs, α Hs  of Leu, Val and Lys; merged ), 

3.91 (s, 1H, -CH of indole ring) 3.05-3.00 (m, 2Hs,  beta Hs of Trp), 2.98-2.88(3Hs, β Hs of 

Leu and Val) , 2.83-2.68 (m, 4H, β Hs of Phe),  2.29-2.24 (m, 2Hs, ε Hs of Lys), 1.92 – 1.78 

(m, 4H, -NHs at the N-terminus), 1.62-1.53  (m, 2H, β Hs of Lys), 1.48 – 1.41 (m, 2H, δ Hs 

of Lys), 1.41 – 1.35 (m, 2H, γ Hs of Lys), 0.90 – 0.70 (m, 12H, methyl Hs of Leu and Val), (δ 

2.50 for solvent residual peak, δ 3.33 for H2O). 

A2: 
1
H NMR ((Appendix A, Figure A8) (600 MHz, DMSO-d6) δ 10.99 (s, 2Hs, -COOH of 

Glu, -COOH at the C-terminus), 8.63 (s, 1H, -NH of Trp indole ring), 8.23 (s, 1H, backbone 

NH), 8.11 (s, 1H, backbone NH), 8.03 (d, 1H, backbone NH), 7.94 (d, 1H, backbone NH), 

7.71 (d, 1H, backbone NH), 7.43 – 6.94 (m, 14Hs, Phenyl rings of Phe and Trp ), 4.59 – 4.50 

(m, 2Hs, α H of Phe), 4.43 (s, 1H, α H of Trp), 4.16-4.10 (m, 3Hs, α H of Glu, Val, Leu), 

3.91 (s, 1H, -CH of indole ring),  3.03 (m, 1H, β H of Val), 2.94 (m, 2H, β Hs of Trp), 2.85 – 

2.68 (m, 4H, β Hs of Phe), 1.89-1.69 (m, 2Hs, β Hs of Leu), 1.65 – 1.50 (m, 4H, β and γ Hs 
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of Glu), 1.45 (m, 1H, γ H of Leu), 1.35 (q, 2H, -NHs at the N-terminus), 0.94 – 0.65 (m, 

12Hs, methyl Hs of Leu and Val), (δ 2.50 for solvent residual peak, δ 3.33 for H2O). 

3.4.2. Formation of Hydrogels:  

1.0 mg of A1 peptide was taken in 500 μL of sodium phosphate buffer (0.2 % wt/v; 2.38 

mM) (pH=7.0) and then heated on a hot plate till the peptide dissolved which was then kept 

undisturbed at room temperature. It resulted in the formation of hydrogel after 2-3 hs of 

standing which was stable to inversion of the glass vial. We tried for the hydrogelation of A2 

under same conditions but it did not form any gel. A1 also formed gel in 20% 

EtOH/phosphate buffer mixture at 0.2 % wt/v. A1 and A2 when taken in the ratio of 1:0.5 

and 1:1 (wt/wt) formed hydrogel in sodium phosphate buffer at pH=7.0 whereas 1:2 and 1:3 

resulted in the formation of viscous solution. 

3.4.3. Determination of the Gel to Sol Transition Temperature for the Hydrogels: 

For the hydrogels, the Tgel was obtained by placing the gel containing vial in an oil bath and 

then slowly raising the temperature of the bath at the rate of 1⁰C per minute. The temperature 

was monitored using a thermometer and was recorded accordingly. 

3.4.4. FESEM:  

For the morphology of the hydrogels, preheated samples were casted on the silicon wafer and 

allowed to dry under vacuum before imaging. Peptide hydrogel A1 was taken at its MGC in 

sodium phosphate buffer system and in sodium phosphate buffer/EtOH mixture. The viscous 

solution of A2 in sodium phosphate buffer at 5 mM concentration was used for imaging. The 

morphology of the co-assembled systems of A1 and A2 was taken in the ratio of 1:0.5, 1:1, 

1:2 and 1:3 in phosphate buffer.  
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3.4.5. FETEM: 

FETEM studies were performed by casting 3 μL of the co-assembled hydrogels at 1:0.5 and 

1:1 ratios in sodium phosphate buffer on carbon-coated copper grids (300 mesh). The grid 

was allowed to dry under vacuum at room temperature before imaging.  

3.4.6. FT-IR Spectroscopy: 

IR spectra of the samples were recorded using KBr pellet within the range of 1000-4000 cm
-1

. 

FTIR of peptides A1, A2 and xerogels obtained from freeze drying the hydrogels of A1, 

A1+A2 (1:0.5 and 1:1) were recorded.  

3.4.7. Rheology: 

The viscoelastic properties of hydrogels A1, A1+A2 (1:0.5) and A1+A2 (1:1) were 

determined by rheological studies at 25 ⁰C. For measuring rheology, A1 hydrogel was 

prepared at 4.5 mg/mL (0.45 % wt/v) in phosphate buffer (pH=7.0) and in a mixture of 

EtOH/buffer system. The co-assembled hydrogels were prepared at 2:1 (wt/wt) and 2:2 

(wt/wt) in 1 mL of phosphate buffer (pH=7.0).  A strain sweep test was performed over a 

range from 0.1-100% strain at a fixed oscillatory frequency of 1 rads
-1

. Furthermore, the 

mechanical strength of hydrogels was determined from the oscillatory test, i.e. frequency 

sweep, which was carried out under an appropriate strain 0.1% with the frequency ranging 

from 1-100 rads
-1

. 

3.4.8. Fluorescence Spectroscopy: 

To look into the self-assembly pattern of the peptide A1 and A2, fluorescence experiment 

was performed by monitoring the fluorescence emission of the Trp moiety. A concentration 

dependent fluorescence was performed for A1 in 20% EtOH/ phosphate buffer and A2 in 

40% EtOH/phosphate buffer system (0.00487-5 mM) keeping excitation wavelength at 280 

nm. 
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3.4.9. PXRD: 

Wide angle X-ray diffraction analysis was done (Cu-Kα radiation, λ = 1.5406 Å) for both the 

powdered samples of A1, A2 and the xerogels obtained from lyophilising the hydrogels of 

A1 and the co-assembled hydrogels. 

3.4.10. Dye Absorption Studies: 

At first the hydrogel was prepared as mentioned in the gelation experiment (1 mg in 500 µL 

of phosphate buffer, pH =7.0). Then, aqueous solutions of RB (20 µM), CV (40 µM), NR 

(110 µM) and Methyl Orange (MO) (70 µM) were added into the preformed gel and allowed 

to absorb. Also, aqueous solutions of two metal ions, Ni
2+

 (100 mM) and Co
2+

 (100 mM) 

were added to absorb. The dye/metal ion absorption was measured using UV-Vis 

spectroscopy from time to time to know the trend in absorption by the hydrogel. Further, the 

amount of dye unabsorbed in the supernatant was checked by monitoring the UV of the 

supernatant aqueous solution after 48 h and calculating the concentration from a standard 

calibration curve of the dye/metal ion (Appendix A, Figure A10a-d, A11a, b, Page VI). The 

dye absorption by the co-assembled hydrogel A1+A2 (1:1) was done in the similar fashion as 

described with two dyes RB and MO. The amount of dye/metal ion loaded in the hydrogel 

and the dye/metal ion loading efficiency were then calculated as follows:  

Dye/Metal ion absorbed =Initial dye/metal ion- Unabsorbed dye/metal ion 

% absorbed= Dye/metal ion absorbed/Initial dye/metal ion X 100 

The dye and metal ion absorption from an all component mixture by the hydrogels was also 

checked using UV-Vis spectroscopy in which the aqueous solution of dyes (RB, MO, NR and 

CV) and the metal ion (Co
2+

 and Ni
2+

) was mixed together and was added to the preformed 

hydrogel to absorb.  
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3.4.11. Reusability of the Hydrogel A1: 

The hydrogel from A1 was prepared as discussed earlier at its MGC in phosphate buffer. 

Then 500 µL of 20 µM aqueous solution of RB was added into it and the dye was allowed to 

be absorbed for 24 h. After 24 h, the supernatant solution at the top was taken and its 

absorbance was measured from which the % of dye absorbed was calculated. Then to the dye 

absorbed gel ether was added as the release medium and it was kept undisturbed for 2 days 

after which the gel became clear. On the clear, dye free hydrogel, fresh solution of 20 μM RB 

was added again and left to be absorbed for 24 h. This cycle continued for 2 times after which 

the hydrogel was no longer be used further for dye absorption.  

3.4.12. Anion Sensing:  

A stock solution of 1 mM of the peptide A1 and A2 in 20 % and 40 % respectively in 

EtOH/water system was prepared. Stock solutions of 10 mM tetrabutylammonium salts of F
−
, 

Cl
−
, Br

−
, I

−
, H2PO4

-
, OH

−
, AcO

− 
and HSO4 

−
; sodium salt of arsenite (AsO2

-
) and arsenic acid 

were prepared in water. Then a solution of 0.2 mM of the A1 and A2 were prepared from the 

stock solution. Also, 0.2 mM of all the anion solutions was prepared from the 10 mM stock 

solution. For monitoring UV and fluorescence spectra 500 µL of 0.2 mM of the peptide 

solution was taken and into it 500 µL of 0.2 mM anion solution was added so that the final 

concentration of the both the solutions become 0.1 mM. The fluorescence was monitored for 

all the anions with the peptide molecules at 280 nm.  

3.4.13. Metal Ion Sensing:  

A stock solution of 1 mM of A1 and A2 in EtOH/water system was prepared was prepared. 

Stock solutions of 10 mM of metal ion salts (CoCl2, PbCl2, NiCl2, CuCl2 MnCl2, Zn(NO3)2, 

Hg(OAc)2, FeCl3 
+
) were prepared in water. Then a solution of 0.2 mM of A1 and A2 were 

prepared from the stock solution. Also, 0.2 mM of all the metal ion solutions were prepared 
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from the 10 mM stock solution. For monitoring fluorescence spectra 500 µL of 0.2 mM of 

the peptide solution was taken and into it 500 µL of 0.2 mM metal ion solution was added so 

that the final concentration of the peptide and the metal ion solution became 0.1 mM. The 

fluorescence was then monitored at 280 nm.  

3.4.14. Titration of the Gelator Molecules with Specific Anions and Metal Ions: 

500 µL of 0.2 mM of peptide solution in 20 % and 40 % respectively in EtOH/water system 

was taken in different 1 mL volumetric flasks and into it 500 µL of different concentration of 

the anion and metal ion solution were added so that the final concentration of the peptide 

solution becomes 0.1 mM. The Trp fluorescence these solutions was then monitored for the 

solutions at 280 nm.  

3.4.15. Detection Limit:  

For detection limit calculation, fluorescence of 0.01 mM solution of A1 and A2 in 

EtOH/water solvent system was measured at 280 nm for ten times. Then standard deviation 

(ζ) of the intensity at the emission wavelength was calculated. Then titration of A1 and A2 

with the anions and metal ions at very low concentrations were monitored (0.002-0.025 mM) 

and a linear plot of concentration versus intensity was obtained. From the linear plot, the 

slope (k) was calculated and was put into the equation below: 

DL=3 ζ/k ; n=10 

3.4.16. Pb
2+

 and Hg
2+

 Removal by Hydrogels A1 and A1+A2:  

Hydrogel A1 and the co-assembled hydrogel A1+A2 were prepared at 2 mg and 2:2 (wt/wt) 

in 2 mL respectively in phosphate buffer system. Into it 2 mL of 20 mg/L aqueous solution of 

Pb
2+

 and 2 mL of 100 mg/L Hg
2+

 solution was added and left to be absorbed for 24 h. After 

that, the supernatant solution was analysed using atomic absorption spectroscopy. The 
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experiment was done in duplicate and the values obtained were average of two readings. The 

% absorbed was then calculated using the following equation,  

Concentration of metal ion absorbed =Initial metal ion- Unabsorbed metal ion 

% absorbed= Metal ion absorbed/Initial metal ion X 100 

For Pb
2+

, 217 nm was used as the wavelength for analysis, with 1 nm slit width for an 

optimum working range of 0.1-30 µg/mL and for Hg
2+

, wavelength of 253 nm was used for 

analysis with 0.5 nm slit width with optimum working range of 2-400 µg/mL. 

3.5. Results and Discussions 

3.5.1. Gelation Study:  

The chemical structures of the two peptides A1 and A1 are shown in Figure 3.4a, b 

highlighting the different structural components of the peptides. When subjected to gelation, 

it was found that A1 formed hydrogel in sodium phosphate buffer and also in 20% 

EtOH/sodium phosphate buffer upon heating and subsequent cooling (Figure 3.4c), whereas 

A2 under similar conditions failed to form gel. Also, when A1 and A2 were taken together  in 

1:1 and 1:0.5 ratios and subjected to similar treatment as that of A1,  co-assembled hydrogel 

was formed (Figure 3.4d). It should be noted that the other ratios of A1 and A2, like 1:2 and 

1:3 failed to form hydrogel under similar conditions. Thus it was obvious that either 

stoichiometric ratio or an excess of A1 favoured gelation. A mixture with excess of A2 failed 

to do so. Table 3.1 gives the characteristic features of the gels formed from A1 and A2.  
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Figure 3.4: Chemical structures of a) A1, b) A2, c) Gel formation by A1 in sodium 

phosphate buffer (pH-7.0), EtOH/sodium buffer system and viscous solution of A2 in sodium 

phosphate buffer (pH-7.0) and d) Gelation by different ratios of A1 and A2. A1, A2 mixtures 

of 1:1 and 1:0.5 ratios produced gels while those of 1:2 and 1:3 ratios did not. 

Table 3.1: Table summarizing gelation properties, physical state, Minimum Gelation 

Concentration (MGC) and sol-gel conversion temperature (Tgel) of A1, A2 and various ratios 

of A1+A2 mixtures 

Peptides Solvent system MGC Tgel 

(°C) 

State 

A1 PB (pH=7.0) 0.20 %w/v 60 Transparent 

A1 PB (pH=7.0)+ EtOH 0.20 %w/v 54 Translucent 

A2 PB (pH=7.0) - - Viscous solution 

A1+A2 PB (pH=7.0) 1 mg each in 0.5 

mL (0.40%w/v) 

56 Translucent 

A1+A2 PB (pH=7.0) 1+ 0.5 mg in 0.5 

mL (0.30%w/v) 

52 Translucent 

A1+A2 PB (pH=7.0) 1+ 2 mg in 0.5 mL 

(0.60%w/v) 

- Viscous solution 

A1+A2 PB (pH=7.0) 1+ 3 mg in 0.5 mL 

(0.80%w/v) 

- Solution 
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Since A1 and A2 contained charged amino acid residues in them and had unprotected 

termini, therefore, their overall charge was pH dependent. The pKa of the α-carboxyl group 

and the amino groups are about 3 and 8 respectively, while the pKa of the side chain in Glu 

and Lys are about 4 and 11 respectively. Thus at acidic pH(3), A1 had +2 charge, at neutral 

pH( 7.0), it had +1 charge while at the basic pH(11), it had -1 charge. A2 on the other hand 

had +1 charge at acidic pH (3), -1 charge at neutral pH and a -2 charge at basic pH(11). As 

self-assembly of the peptides requires close approach of the molecules, it would be difficult 

for A1 to assemble in acidic pH, and A2 in basic pH due to the electrostatic repulsion in 

between them, owing to in the double positive and negative charges respectively. A1 neither 

formed gel nor any well characterized morphology in water at neutral (pH=7.0) or alkaline 

pH (pH=10), wherein it carried either a single positive or negative charge. A1 formed 

hydrogel in sodium phosphate buffer at pH 7.0 and in a mixture of 20% EtOH/ sodium 

phosphate buffer pH 7.0 upon heating and subsequent cooling (Figure 3.4c). Phosphate ions 

present in the buffer might play a crucial role in neutralizing the electrostatic repulsive forces 

amongst the A1 molecules, leading to their close approach and formation of the hydrogel. 

This might explain the inability of A1 to form gel in water alone.  A2 on the other hand, did 

not form gel under any experimental conditions that were tried by changing the solvent, pH, 

salt concentration and gelation stimulants (sonication, vortexing, heating etc.). In order to 

investigate if the position of the charged residue in the primary sequence of A2 had any 

influence on its gelation capability, peptide A3 (Figure 3.5) was designed in which the Glu 

residue was positioned at the N terminus. However just like A2, A3 did not form gel under 

any of the experimental conditions that were tried. This proved that the position of the amino 

acid residue did not have any effect on its gelation ability of the negatively charged peptide.  

TH-2414_156122021



Chapter 3 
 

135 | P a g e  

 

 

Figure 3.5: a) Chemical structures of A3 (EWLVFF). Photographs of A3 in different pH 

systems b) sodium phosphate buffer pH=7, c) citrate buffer pH 3.0 and d) sodium phosphate 

buffer pH=8 at 2mg / 0.5 mL concentration. All the systems (b-d) were first heated and the 

cooled to check the gelation ability. 

The very small positive ion Na
+
, present in the buffer, was most probably unable to diffuse 

the negative charge on A2 at neutral pH and induce assembly in them. The slight difference 

in the length of the hydrophobic side chain of the Lys and Glu residues might be responsible 

for such a difference in the gelation behaviour of A1 and A2. Additionally the point charge in 

the side chain of Lys compared to the delocalized charge on the carboxylate group of Glu 

residue might also contribute to this difference. In the co-assembled systems, mixtures that 

contained higher proportions of A2, resulting in an overall negative charge at the neutral pH, 

failed to form hydrogels proving the point further. This further proved that electrostatic 

interactions mediated via. counter ions from the buffer was the most important factor 

propelling assembly on these systems. 

3.5.2. Morphological Studies: 

Morphological features of the gel formed by A1, A2 and (A1+A2) have been studied by 

FESEM and FETEM. In Figure 3.6a-c, it was found that, A1 formed a dense mesh like 
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morphology in sodium phosphate buffer, pH 7.0 (Figure 3.6a), while it formed well entangled 

fibrous network like morphology in EtOH/ sodium phosphate buffer mixture (Figure 3.6b). 

A2 formed irregular aggregate-like morphology in sodium phosphate buffer (pH=7.0) (Figure 

3.6c).  

 

Figure 3.6: FESEM images of a) A1 hydrogel in sodium phosphate buffer (pH=7.0), b) A1 

hydrogel in EtOH/sodium phosphate buffer system at CGC  and c) viscous solution of A2 at 

5 mM in sodium phosphate buffer (pH=7.0). 

Figure 3.7a-d shows the morphology of the co-assembled systems formed from A1 and A2 

taken in various ratios. It is found that, a well entangled fibrous network was observed in case 

of the co-assembled hydrogel formed by taking A1 and A2 in the ratio of 1:0.5 and 1:1. The 

viscous solutions obtained by other ratios gave an aggregate kind of morphology when 

visualised in FESEM.   

To have a closer look at the morphology of the co-assembled hydrogels, FETEM was 

performed on the two co-assembled hydrogels.  Both the 1:1 and 1:0.5 hydrogels contained 

fiber like morphology. The hierarchical self-assembly is clearly observable in the images 

where finer fibers are seen to form flatter fiber-bundles. (Figure 3.8a-b). Formation of 

uniform fibre like morphology in both the co-assembled gels is a clear indication of 

cooperative self-assembly in the system. 

 

 

TH-2414_156122021



Chapter 3 
 

137 | P a g e  

 

 

Figure 3.7: FESEM images of hydrogel of A1+A2 in the ratio of a) 1:0.5 wt/wt, b) 1:1 wt/wt, 

c) 1:2 wt/wt and d) 1:3 wt /wt  ratio in sodium phosphate buffer at pH=7.0. 

 

Figure 3.8:  FETEM of A1+A2 hydrogel in sodium phosphate buffer, pH=7.0, a) 1:0.5 and 

b) 1:1 (wt/wt).  
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3.5.3. Viscoelastic Properties of the Hydrogels: 

Viscoelastic property of the hydrogel was studied by rheology using 0.45 w/v % A1 hydrogel 

in a) phosphate buffer at pH 7.0 (Figure 3.9a, b) and b) 20% EtOH/phosphate buffer (Figure 

3.9c, d). In the angular frequency sweep experiment performed at a constant strain of 0.1% at 

25°C, for both the hydrogels, Gʹ was found to be dominating over Gʹʹ till about 100 rad/s 

(Figure 3.9a, c). Also, Gʹ and Gʹʹ were found to be independent of angular frequency, in the 

region of 1-100 rad/s which indicated the formation of stable hydrogels. The value of storage 

moduli G´ was of the order of 10
2
-10

3
 Pa for A1 hydrogel in sodium phosphate buffer and in 

the EtOH/ sodium phosphate buffer suggesting that the hydrogels formed in both the systems 

were mechanically robust.  In strain sweep experiment, G was found to be higher than G till 

a particular strain (Figure 3.9b, d), beyond which the two crossed each other, indicating loss 

of gel nature for both the systems.   
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Figure 3.9: Angular frequency and strain dependence of the dynamic storage moduli (G) 

and the loss moduli (G) of hydrogel A1 at 0.45 % wt/v in a, b) sodium phosphate buffer; c, 

d) 20% EtOH/sodium phosphate system respectively. 

We have then checked the mechanical strength of the co-assembled hydrogels formed from 

A1 and A2 taken in ratios 1:0.5 (2 mg and 1 mg respectively for A1 and A2) and 1:1 (2 mg 

and 2 mg respectively for A1 and A2) in 1 mL of the solvent. We observed that in the 

frequency sweep experiment (Figure 3.10a,c), the G values for the co-assembled hydrogels 

1:0.5 and 1:1 were between 10
0
-10

1
 and 10

2
-10

3
, which were lower and higher than the A1 

hydrogel respectively, suggesting that the 1:0.5 and 1:1 co-assembled hydrogels were weaker 

and stronger than A1 respectively.   

 

Figure 3.10: Angular frequency and strain dependence of the dynamic storage moduli (G) 

and the loss moduli (G) of co-assembled hydrogels formed from a, b) A1+A2=1:0.5 and c, 

d) A1+A2=1:1 in sodium phosphate buffer (pH=7.0). 
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The increased robustness of the 1:1 co-assembled hydrogel with respect to the A1 self-

assembled hydrogel might be attributed to the additional electrostatic interactions in between 

the differently charged peptides in the co-assembled system. In the A1 hydrogel, assembly 

was mediated through the phosphate ions while in the co-assembled hydrogel, this was not 

necessary. Complementary charges on A1 and A2 led to favourable interactions in the 1:1 co-

assembled hydrogel. However, in the 1:0.5 co-assembled gel, there was an excess of positive 

charges and hence the assembly had to be mediated through the phosphate ions. Thus the 

1:0.5 hydrogel was weaker than the 1:1 hydrogel. In strain sweep experiment, G was found 

to be higher than G till a particular strain (Figure 3.10b, d) for both the co-assembled gels, 

beyond which the two crossed each other, indicating loss of gel nature for both the systems.   

3.5.4. Factors Driving Self-Assembly:  

3.5.4.1. Fluorescence Study: Both the designed peptides A1 and A2 had a Trp residue each 

in them. We used the intrinsic fluorescence of the Trp residue to study the assembly 

processes in the peptides A1 and A2. The fluorescence emission maxima of Trp was 

monitored as a function of peptide concentration (Figure3.11 a-b). The fluorescence emission 

intensity (max = 353 nm) increased proportionately with the increase in the concentration of 

both the peptides till 0.625 mM (Figure 3.11a) and 1.25 mM (Figure 3.11b)  for A1 and A2 

respectively, beyond which it quenched with further increase in the concentration. In A1, the 

quenching in the fluorescence emission maxima was accompanied by a blue shift (  = 10 

nm) which is indicative of increase in the hydrophobicity, while in A2, no shift in peak 

position was observed. Quenching of the fluorescence intensities of the peptides with 

increasing concentration indicates - stacking of the aromatic indole rings. This establishes 

that the aromatic stacking is one of the covalent interactions that drive molecular assembly. 

Quenching of the fluorescent emission intensity at a lower concentration for A1 compared to 

that of A2 indicates the better assembling nature of A1 compared to A2. Secondly, the 
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hypsochromic shift observed in A1, indicating increase in the hydrophobicity in the system 

with increased concentration, is an indicator of the better assembling ability of A1 in 

comparison to A2, where no shift was observed in the emission maxima. From the above 

experiments, we clearly understand that A1 has considerably greater assembling nature in 

comparison to A2 which probably leads to gelation in the former. 

 

Figure 3.11: Concentration dependent fluorescence of a) A1 in 20% EtOH/sodium phosphate 

buffer, b) A2 in 40% EtOH/sodium phosphate buffer. 

3.5.4.2. Backbone Conformation and Role of Hydrogen Bonding: In order to understand 

the backbone conformation of A1 and A2 and the role of hydrogen bonding in the self-

assembly and co-assembly processes, solid state FTIR spectroscopy was performed on 

powdered samples of A1 and A2 and xerogels  of A1 and A1+ A2 hydrogels (1:1 and 1:0.5 

ratios) (Figure 3.12). Presence of peaks at around 1631 and 1682 cm
-1

 in all the systems, 

clearly indicated antiparallel β-sheet conformation for the peptides in individual powdered 

form or in hydrogel state. This is quite expected from the presence of the LVFF backbone 

moiety present in the peptides. Even in both the co-assembled systems (1:1 and 1:0.5), 

peptides A1 and A2 adopted an antiparallel -sheet conformation. Presence of NH stretching 

peak at 3279 cm
-1 

in the FTIR spectrum of both powdered and xerogels indicated presence of 

extensive hydrogen bonding in the system.  
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Figure 3.12: FTIR spectra of A1, A2, A1 xerogel, 1:0.5 and 1:1 ratio of the xerogels of 

A1+A2. 

3.5.4.3. Molecular Packing: To understand the ordered arrangement of the peptides A1, A2 

and the self and co-assembled systems, PXRD was performed (Figure 3.13, Table 3.2). In all 

the systems studied, a promiment peak at around 23° was obtained that corresponded to an 

interplaner distance of 3.8Å. The typical centroid to centroid distance upon face to face 

interaction of two benzyl rings is about 3.8Å, indicating that very strong aromatic π-π 

interaction was present in all the systems. Additionally, in A1 and A2 another prominent 

interplaner distance of 11.5Å was observed. This could be attributed to the distance in 

between the subsequent β-sheets.  In all the xerogels studied, an interplaner distance of 

12.4Å was observed. This spacing was attributed to the distance in between the subsequent 

β-sheets in the xerogel structures. 
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Figure 3.13: PXRD of A1, A2, A1 xerogel, 1:0.5 and 1:1 co-assembled xerogels of A1+A2. 

 It must be remembered that the xerogels were derived from the hydrogels that were formed 

in sodium phosphate buffer. Presence of water, ions in between the subsequent β-sheet layers 

might be responsible for increasing inter-sheet spacings observed in the xerogels. Thus, in 

summary, A1 and A2 consistently form -sheet conformation in powdered state and in self-

assembled or co-assembled xerogel state. As A1 and A2 have similar motifs in them (LVFF), 

their co-assembly occured in a facile manner without perturbing the backbone conformation 

of the peptides. The co-assembly between A1 and A2 was cooperative in nature. Presence of 

uniform fibers as seen from FETEM corroborates the fact. Secondly, strong aromatic - 

stacking interactions exist in all the systems and is another important interaction driving self-

assembly.  
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Table 3.2: Interplanar distances observed from the PXRD in A1, A2, A1 xerogel, 1:0.5 and 

1:1 co-assembled xerogels of A1+A2. 

 Peak 1 Peak 2 Peak 3 Peak 4 

A1 2θ=7.64°, 

d=11.56 Å 

2θ=23.16°, 

d=3.84 Å 

- - 

A2 2θ=7.82°, 

d=11.29 Å 

2θ=22.86°, 

d=3.88 Å 

- - 

A1 (xerogel) - - 2θ=7.20°, 

d=12.27 Å 

2θ=23.12°, 

d=3.84 Å 

A1+A2 (1:0.5) 

(xerogel) 

- - 2θ=7.02°, 

d=12.58Å 

2θ=22.92°, 

d=3.87 Å 

A1+A2 (1:1) 

(xerogel) 

- - 2θ=7.12°, 

d=12.40 Å 

2θ=25.02°, 

d=3.55 Å 

 

3.5.5. Mechanism of Self-Assembly: 

As seen from the various experiments, electrostatic interaction, aromatic - stacking 

interaction and hydrogen bonding played important roles in the self-assembly and the co-

assembly processes being studied here. At neutral pH, formation of hydrogel in the presence 

of phosphate buffer, suggested that the phosphate ions played a crucial role in diffusing the 

positive charge on the A1 peptides, bringing them close together to form the hydrogel. In the 

case of A2, the positive counter ions of phosphate buffer, being extremely small, might not 

have been able to diffuse the negative charge on A2 and bring about gelation. Hence 

electrostatic interactions played a very important role in these assembly processes. Difference 

in the nature of the charged groups and the slight difference in the hydrophobicity of the side 

chains of the charged amino acid residues might also have contributed to the difference in the 

gelation behaviour of the otherwise identical peptides A1 and A2. Figure 3.14 depicts the 

molecular arrangement involved in the self-assembly of A1.  
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Figure 3.14: Schematic representation of the molecular arrangement involved in the self-

assembly of A1. 

A1 monomers formed antiparallel β-sheets as evidenced from the IR spectroscopy. The 

sheets were amphipathic in nature, having two distinct faces. One of the faces was 

hydrophobic in nature which contained the Trp side chain while the other face contained the 

charged Lys side chains. The side chains of the intervening LVFF moiety alternately faced 

opposite directions and pointed both towards the hydrophobic and charged faces of the β-

sheets. Due to the formation of the antiparallel β-sheets, the positively charged amino 

terminus of one monomeric unit faced the negatively charged carboxylate end of the adjacent 

monomeric unit. This compensated the charge on the edges of the sheets. Next, the sheets 

stacked on each other in such a way that the hydrophobic face of one sheet confronted the 

hydrophobic face of the other. This stacking was favoured by the hydrophobic interaction in 

between them. Additionally, the Trp rings from one sheet formed - stacking with that from 

the other sheet. The stacking of the β-sheets was also favoured by the hydrophobic 

interactions in between the side chains of the LVFF moiety. The charged faces of the adjacent 
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-sheets faced each other. The phosphate ions stacked in between such positively charged 

faces and neutralized the repulsion, thus bringing stability to the system. As this charge 

stabilization was absent in water, hydrogelation of A1 did not occur there. The stacking of the 

sheets led to formation of fibres. Such fibres came close together along the edges of the 

sheets. This was favoured by the electrostatic interactions in between the terminal charges, 

giving rise to thicker fibre bundles. The thick bundles entangled with each other and 

eventually gave rise to the mesh like morphology that was observed by FESEM.  

Figure 3.15 summarized the mechanism of co-assembly of A1 and A2 in 1:1 ratio. Presence 

of an uniform fibre like morphology as seen from microscopic techniques like FESEM and 

FETEM, accompanied by the evidences that the backbone conformation of A1, A2 in the co-

assembled gel  was the same as in the self-assembled gel and interplaner spacings  in the co- 

and self-assembled gels were identical, suggested that A1 and A2 underwent cooperative co- 

assembly.  This was expected as peptides A1 and A2 were similar in their structure. As 

shown in the figure 3.15, A1 and A2 alternated to form -sheets in which one face of the 

sheet was hydrophobic and contained the Trp side chain. The other surface of the sheet 

contained both the positive and the negative side chains of Lys and Glu residues from A1 and 

A2 respectively. Stacking of the -sheets involved hydrophobic interactions and aromatic - 

stacking interactions in between the indole rings of the Trp chains in the hydrophobic faces. 

The charged face of the -sheet contained positive and negative charges along the two edges. 

While stacking of the charged faces, the sheets approached an alternate fashion so that the 

oppositely charged edges faced each other giving rise to favourable electrostatic interactions. 

It was due to this interaction that the 1:1 co-assembled gel was stronger than the A1 hydrogel 

as observed from rheology.  While in the later, the phosphate ions  mediated the interaction in 

between the positive faces of the -sheets, in the former co-assembled system,  

complementary charges on the  constituent peptides gave rise to the favourable electrostatic 

TH-2414_156122021



Chapter 3 
 

147 | P a g e  

 

interactions that stabilized the system.  The 1:0.5 hydrogel system underwent self-assembly 

pretty much the same way as the 1:1 system, with some minor differences.  In the 1:0.5 co-

assembled hydrogel, the peptides might have repeated as A1:A2:A1 units. This would give 

rise to -sheets with edges containing mixed charges and the charged face containing overall 

positive charge. In this case phosphate ions from the phosphate buffer would help 

neutralizing the repulsive forces and bringing about stacking of the -sheets as in the case of 

A1 hydrogel.  Thus the 1:0.5 co-assembled gel was weaker than the 1:1 co-assembled gel. In 

the mixture ratios of A1 and A2, with higher amounts of A2, the system acquired excess 

negative charge which could not be stabilized by the small positively charged ions of the 

phosphate buffer and hence, there was no resultant hydrogelation just like A2. 

 

Figure 3.15: Schematic representation depicting the mechanism of co-assembly of A1 and 

A2 in 1:1 ratio. 
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3.5.6. Application of the Hydrogels in Dye and Metal Ion Absorption: 

We have used the A1 hydrogel and the co-assembled gels of A1 and A2 for dye and metal ion 

absorption studies. The aqueous solution of the dyes or the metal ions was allowed to stand 

with the gel for 48 h. The UV absorbance of the solution was monitored over the time to 

obtain the amount of unabsorbed dye (Figure 3.16a-f).  Amount of dye absorbed was back 

calculated from the initial concentration of the solution as discussed in the experimental 

section. All our hydrogels (self and co-assembled) acted as very efficient absorbents for the 

organic dyes like RB, CV, NR, MO and divalent metal ions Ni
2+

 and Co
2+ 

(Figure 3.17, 3.18).  

It is mention worthy that the gels could absorb cationic, anionic and neutral organic dyes. The 

detailed quantification of the absorption efficiency of the hydrogels for the different 

hydrogels is tabulated in Table 3.3.  

 

Figure 3.16: Dye/Metal ion absorption by A1 hydrogel a) RB b) CV c) MO d) NR e) Nickel 

Chloride and f) Cobalt Chloride by UV-Vis spectroscopy. 
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Figure 3.17: Gel pictures of dye/metal ion absorption by A1 hydrogel. a) RB, b) CV, c) MO, 

d) NR, e) Nickel Chloride (Ni
2+

) and f) Cobalt Chloride (Co
2+

) 

 

Figure 3.18: Dye absorption by hydrogel A1+A2=1:1. Photograph of dye absorbed hydrogel 

a) RB, c) MO; UV-Vis studies for dye absorption by the co-assembled hydrogel for b) RB, d) 

MO. 
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Table 3.3: Dye and metal ion absorption by the studied hydrogel systems 

 

After looking at the efficiency of the hydrogels for absorption of individual dyes, we wanted 

to look at the efficiency of the hydrogels for the absorption of mixtures of dyes.  As seen 

from the figure 3.19, both the self-assembled and the co-assembled hydrogels were capable 

of absorbing dyes (CV, NR, MO and RB) and metal ions (Co
2+

 and Ni
2+

) from a mixture. 

Thus such hydrogels can be used in the real life applications, where the water is contaminated 

by several contaminants. 

 

Dye/Metal salt Nature Loaded 

 

% 

absorbed 

Hydrogel 

system 

RB Cationic 20 µM 96.92  

 

A1 CV Cationic 40 µM 79.93 

MO Anionic 70 µM 88.92 

NR Neutral 110 µM 81.52 

Nickel Chloride (Ni
2+)

 Metal ion 100 mM 83.32 

Cobalt Chloride (Co
2+)

 Metal ion 100 mM 93.65 

RB Cationic 20 µM 84.28 A1+A2 

MO Anionic 70 µM 83.47 
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Figure 3.19: Photograph of mixture of dye/metal ion absorbed by hydrogel formed from a) 

A1, c) A1+A2; UV-Vis studies to show an all component mixture absorption by hydrogel b) 

A1, d) A1+A2. 

3.5.7. Reusability of the Hydrogel A1:  

In order to be efficiently used as a material for water purification, the material should be 

economic and hence, reusable. A1 hydrogel could be reused over three cycles for subsequent 

loading and release of the dye, after which the quality of the hydrogel degraded. Figure 3.20a 

is the pictorial representation of the hydrogel loaded with dye RB, its subsequent release in 

ether and reloading of the dye for the next cycle. Figure 3.20b shows the UV-Vis studies 

performed to quantify the amount of dye that could be loaded to the hydrogel in each cycle.  

 

Figure 3.20:   Reusability of hydrogel A1: a) Reusing hydrogel A1 for dye absorption, b) 

UV-Vis studies for quantifying the amount dye RB which could be loaded onto the hydrogel 

A1 after each cycle after a time period of 24 h.  

It was observed that in the first cycle, the hydrogel A1 was capable of absorbing about 89% 

of RB. Upon addition of ether, the release medium to the dye loaded gel, and leaving it for 48 

hs, the loaded dye was released. This was visibly evident from hydrogel becoming colourless 

and the ether layer turning pink. The integrity of the gel was intact as can be proved by the 
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vial inversion test. In the second and third cycles about 74% and 53% of dye was loaded onto 

the gel (Table 3. 4). After the third cycle, the gel degraded and could not be used further.  

Table 3.4: Percentage of RB absorbed by hydrogel A1 in three cycles 

 

 

 

 

3.5.8. Removal of Toxic Metal Ions: Absorption of Pb
2+

 and Hg
2+

:  

A1 hydrogel and A1+A2 co-assembled hydrogels were utilized for the absorption of toxic 

heavy metal ions Pb
2+

 and Hg
2+

 from the aqueous solutions.  After addition of the metal 

solutions on the hydrogels, and letting them stand for 24 h, the supernatant was analysed 

using AAS. The amount of unabsorbed ions in the supernatant was used to back calculate the 

amount of ions that was absorbed by the hydrogels.  For both the self-assembled and the co-

assembled hydrogels, Pb
2+

 ions was absorbed better (80%) than the Hg
2+

 ions (55%). Both 

the metal ions were dipositively charged, and Hg
2+

 was smaller in size than Pb
2+ 

(Table 3.5). 

Thus the better absorption efficiency for  Pb
2+

 was attributed to the  smaller size of the 

counter ion (Cl
-
) in comparison to that of Hg

2+
(OAc

-
)2. Ni

2+
 and Co

2+
 which were also 

absorbed very efficiently ( 80%) by the hydrogel systems were small in size accompanied 

by small counterions (Cl
-
). Thus the metal ion absorption efficiency of the hydrogels may be 

dependent on the size of their counter ions.   

 

 

 

 

 

No. of Cycles RB absorbed (%) 

Cycle 1 88.95 

Cycle 2 73.80 

Cycle 3 52.90 
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Table 3.5: Pb
2+

 and Hg
2+

 absorption by the self- and co-assembled hydrogels: 

Hydrogels Metal ion Conc. 

loaded 

(mg/L) 

 

Conc. in the 

supernatant 

(mg/L) 

 

Conc. 

absorbed 

(mg/L) 

 

% 

absorbed 

A1 Pb 20 3.34 16.66 83.30 

Hg 100 41.20 58.80 58.80 

A1+A2 

(1:1) 

Pb 20 4.31 15.69 78.45 

Hg 100 50.45 49.55 49.55 

 

In summary, we have been able to prove that our self and co-assembled hydrogels are highly 

efficient in absorbing different organic dyes and metal ions from water individually or from a 

mixture. It is mention worthy that these hydrogels can also absorb toxic metal ions like Pb
2+

 

and Hg
2+

 from water efficiently. Thus, these cheap and robust materials are extremely 

prospective for future use in water remediation. 

3.5.9. Ion Sensing Studies by Peptides A1 and A2:  

We have employed our peptides A1 and A2 in sensing different kinds of ions. We have 

monitored the fluorescence of A1 and A2 in the absence and the presence of various anions 

like F
-
, Cl

-
, Br

-
, I

-
, HSO4

-
, H2PO4

-
, CH3COO

-
, OH

-
 (as their Bu4N

+
 salts), AsO2

-
 and AsO3

-

(Figure 3.21a, b) and also various metal ions  like Hg
2+

, Co
2+

, Pb
2+

, Ni
2+

, Cu
2+

, Mn
2+

, Zn
2+ 

 

and Fe
3+ 

 (Figure 3.24a,b).  The spectroscopic studies were performed in water/EtOH as the 

peptides are not completely soluble in water. The anion and the metal salts were dissolved in 

water.  

3.5.9.1. Response Towards Anions: Peptides A1 and A2 responded for arsenite (AsO2
-
), 

arsenate (AsO3
-
) and hydroxide (OH

-
) anions. In the presence of other anions (F

−
, Cl

−
, Br

−
, I

−
, 

HSO4 
−
, H2PO4

 −
, AcO

−
), there was no change in the max of the fluorescence emission and 

minor changes in peak intensities (Figure 3.21a, b). In the absence of anions, upon being 

excited at 280 nm, the fluorescence emission maxima for A1 and A2 were at 349 nm and 323 

nm respectively. For, A1, upon addition of 0.1 mM AsO2
-
 and OH

-
 the peak at 349 nm red 
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shifted to 357 nm and 358 nm respectively with an enhancement in fluorescence signal 

intensity (about 2 folds). In case of addition of 0.1 mM of AsO3
-
 solution to A1, there was a 

blue shift to 341 nm, although the fluorescence intensity was not changed remarkably (Figure 

3.21a). There was negligible effect on the fluorescence spectra of A1 in the presence of other 

ions. For A2, upon addition of 0.1 mM AsO2
-
 and OH

-
, the peak at 323 nm was red shifted to 

330 nm and 349 nm respectively. In case of addition of 0.1 mM of AsO3
-
 solution to A2, 

there was a decrease in the fluorescent intensity without any change in the peak position 

(Figure 3.21b). There was negligible effect on the fluorescence spectra of A2 in the presence 

of other ions. Thus it can be concluded that molecules A1 and A2 selectively sensed AsO2
-
, 

AsO3
-
 and OH

-
 in solution.  

 

Figure 3.21: Sensing of Anions by a) A1 and b) A2 (Anions=0.1 mM, A1=0.1 mM and 

A2=0.1 mM).  

To determine the sensitivity of the peptides towards the sensed anions, the fluorescence 

response of A1 and A2 was monitored as a function of anion concentration (Figure 3.22a-c, 

3.23a-c). The concentration of the anions was varied from 0.02 mM to 2 mM.  In case of A1, 

it was observed that for AsO2
-
 and OH

-
, upon increasing the concentration of the anions, there 

was a steady enhancement in the intensity of fluorescence signal upto 0.07 mM, after which 

the signal abruptly intensified accompanied by a red shift (Figure 3.22a, b). In case AsO3
-
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solution, there was an irregular shuffle in fluorescent intensity although, it eventually 

decreased upon increasing the concentration of AsO3
-
 solution without any shift in the peak 

position. (Figure 3.22c).  

 

Figure 3.22: Anion sensing by A1: Titration of A1 with a) OH
- 
, b) As (III), and c) As (V). 

In case of A2, similar trend in fluorescence signal was observed for AsO2
-
 and OH

-
 ions as 

observed for A1. When the concentration of AsO2
-
 and OH

-
 was increased from 0.02 mM, the 

fluorescence signal did not changed much except a red shift to 330 nm till 0.1 mM, after 

which there was a sudden increase in the signal along with a major red shift to 356 nm 

beyond which the fluorescence signal got saturated till 2 mM (Figure 3.23 a, b). In case of 

increasing concentration of AsO3
-
, at first the fluorescence intensity slightly increased, after 

which there was an irregular intensity shift of the signal followed by an eventual decrease in 

the signal intensity (at 0.4mM) accompanied by a red shift to 347 nm (Figure 3.23c). The 
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mode of interaction of the anions OH- and AsO2
-
 seem to be similar from their fluorescence 

response. This might be due to the similarity in the size of these two anions in comparison to 

AsO2
-
 .  

 

Figure.3.23: Anion sensing by A2: Titration of A2 with a) OH
- 
, b) As (III), and c) As (V). 

The detection limit of A1 and A2 for the anions is tabulated in Table 3.6. A1 had a lower 

LOD for all the anions in comparison to A2. This most probably was owing to the negative 

charge on the anions electrostatically favouring the positively charged A1 molecule over the 

negatively charged A2 molecule. LODs for the detection of AsO2
- 
and AsO3

-
 by A1 are 2.57 

µM and 7.06 µM and by A2 are 33.08 µM and 10.96 µM respectively. AsO2
- 

and AsO3
-
 

contain Arsenic in the most toxic oxidation states which have very grave health implications 

causing serious diseases and death.  In several parts of the world, contamination of the 

underground drinking water with arsenic causes severe problems.  Though the limits of 
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detection of the molecules A1 and A2 is above the recommended safety levels of Arsenic in 

drinking water (10 µg/L, 0.13µM), it is still highly relevant. There are very few examples of 

peptide based arsenic detectors which make these sensors even more prospective candidates 

for selective Arsenic detection. 

3.5.9.2. Response Towards Metal Ions: We have studied the response of our peptides A1 

and A2 towards different metal ions (Cu
2+

, Hg
2+

, Fe
3+

, Pb
2+

, Zn
2+

, Ni
2+

, Co
2+

 and Mn
2
). A 

decrease in fluorescence intensity for A1 and A2 was observed upon addition of 0.1 mM of 

Hg
2+ 

and Fe
3+ 

without any change in the peak position (em = 349 nm and 323 nm for A1 and 

A2). In the presence of other metal ions Co
2+

, Pb
2+

, Ni
2+

, Cu
2+

, Mn
2+

, Zn
2+ 

 there was no 

change in peak positions or intensity of the signal (Figure 3.24a,b).  

 

Figure 3.24: Sensing of metal ions by a) A1 and b) A2 (Metal ions=0.1mM, A1=0.1 mM and 

A2=0.1 mM).  

To find out the sensitivity of Fe
3+

 ion detection, the fluorescence response of A1 and A2 was 

monitored as a function of metal ion concentration (Figure 3.25a, b). The concentration of the 

Fe
3+

 was varied from 0.02 mM to 2 mM.  It was observed that for both A1 and A2, there was 

a quenching in fluorescence signal upon increasing the concentration of Fe
3+

 without any 
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change in the peak position. A1 and A2 had a detection limit of 2.19 µM and 18.82 µM 

respectively towards Fe
3+ 

(Table 3.6). 

 

Figure 3.25: Fe
3+

 sensing by A1 and A2: Titration of a) A1 and b) A2 with different 

concentrations of Fe
3+

.  

Table 3.6: Detection limit of the different ions by A1 and A2. 

Ions A1 A2 

As(III) 2.57 µM 33.08 µM 

OH
-
 2.86 µM 39.68 µM 

As(V) 7.06 µM 10.96 µM 

Fe
3+

 2.19 µM 18.82 µM 

 

3.6. Conclusion 

In this study, we have reported two charge complementary peptides, A1 and A2, containing 

Lys and Glu and studied their self-assembly and co-assembly in molecular details. A1 formed 

hydrogel in phosphate buffer pH 7.0 while A2 did not. Co-assembled gels were formed only 

with equal or greater amounts of A1 in the mixture.  Electrostatic interaction was the most 

important driver though hydrogen bonding, - stacking interactions and hydrophobic 
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interactions were also instrumental in the assembly process. Peptides adopted -sheet 

conformation and the stacking of the sheets gave rise to the formation of the fibre-like 

structure. Electrostatic interaction played a pivotal role in the stacking of the β-sheets that led 

to the formation of fibers. The thinner fibers assembled together laterally giving rise to the 

thicker ones, which entangled to form the mesh like architecture that eventually constituted 

the hydrogel. Similarity in the structure of the constituent peptides led to cooperative co-

assembly in the system, wherein electrostatic interactions between the charge complementary 

peptides gave rise to the tougher co-assembled gels. Applications of the self- and co-

assembled hydrogels in wastewater remediation were probed. All the reported hydrogels were 

efficient absorbants of different types of organic dyes (Rhodamine B, Crystal Violet, Neutral 

Red, Methyl Orange), small divalent metal ions (Ni
2+

, Co
2+

) as well as heavy toxic metal ions 

like Pb
2+

 and Hg
2+

. These materials could be recyclably deployed making their use 

economically viable. Ability to remove contaminants individually and from a mixture of 

several components makes these hydrogels highly prospective for practical uses of water 

remediation. Peptides A1 and A2 can selectively detect arsenite and arsenate ions, the most 

toxic forms of arsenic responsible for contamination of drinking water, in addition to 

detection of OH
-
 and Fe

3+
. The materials developed in the present study can thus be 

employed for several applications. Understanding of the molecular details of the assembly 

processes would empower scientists to develop such simple materials with versatile 

applications through rational design in the future.  

 

 

 

 

 

TH-2414_156122021



Chapter 4 
 

160 | P a g e  
 

 

 

 

 

 

 

 

Chapter 4 

Peptide Hydrogels as Platforms for 

Sustained Release of Antimicrobial and 

Antitumor Drugs and Proteins 

 

 

 

 

 

 

 

 

TH-2414_156122021



Chapter 4 
 

161 | P a g e  
 

Chapter 4 

Peptide Hydrogels as Platforms for Sustained Release of 

Antimicrobial and Antitumor Drugs and Proteins 

4.1. Peptide Hydrogels in Biomedical Applications 

The versatility, diversity, biocompatibility, stimuli-responsiveness, low immunogenicity and 

biodegradability of the peptide hydrogels have extended their applications to several 

biomedical fields like delivery platform
567-569,577

, 3D cell culture,
572

 anti-bacterial 

agents,
570,573,574 

 wound dressings,
569,575

  and tissue engineering/regeneration
571,576

  to name 

but a few (Figure 4.1).  Of the various applications mentioned, peptide based hydrogels have 

evoked extreme importance as delivery platforms. Possession of features such as 

biocompatibility and non-cytotoxicity, the hydrogel network has become an obvious choice 

for usage as a delivery vehicle for drug/gene or other therapeutic molecules such as proteins.  

 

 

Figure 4.1: Peptide hydrogels in biomedical applications. 
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4.1.1. Peptide Hydrogels in Drug Delivery: With the advancement in the field of 

therapeutic research, there has been an increased need for the development of suitable drug 

delivery systems or platforms.
578

   It has been established that efficacy of the drug depends on 

its mode of administration. Issues like solubility, systemic stability, target specific delivery 

etc. makes drug delivery a complicated problem. Different modes of drug delivery  (Figure 

4.2) have been studied which includes liposomes, hydrogels, DNA aptamers,
579, 580

 

oligonucleotides,
581

 biodegradable polymers, nanoparticles and peptide based drug delivery 

vehicles 
521, 567, 582 

 like peptide hydrogels
521, 567, 583, 584

 and cell penetrating peptides
585

 These 

approaches involve either (a) formation of a prodrug involving covalent attachment of the 

therapeutic molecules to the drug delivery vehicles like peptides, polymers, dendrimers and 

nanoparticles 
586-590 

 or (b) an entrapment of the drug followed by release.
591, 592

 For instance, 

Lin and co-workers studied doxorubicin incorporated RGD-conjugated polypeptide vesicles 

with high drug loading content (45%) and loading efficiency (95%) which showed excellent 

stability, accelerated intracellular drug release (pH and enzyme-responsive), higher tumor 

accumulation, and lower systemic toxicity.
591  

Several difficulties like systemic toxicity of the drug delivery platforms and stimuli 

dependent release of the drugs make drug delivery a challenging issue inspite of various 

techniques that are available. Additionally, for maintaining proper dosage of the drugs, 

controlled and sustainable release of drug over long periods of time is one of the primary 

requirements for a drug delivery platform.
567

 Most of the strategies mentioned above involve 

burst release of drugs which transiently increase the local concentration of the drug and 

require multiple and frequent administration.
517, 567  
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Figure 4.2: Different modes of drug delivery: a) formation of a prodrug involving covalent 

attachment of drug molecules, b) entrapment of the drug followed by release via. diffusion or 

degradation pathways. 

4.1.2. Peptide Hydrogels in Protein Delivery: Therapeutic proteins are an important class 

of molecules that are becoming increasingly relevant for the biopharmaceutical industry.
593, 

594
 Challenges in the delivery of therapeutic proteins includes their large size and complicated 

structures which lead to limited solubility, stability, denaturation, enzymatic degradation and 

membrane permeability
593, 595

. Therefore, the ideal protein delivery vehicles must have 

desirable properties which include high protein loading and biocompatibility; the ability to 

shield the proteins from enzymatic degradation and rapid clearance; the function to provide 

sustained release in a desired and therapeutically effective way. Peptide hydrogels are also 

promising candidates for protein delivery applications.
271, 567, 596-601 

 The high water content in 

peptide-based supramolecular hydrogels provides the favourable space to store the proteins. 

Either hydrophilic or hydrophobic molecules could be entrapped in the inter- or intra-fiber 

areas, greatly increasing the solubility of biologics to be delivered. The interior of the 

supramolecular hydrogels mimics the extra cellular milieu and helps in protection and 

stabilization of the proteins to help retain their activity before they reach the desired 

location.
567 

Zhang and his group studied the sustained release of a variety of proteins, 
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including lysozyme, trypsin inhibitor, BSA, and human IgG using a peptide hydrogel formed 

from Ac-(RADA)4-CONH2 peptide
271

. In a subsequent study
, 
his group studied the sustained 

release of  IgG over 3 months through the permeable structure of nanofiber scaffold 

hydrogels formed from the self-assembling peptides Ac-(RADA)4-CONH2 and Ac-(KLDL)3-

CONH2.
596

 In addition to therapeutic proteins, other biomolecules such Vitamins can also be  

delivered using peptide hydrogels. For example, Banerjee and his group reported entrapment 

and slowl release of vitamin B12 at a low pH (~2.0) from a metallohydrogel formed from a 

bolaamphiphilic peptide.
305 

4.2. Present Study 

Hydrogel formed by positively charged peptide A1 (H2N-WLVFFK-COOH) from Chapter 3 

was exploited to act as a universal drug and protein delivery platform.  Antibiotic drug 

ciprofloxacin (CP), anticancer drug 5 fluorouracil (5-FU) and proteins like BSA and 

lysozyme were co-assembled/loaded into the hydrogel and released sustainably with the 

retention of activity in the case of the drugs and the retention of secondary structure in the 

case of the proteins respectively. We have investigated the co-assembly of the peptide with 

the drug molecules using various experimental details. We have demonstrated a sustainable 

release of   anticancer drug 5-FU and antibiotic CP from the co-assembled hydrogel over a 

span of 3 days. Representative proteins like BSA and lysozyme were loaded on the peptide 

hydrogel and their release was monitored. In all the cases, released drugs retained their 

activity while the released proteins retained their native secondary structure. The novelty of 

the work lies in the fact that these simple biocompatible materials could be used as delivery 

platform for cargoes of different sizes, charges and chemistries and were capable of 

addressing important issues in drug delivery like sustained and tissue specific release. The 

overview of the work done in the present chapter is summarized in the Figure 4.3. 
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Figure 4.3: Schematic illustration of the work of this Chapter. 

4.3. Experimental Details 

4.3.1. Synthesis and Purification:  

A1 (H2N-WLVFFK-COOH) was synthesised and purified as described in Chapter 3. 

(3.4.1). Characterisation of the peptide is available in Appendix A (Figure A5a, A6a and A7; 

Page III and IV).   

4.3.2. Formation of Hydrogel:  

The hydrogel from A1 was prepared as mentioned in Chapter 3 (3.4.2).  

4.3.3. Co-Assembly of Drugs CP and 5-FU with A1 to Form Hydrogels: 

2 mg of peptide A1 was taken in 350 µL of 10 mM sodium phosphate buffer (pH=7.0) and 

into it 75 µL of 1 mM 5-FU solution in water was added to attain a final concentration of 150 

µM for the drug.  The solution was then heated till the peptide dissolved and was left for 

cooling at RT to form the 5-FU incorporated hydrogel.  

For loading CP, 2 mg of the peptide A1 was taken in 400 µL of 10 mM phosphate buffer 

(pH=7.0). Into it, 50 µL of 1 mM CP solution in water was added so that the concentration of 
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the drug becomes 100 µM. The solution was then heated till the peptide dissolved and was 

left for cooling at RT to form the CP loaded hydrogel.  

4.3.4. Loading of BSA and Lysozyme to Hydrogel A1: 

Hydrogel A1 was prepared as mentioned in chapter 3 at its MGC. 1 mL of each of aqueous 

solutions of 1.5 mg/mL BSA and 0.7 mg/mL lysozyme were added into the preformed gel 

and was allowed to stand. The protein/enzyme loading was measured using UV-Vis 

spectroscopy. Unabsorbed biomolecules in the supernatant was estimated by monitoring the 

UV of the supernatant aqueous solution and calculating the concentration from a standard 

calibration curve (Appendix A, Figure A13a, b, Page VII). The amount of biomolecules 

loaded in the hydrogel and loading efficiency were then calculated as follows:  

Biomolecules Loaded = Initial concentration of the biomolecules - Unabsorbed 

concentration of the biomolecules 

Loading efficiency= Loaded concentration/Initial concentration X 100 

4.3.5. FESEM: 

For the morphology of the co-assembled gels, preheated samples were casted on the silicon 

wafer, cooled and the gels that formed were allowed to dry at RT before imaging. Co-

assembled gels were formed from a mixture of peptide at its CGC, i.e. 2.38 mM and the 

drugs CP and 5-FU at a final concentration of was 150 µM and 100 µM respectively. The 

heated mixtures were casted on silicon wafer, cooled and dried before imaging. 

4.3.6. Rheology: 

The viscoelastic properties of hydrogels A1-CP and A1-5-FU were determined by rheological 

studies at 25 ⁰C. For measuring rheology of A1-CP and A1-5-FU, the hydrogels were 

prepared in 10 mM sodium phosphate buffer (pH=7) at 2 mg/mL concentration. A strain 

sweep test was performed over a range from 0.1-100% strain at a fixed oscillatory frequency 

of 1 rad s
-1

. Furthermore, the mechanical strength of hydrogels was determined from the 
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oscillatory test, i.e. frequency sweep, which was carried out under an appropriate strain 0.1% 

with the frequency ranging from 1-100 rad/s.  

4.3.7. Fluorescence Spectroscopy: 

To check the interaction of drugs CP and 5-FU with A1 in the co-assembled hydrogel, 

fluorescence emission of the Trp of the peptide A1 was monitored in the presence of different 

concentrations of CP and 5-FU added to A1, at an excitation wavelength of 280 nm in 20% 

EtOH/ phosphate buffer.  

4.3.8. FT-IR Spectroscopy: 

FT-IR spectra was recorded within the range of 1000-4000 cm
-1

 for A1-CP and A1-5-FU 

xerogels and compared with that of A1 xerogel. 

4.3.9. PXRD: 

Wide angle X-ray diffraction analysis was done (Cu-Kα radiation, χ = 1.5406 Å) for the 

xerogels obtained from the lyophilisation of A1-CP and A1-5-FU hydrogels, for 

understanding their molecular packing in the co-assembled xerogel state. The results were 

compared with the self-assembled A1 xerogel. 

4.3.10. Circular Dichroism: 

CD spectra of the native and released BSA and lysozyme at 0.3304 mg/mL and 0.3742 

mg/mL in PBS 7.4 respectively were recorded using a 200 μL quartz cuvette of 1 mm path 

length at room temperature. Spectra were collected at a scan rate of 200 nm·min−1 and 2 nm 

bandwidth from 190 to 260 nm with three scans for averaging. Before running the sample, 

respective solvent system were run to correct the baseline.  

4.3.11. Release of Drug/Biomolecules: 

1 mL of PBS, used as release medium, was placed on the drug-peptide co-assembled 

hydrogel. 500 µL of the release medium was taken out at different time intervals to measure 
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the UV absorbance. Release studies were monitored for 72 h. For CP, release studies were 

done in PBS pH 7.4, to mimic physiological milieu while release of 5-FU was studied both at 

PBS pH 7.4 and 5.5, to mimic healthy and cancerous tissue environments.  From the standard 

curves of the drug molecules obtained from UV spectroscopy (Appendix A, Figure A13 c,d, 

Page VII) the amount of drug released was calculated. 

For release of proteins, PBS buffer of pH 7.4 was added to the BSA and lysozyme loaded 

hydrogels. 500 µL of the release medium was taken out at different time intervals and its UV 

absorbance was measured. Release studies have been monitored for 72 h.   

The release efficiency was then calculated as: 

Release % = Released concentration/Loaded concentration X 100 

4.3.12. Potency of the Drug Released:  

CP: To compare the activity of the released CP from the hydrogel with the native drug, 

antimicrobial assays were performed.  

a) Micro-Broth Dilution Assay: Overnight grown cultures of the pathogens were used to 

obtain mild log phase cultures of Staphylococcus aureus MTCC 96 (g+) and Pseudomonas 

aeruginosa MTCC 2488 (g-). The cell suspensions were centrifuged at 6000 rpm for 5 min,  

cell pellets were washed thrhice with 10 mM PBS of pH 7.4 and resuspended in the same 

buffer to obtain the cell suspension containing 5×10
5
 CFU/mL. The reaction was set in a 96 

well plate. 50 μl of the cell suspension was incubated with 50μL (79 μM) CP (native and 

released from hydrogel in PBS 7.4) and incubated at 310 K for 4 h. A negative control 

containing only cell suspension and a positive control containing 10 µM polymyxin B with 

cell suspension were maintained. Next, 150 μL of suitable media was added to reaction well 

and incubated overnight with shaking at 310 K temperature. The peptide concentration at 

which 90% growth inhibition was observed served as its MIC90%. Absorbance was 
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monitored at 630 nm. Polymyxin B was used to normalize the data. All experiments were 

performed in triplicates. 

b) Disc Diffusion Assay: It was done to find out the antibacterial activity of released CP 

from the peptide hydrogel. Staphylococcus aureus MTCC 96 (g+) and Pseudomonas 

aeruginosa MTCC 2488 (g-) were utilized for antimicrobial test. Typically, 100 μL of 

bacterial suspension (10
8 

CFU/mL) was spread by sterile L spreader over the solidified 

nutrient agar plate and dried for 15 minutes under laminar flow. Then sterile paper discs (6 

mm) were dipped into the respective dose solution and placed on the bacterial lawn. 

Thereafter plates are sealed with parafilm and incubated at 310K for 18 h. The antibacterial 

activity for CP before and after release from the hydrogel was measured as “zone of 

inhibition” where released buffer was used as a control. All experiments were performed in 

triplicates to find out standard deviation along with one control plate without any treatment. 

5-FU: To compare the activity of the released 5-FU from the hydrogel with the native drug, 

MTT assay was done on cancerous cell line MCF-7 (human breast cancer cells). Cells were 

seeded in 96 well plate at the density of 6000 cells/well. Then, native 5-FU and that released 

in PBS at pH 7.4 and 5.5, were added on cells at 10 µM concentration and incubated for 24 h. 

After completion of the treatment, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium 

bromide (MTT) reagent mixed with Dulbecco's Modified Eagle Medium (DMEM) medium 

was added onto the cells and the plates were incubated in CO2 incubator for 2 h. In the next 

step, MTT containing medium was removed and 150 µl DMSO was added into each well. 

The absorbance of the dissolved formazan product was measured at 570 nm, while reference 

was taken at 650 nm.  

4.3.13. Cytotoxicity of Peptide A1: 

The effects of the peptide A1 on the cell viability was studied by MTT assay on healthy 

human embryonic cell line HEK and cancerous cell line MCF7. HEK and MCF cells were 
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seeded into 96 well plate at the density of 10
4
 cells/well. After overnight incubation, cells 

were treated with different concentrations (0 µM to 100 µM) of the A1 for 24 h. 

Subsequently, MTT (0.3 mg/mL) reagent in DMEM was incubated with the cells for another 

3 h and the formed formazan crystals were solubilized by adding 200 µl of DMSO. Cell 

viability was calculated by measuring absorbance at 570 nm by using a Tecan plate reader 

4.4. Results and Discussions 

4.4.1. Hydrogelation of A1:  

As mentioned in the last chapter (Chapter 3), A1 formed hydrogel in phosphate buffer at pH 

7.0 and organogel in 20% EtOH/phosphate buffer upon being heated and subsequently cooled 

(Figure 3.4c, Chapter 3). A1 hydrogel had a dense continuous matrix like morphology in 

sodium phosphate buffer at pH 7.0 (Figure 3.6a, Chapter 3) while A1 organogel formed 

entangled fibrous network in EtOH/ sodium phosphate buffer mixture (Figure 3.6b, Chapter 

3).  

4.4.2. Factors Driving Self-Assembly:  

Detailed investigation on the forces driving self-assembly were performed as entailed in 

Chapter 3 using various experiment techniques like fluoresence spectroscopy, PXRD, FTIR, 

etc. Though aromatic π-π interactions, hydrogen bonding and hydrophobic interactions were 

found to be the important factors in driving hydrogelation of A1, the process was overall 

governed by electrostatic interactions.  

4.4.3. Delivery of Drug Molecules from Hydrogel A1: 

In this chapter, we have tested the capability of A1 to form co-assembled hydrogels with two 

drugs: a) anticancer drug, 5-FU and b) antibiotic, CP. We have also studied the subsequent 

release of these drugs from these co-assembled hydrogels. 5-FU is a known chemotherapeutic 

anticancer drug that is used to treat stomach, pancreatic, breast, cervical, respiratory, head, 
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breast and neck cancer.
602

 Several drug delivery systems like nanoparticles, liposomes, 

niosomes, beads, lipoproteins and hydrogels have been used for the delivery of 5-FU.
603

 

However, its clinical application is limited due to a number of reasons such as low 

bioavailability and side effects generated by nonspecific absorption.
604

 CP on the other hand 

is a broad spectrum antibiotic effective against both gram positive and gram negative bacteria 

that is administered to tackle bacterial infections and is a gold standard for topical 

applications. Limited solubility in water and low bioavailability are the reasons for limited 

applications of this drug.
605

  

4.4.3.1. Co-Assembly of Drugs and the Peptide: Gelation and Morphology of the Drug 

Incorporated Hydrogels: 

A1 formed co-assembled hydrogel with both CP and 5-FU.  The co-assembly occurred upon 

heating and subsequent cooling of the mixtures of A1 with the drugs in sodium phosphate 

buffer, pH 7.0 (Figure 4.4 a, d).  The morphology of the gels was studied using FESEM. 

Interestingly in the A1-5-FU hydrogel (Figure 4.4b), two discrete types of morphologies were 

evident. Banana plantation type of morphology was present along with the mesh-like 

morphology that was seen for the pristine peptide A1 hydrogel. The banana plantation like 

morphology was probably formed by the drug molecule 5-FU. This suggested that 

incorporation of 5-FU in the A1-5-FU hydrogel did not disturb the self-assembly of the 

peptide rather, both the components showed self-sorted self-assembly. 

 Figure 4.4e shows the morphology of the co-assembled A1-CP hydrogel. In this case, a 

network of nanotube like structures, most probably formed by the CP was found along with a 

continuous mesh-like morphology in the background, formed by the peptides. Coexistence of 

both the two distinct morphologies proved that even for A1-CP co-assembled gel, the co-

assembly occurred via self-sorting. These are beautiful examples of orthogonal self-assembly. 

There are a few examples in the literature of such kind of self-assembly.
606

 Webber and co-
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workers reported electrostatic-driven self-sorting of two peptides DWDW and KWKW upon 

co-assembly.
606 

 

Figure 4.4: Co-assembled gels A1-5FU and A1-CP. Photographs of co-assembled hydrogels 

(a) A1-5-FU and (d) A1-CP respectively. FESEM images of co-assembled hydrogels (b) A1-

5-FU and (e) A1-CP. Chemical structures of the drug molecules (c) 5-FU and (d) CP 

respectively.  

4.4.3.2. Viscoelastic Properties: 

Both A1-5-FU and A1-CP were found to be mechanically robust as seen from the rheology 

studies (Figure 4.5b, c and 4.5e, f).  In the angular frequency sweep experiment, G was 

found to be greater than the G till a frequency of 100 rad/sec. The value of G was of the 

order of 10-10
2
 for both the A1-CP and A1-5-FU co-assembled gels, which was a little lower 

than that observed for the pristine hydrogel (Figure 4.5a), indicating that the  co-assembly 

reduced the robustness of the  A1-CP and A1-5-FU gels. Figure 4.5e, f revealed that in the 

strain sweep experiment for both the co-assembled hydrogels, the storage modulus was 

higher than the loss modulus till a particular strain (50%) beyond which the two crossed 

each other, indicating loss of gel nature. Co-assembly of the drugs with A1 led to formation 
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of softer and more malleable hydrogels which might be of advantage for the release of the 

drugs. The self-sorting and orthogonal assembly of the individual components might be the 

reason for the formation of the softer gels. 

 

Figure 4.5: Frequency dependence of the dynamic storage moduli (G′) and the loss moduli 

(G′′) of hydrogels a) A1, b) A1-5-FU, c) A1-CP and strain dependence of the dynamic 

storage moduli (G′) and the loss moduli (G′′) hydrogels, d) A1, e) A1-5-FU and f) A1-CP at 

0.20 % wt/v in phosphate buffer. 

4.4.3.3. Interaction Between the Drug Molecules and A1 in the Co-Assembled Gels: 

In order to understand the nature of interaction in between the drug molecules and A1 in the 

co-assembled gels, we monitored the intrinsic Trp fluorescence emission of A1 as a function 

of the varying concentrations of the drugs (Figure 4.6a, b).  In the case of both 5-FU and CP, 

the fluorescence emission intensity of Trp quenched upon addition of increasing 

concentration of the drugs. This indicated an increased π-π stacking in between the Trp indole 

rings and the aromatic moieties present in the drugs (Figure 4.4c, f). In the case of CP co-

assembled hydrogel, a prominent band appeared at a max = 401 nm which might be attributed 
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to excimer/exciplex formation due to increased aromatic π-π stacking upon enhanced 

assembly. The intensity of this band diminished with the increase in the concentration of CP 

suggesting the formation of exciplex.
607

 Upon addition of the drug, aromatic π-π stacking 

occured in between Trp of A1 and the aromatic moiety of CP leading to the formation of 

exciplex. Increase in the concentration of the exciplex, upon addition of increased amounts of 

drug, led to quenching in the intensity of the band. Thus, it is clear that aromatic π-π stacking 

played an important role in the co-assembly process of A1 with the drugs.  

FTIR were studied to look at the backbone conformation of A1 in the drug incorporated 

hydrogels (Figure 4.6c). Characteristic peaks at around 1630 and 1683 cm
-1

 for A1-5-FU and 

A1-CP xerogel indicated that A1 adopted -sheet conformation in both the cases, similar to 

the pristine A1 xerogel. NH stretching peaks at around 3276 cm
-1

 indicated presence of 

hydrogen bonding in the co-assembled xerogels. Similarity in the backbone conformation of 

A1 in the self-assembled and the co-assembled gels supported the formation of orthogonal 

co-assembly as seen from the FESEM experiments earlier. 

To understand the arrangement of the molecules in the co-assembled gels in the solid state, 

PXRD was performed on the co-assembled xerogels A1-CP and A1-5-FU (Figure 4.6d). 

Upon comparison of the spectra obtained from both A1-5FU, A1-CP with the pristine A1 

xerogels, it was clear that all of them had similar interplaner distances suggesting that the 

arrangements of the molecules remained the same in all the three cases. It was interesting to 

note the presence of interplaner distance of around 3.8Å in both the co-assembled xerogels, 

which corresponded to the centroid to centroid distance for the face –to –face stacking of 

aromatic rings. This observation once again supported the presence of orthogonal co-

assembly over that of cooperative co-assembly as observed from the FESEM experiments. 
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Figure 4.6: Interaction between the drug molecules and A1 in the co-assembled gels. 

Fluorescence of A1 in presence varying concentrations (0.01-3 mM) of a) 5-FU and b) CP. 

Comparison between the c) FTIR of xerogels A1, A1-CP and A1-5-FU and d) PXRD of 

xerogels A1, A1-CP and A1-5-FU.    

In summary, co-assembly of A1 with the drugs led to softer hydrogels formed from 

orthogonal self-sorting of the two. Non-covalent forces like aromatic π-π stacking and 

hydrogen bonding interactions in between A1 and the drug molecules and in between each 

class of molecules, played crucial roles in the co-assembly process. 

The decrease in the mechanical strength of the self-assembled gel upon co-assembly with the 

drugs could be attributed to the disruption of continuous self-assembled structure and non-

covalent interactions in A1 for the insertion of the self-assembled patches of the drug in the 

co-assembled gel. Though favourable aromatic interactions and hydrogen bonded interactions 

might be present among A1 and the drug moieties (as seen from fluorescence studies), it must 
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be energetically less favourable in comparison to interactions among molecules of each class, 

leading to the decrease in the mechanical strength of the co-assembled gels. This was also 

indicated in the formation of orthogonal co-assembly instead of cooperative co-assembly, 

where both the components interact one on one at the molecular level to produce a totally 

new kind of self-assembled pattern. In the present case of orthogonal co-assembly, interaction 

in between the A1 and the drug molecules occur only at the surfaces where the two self-

assembled patches come in contact with each other. 

4.4.3.4. Release of 5-FU and CP: 

One of the major disadvantage of the earlier studies on delivery of 5-FU involved unspecific 

release of the drugs, causing harm to the healthy cell lines.  We studied the release of 5-FU in 

release media of two different pH’s: a) pH
 
5.5, to mimic the acidic cancerous tissues and b) 

pH 7.4, to mimic the healthy tissues (Figure 4.7a, b). The time dependent release of the drug 

was followed by monitoring the UV absorption of the release media (Figure 4.7a, b). It was 

observed that about 73% and 68% of 5-FU was released over a span of 72 h in the acidic pH 

of 5.5 and neutral pH of 7.4 respectively (Figure 4.7d) (Table 4.1). As the cancer tissues tend 

to be acidic in nature, facilitated release of 5-FU in the acidic medium would diminish 

unspecific release of the drug making this material a potential drug release platform for 

anticancer drugs. Release of antibiotic CP was studied at a pH of 7.4 (Figure 4.7c) for a span 

of 72 h. About 80% of the drug was released in 72 h (Figure 4.7d) (Table 4.1) beyond which 

the release plateaued out.  Thus the co-assembled gels were good platforms for sustained 

release of different kinds of drug molecules.  
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Figure 4.7: UV-Visible study to monitor the release of a) 5-FU in PBS 7.4, b) 5-FU in PBS 

5.5, c) CP in PBS 7.4 and d) Release kinetics of drugs from A1 hydrogel over a span of 72 h.  

Table 4.1: Release studies of drug molecules loaded onto and released from A1 hydrogel. 

 

Drug loaded 

hydrogels 

 

Release 

medium 

 

Drug loaded  

Concentration of 

the released 

material after 72 

h 

 

% released 

 

A1-CP PBS 7.4 100 µM 79.00 µM 79.00 

A1-5-FU PBS 7.4 150 µM 102.14 µM 68.09 

A1-5-FU PBS 5.5 150 µM 109.57 µM 73.04 
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4.4.3.5. Activity of the Released Drugs: 

To access if the drugs retained their activity post storage and release from the hydrogel, we 

performed their respective activity assays. MIC of the released antibiotic CP was evaluated 

against gram negative bacteria P. aeruginosa and a gram positive bacteria S. Aureus. Figure 

4.8a shows the effect of   released CP on the microbes in comparison to the neat antibiotic, 

taken as positive control. It was found that the released drug was as efficient as the neat 

antibiotic. Additionally, standard plate growth inhibition assay was employed for relative 

qualitative estimation of the antimicrobial activity of the released antibiotic on P. aeruginosa 

and S. Aureus (Figure 4.8b). The diameter of the growth inhibition zone was measured after 

24 h of incubation at 37C and compared with the positive control, which was the neat drug. 

The diameter of the growth inhibition zone of the released CP was about 69% and 81% of 

that of the neat control antibiotic for P. aeruginosa and S. Aureus respectively (Table 4.2). In 

summary, the antibiotic retained its activity considerably upon being loaded and released 

from the hydrogel material. 

 

Figure 4.8: Antimicrobial activity of the CP released from co-assembled gel A1-CP in 

P.aeruginosa and S.aureus. a) MIC90% as obtained from the micro-broth dilution assay. 

Each experiment was done in triplicate. b) Representative patterns of zone inhibition 

experiment.  
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Table 4.2: Diameter of zone inhibition of bacterial growth obtained from disc diffusion assay  

 

−ve control = Sterile PBS (pH 7.4) and N.D. = not detected 

In order to access the anticancer activity of the released 5-FU, viability of MCF 7 cells upon 

incubation with the released drug was studied.  As the release of the drug was studied at two 

different pHs, so was the anticancer activity (Figure 4.9).  

 

Figure 4.9: Anticancer activity of 5-FU released from co-assembled gel A1-5-FU on human 

breast cancer MCF7 cell lines. The assay has been performed after about 10X dilution of the 

released drug. Cell Viability was quantified by measuring the absorption at 570 nm. All 

experiments were performed in triplicates. 

The concentration of the released drug was very high, and thus it was diluted about 10 times 

before checking the cell viability of the cancerous MCF7 cells.   The cell viability of the 

Bacteria Fresh CP CP post release -ve control 

Pseudomonas aeruginosa 3.5±0.32 cm. 2.63±0.13 cm. N.D 

Staphylococcus aureus 3.23±0.25 cm. 2.6±0.16 cm. N.D 
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released drug was comparable to that of the neat drug indicating that the released 5-FU 

retained its activity completely upon storage and release from the hydrogel. 

4.4.4. Loading and Sustained Release of Proteins BSA and Lysozyme from the 

Hydrogelator A1: 

For studying whether A1 hydrogel was capable of storage and release of proteins, two 

representative proteins, BSA and lysozyme were loaded (Figure 4.10a, b) into A1 hydrogel 

and their release was monitored subsequently for over a period of 3 days (Figure 4.10c, d).  

The model proteins were chosen such that they were very diverse in their size and pI values. 

While the BSA was a large protein containing 583 amino acid residues and hydrodynamic 

radius of 3.8-4.3 nm, lysozyme was a much smaller protein containing only 129 amino acid 

residues and a hydrodynamic radius of 2 nm. pI BSA and lysozyme were 4.7 and  11.1 in 

water. Thus in PBS pH 7.4, BSA would be negatively charged while lysozyme would be 

positively charged. Amount of protein loaded into or released from the hydrogel was 

quantitated by monitoring the UV absorbance of the supernatant. About 51.39% and 65.50% 

of BSA and lysozyme were loaded into the hydrogel respectively. BSA was clearly loaded to 

a much lesser extent than lysozyme and this may be attributed to the larger size of the former 

compared to that of the later. 
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Figure 4.10:  UV-Visible study monitoring the loading of a) BSA, b) lysozyme into  A1 

hydrogel and release of c) BSA, d) lysozyme  from A1 hydrogel in PBS, pH = 7.4.  

Upon following the release kinetics of the proteins, it was noted that there was an initial burst 

phase with rapid release of proteins from the hydrogel which subsequently slowed down and 

finally plateaued out (Figure 4.11). The initial burst might have been caused by the release of 

the proteins present at or near the surface of the hydrogel-solvent interface. The subsequent 

slowing down of the release was due to the protein molecules embedded deep within the 

hydrogel that had to diffuse to the surface through the fibrillar mesh of the hydrogel for being 

released. About 82% and 43% of lysozyme and BSA were released from the hydrogel over a 

period of three days (Table 4.3).  
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Figure 4.11: Release kinetics of proteins like BSA and lysozyme from A1 hydrogel over a 

span of 72 h  

Table 4.3: Release studies of proteins loaded onto and released from A1 hydrogel 

Protein loaded 

hydrogels 

Release 

medium 

Protein loaded  Concentration of the 

released protein after 

72 h 

% released 

 

A1-BSA PBS 7.4 0.7709 mg/mL 0.3304 mg/mL 42.85 

A1-Lysozyme PBS 7.4 0.4585 mg/mL 0.3742 mg/mL 81.61 

 

The rate of release of lysozyme was significantly higher than that of BSA. This might be due 

to the considerably larger size of BSA (583 amino acids) compared to that of lysozyme (129 

amino acids). Larger size of BSA might lead to slower movement of the protein through the 

fibrillary network of the hydrogel in comparison to that of lysozyme. Additionally, BSA with 

pI of 4.7 was negatively charged in PB (pH 7.4) in comparison to lysozyme, which was 

positively charged (pI being 11.1) at that condition. A1 being positively charged would have 

a favourable electrostatic interaction with the negatively charged BSA, leading to its slower 

release. Lysozyme, on the other hand, being positively charged did not have any favourable 
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electrostatic interaction with the hydrogel and was released quickly. However, in this context 

it must be remembered that inspite of having a favourable electrostatic interaction with the 

hydrogel, the loading of BSA was lesser than lysozyme. It was the smaller size and thus 

better diffusivity of the lysozyme through the hydrogel network that led to its better uptake. 

Thus, the size of the protein seems to have the determining role in the loading and release of 

proteins in this case. 

4.4.5. Secondary Structure and Chemical integrity of Released Proteins:  

We wanted to investigate if the encapsulation and the storage of the proteins had any effect 

on their stability and secondary structure. MALDI-MS performed on the release media 

showed presence of intact proteins in them indicating that loading and storage of the proteins 

inside the hydrogel prevented any chemical denaturation of the proteins (Figure 4.12). The 

released proteins retained their secondary structures as seen from the CD spectroscopy 

(Figure 4.13). As in the case of structured proteins, the structure and the function are closely 

related to each other, it may be concluded that the released proteins also retained their 

activity.  

 

Figure 4.12: MALDI spectrum of the release medium (PBS, pH 7.4) showing presence of 

intact proteins a) BSA and b) lysozyme.  
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Figure 4.13: CD spectra of the native and released proteins BSA and lysozyme in PBS 7.4. 

4.4.6. Cytotoxicity of A1: 

 In order to be used as a drug delivery platform, the hydrogel should be non-cytotoxic to the 

systemic tissues. One of the bottle necks in being able to use polymeric materials as drug 

delivery platforms stems from the systemic toxicity generated by them.  Cytotoxicity of A1 

was assessed using the MTT cell viability assay. Figure 4.14 shows the effect of A1 on the 

cell viability of MCF7 and HEK cell lines. A1 was found to be non-cytotoxic for 24 h over 

the entire concentration range (0-100 µM) for which the experiment was conducted. This 

concentration was very high compared to that which might result from the dissolution of 

molecules from the surface of the hydrogel. Thus for practical purposes, peptide A1 was non-

cytotoxic and ideal to be used as a drug delivery platform.  
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Figure 4.14: MTT assay of A1 on HEK 293 and MCF7 cell lines. Cell Viability was 

quantified by measuring the absorption at 570 nm. All experiments were performed in 

triplicate.  

4.5. Conclusion  

We have designed a drug delivery platform from a charged peptide based hydrogel, which 

can be used for sustained release of various kinds of drugs and proteins. We have investigated 

the co-assembly of the peptide with the drug molecules in details. Co-assembly of the peptide 

with the drugs was of orthogonal nature wherein the peptide and the drugs self-sorted and co-

assembled individually. This led to the formation of softer co-assembled gels. Aromatic π-π 

stacking, hydrogen bonding and the electrostatic interactions were the key players facilitating 

hydrogelation and co-assembly processes.  Anticancer drug 5-FU was shown to be released 

better in acidic pH compared to normal physiological pH, which might diminish the problem 

of unspecific release of the drug. All the cargoes were released sustainably from the 

hydrogels and retained their biological activity and secondary structure post-release. Such 

“all in one” kind of non-cytotoxic delivery platform might be of great importance in 

biomedical applications the future.  
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Chapter 5 

Investigation of the Self-Assembly Mechanism of a Tryptophan 

Containing Tetrapeptide 

5.1. Peptide Self-Assembly 

As discussed in the earlier chapters, self-assembly of molecules is an unique way of 

fabrication of materials with complex architectures that can be employed in various 

applications. Choice of the molecular building blocks and their judicious design helps in 

directing the assembly process Self-assembly can be further tuned by manipulating the 

various factors/ stimuli that drive the process. Diphenylalanine (FF) moiety was the first 

peptide system that showed exceptional self-assembling ability and have been extensively 

used in various studies. The self-assembling property of this dipeptide unit occurred due 

strong aromatic - stacking interactions of its side chains. However, the two other aromatic 

amino acids Trp and Tyr, have only been used to a limited extent. Di-Trp peptide (WW) does 

not show similar aggregation properties as the FF peptide, in spite of having an aromatic side 

chain that could have aromatic interaction.
150

 S. Verma and co-workers demonstrated that a 

tetrapeptide containing diTrp moiety self-assembled to form nano-vesicles.
608

 They also 

demonstrated that di-Trp moiety when attached to a tridentate ligand also gave rise to 

spherical vesicular structures.
609

 

5.2. Present Study 

In this study we have designed a simple tetrapeptide Boc-Trp-Leu-Trp-Leu-OMe (P), 

containing two Trps, that are interspersed by a Leu residue, and studied its self-assembly 

mechanism. The peptide shows a concentration dependent morphological transition from 

unilayered discrete nanospheres to clustered microspheres (Figure 5.1). Intrinsic Trp 

fluorescence was used as a reporter entity that helped in studying the mechanism of self-

assembly of the peptide. Dye/drug binding studies were employed to understand the details of 
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the self-assembled morphology (Figure 5.1). We demonstrated that the peptide microspheres 

could interact, intercalate and restrain the hydrophobic dye carboxyfluorescein (CF) and drug 

molecule Curcumin on its surface, in addition to encapsulating them. The dye and the drug 

molecules could be released in the presence of physiologically relevant cations and acidic pH. 

This dual-mode drug binding helped us to gain thorough understanding of the mechanism of 

self-assembly of our designed peptide. Additionally, since the drug release could be 

stimulated by lowering the pH, and the cancer tissues are acidic in nature, this model might 

find potential applications in cancer drug delivery in future. 

 

Figure 5.1: Schematic illustration of the work of this Chapter  

5.3. Experimental Details 

5.3.1. Synthesis of the Peptide:  

5.3.1.1. General Procedure:  

Racemization free, fragment condensation technique based solution phase method was 

employed for the synthesis of the tetrapeptide (Boc-Trp-Leu-Trp-Leu-OMe) (P). Tertiary 

butyloxycarbonyl (Boc) and methyl ester group were used for the protection of amino and 
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carboxyl groups. The Boc group and the ester group were deprotected using formic acid and 

saponification reactions respectively. Coupling was mediated via. N-(3-

dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride EDC.HCl and HOBt. The 

progress of the reaction was monitored using thin layer chromatography (TLC). The final 

peptide was obtained with high purity by column chromatography using silica gel (100-200) 

mesh as the stationary phase and mixture of ethyl acetate and hexane in the ratio of 3:2 as the 

mobile phase. The peptide was further purified using HPLC for further removal of any 

impurities. The synthesized peptide was fully characterized by 
1
H NMR study, ESI-MS and 

FT-IR Spectroscopy. 

5.3.1.2. Synthesis of Boc Protected L-Trp (Boc-W-OH): 

L-Trp (20 mmol, 1 equiv.) was dissolved in 5N NaOH, stirred and cooled to 0  C. To the 

stirring solution, Boc anhydride (24 mmol, 1.2 equiv.) dissolved in 1, 4-dioxane was added. 

The pH of the reaction was maintained at >12. The reaction mixture was allowed to stir 

overnight. Dioxane was evaporated completely over rota vapour. Water was added to the 

reaction mixture, washed with ethyl acetate (3 x 30 mL) and acidified with 6N HCl (pH = 2). 

The aqueous layer was extracted with ethyl acetate (3 x 30 mL), the organic layers pooled 

and washed with 25% brine solution. The organic layer was dried over Na2SO4 and 

evaporated to get the Boc protected L-Trp. (Boc-W-OH).  

Yield of the reaction was 5.89 g (19.4 mmol, 97%).  

HRMS (ESI-MS): m/z (M+H)
+ 

calculated for C16H20N2O4  =  305.1496 Da, Obs (M+H)
+ 

 =
 

305.1451 Da (Appendix A, Figure A14, Page VIII). 

 
1
H NMR (DMSO-d6 , 600 MHz, δ ppm) (Appendix A, Figure A15, Page VIII):  1.33 (s, 9H, 

BOC-H); 2.96-3.02 (m,1H, Cβ H); 3.12-3.17 (m,1H, Cβ H); 4.12 - 4.19 (m, 1H, Cα H); 6.94-

6.97 (d,1H, J = 12 Hz, C7H w.r.t indole ring); 6.98-7.02 (t, 1H, J = 9 Hz, C5H w.r.t indole 

ring); 7.05-7.10 (t, 1H, J = 6Hz, C6H w.r.t indole ring); 7.14-7.20 (broad singlet, 1H, C2H 
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w.r.t indole ring); 7.33-7.37 (d, 1H, J= 12Hz, C4H w.r.t indole ring); 7.52-7.55 (d, 1H, J = 6 

Hz, amide NH); 10.83 (s, 1H, NH indole) . 

5.3.1.3. Synthesis of Methyl Ester of L-Leu (L-OMe. HCl): 

L-Leu (50 mmol, 1 eq.) and dry methanol (50 mL) were taken in a round bottom flask, 

covered with a calcium chloride guard tube and cooled in an ice bath. Into the stirring 

reaction mixture, SOCl2 (75 mmol, 1.5 equivalent) was drop-wise added. The reaction 

mixture was stirred for another 30 minutes under ice cooled condition. After 30 minutes the 

reaction mixture was refluxed for 4 h. After four h the reaction mixture was cooled down and 

then evaporated to get the methyl ester of L-Leu.  

Yield of the reaction was7.67g (42.5 mmol, 85%). 

5.3.1.4. Synthesis of Dipeptide Boc-Trp-Leu–OMe: 

L-OMe. HCl (15 mmol) was dissolved in minimum amount of dry DCM (30 mL) to which 

5.9 mL (2.8 equiv.) of triethyl amine was added at 0  C and stirred for 15 minutes. This was 

added to a precooled solution of Boc-protected Trp Boc-W-OH (15mmol) in dry DCM (30 

mL), preactivated with EDC.HCl (1.2 equiv.) and HOBt (1.2 equiv.). After 12 h, the reaction 

mixture was washed with distilled water and brine for three times. The organic layer was 

dried over anhydrous sodium sulphate, filtered and was evaporated in vacuum to yield an off-

white solid. The dipeptide was purified with column chromatography using silica gel as 

stationary phase and mixture of ethyl acetate and hexane in the ratio of 3:2 as eluent.  

Yield of the reaction was5.4 g (12.5 mmol, 83.2 %).  

HRMS (ESI-TOF): m/z(m+H)
+ 

calc.  for C23H33N3O5 432.2493 Da, found 432.2490 Da 

(Appendix A, Figure A16, Page IX).  

1
H NMR (DMSO-d6, 600 MHz, δ ppm) (Appendix A, Figure A17, Page IX) : 0.84, 0.9 (d, 

3H, J = 6 Hz, Leu δ H ); 1.3 (s, 9H, BOC-H); 1.46-1.56 (m, 1H, Leu γ H); 1.56-1.7 (m, 2H, 
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Leu β H); 2.86-2.92, 3.04-3.08  (m, 2H, Trp βH); 3.06 (s, 3H, methyl group); 4.24 (m, 1H 

Leu αH); 4.35 (m, 1H, Trp αH); 6.73-6.77 (d, 1H, J = 6Hz, C7H  w.r.t. indole ring); 6.97-6.99 

(t,1H, J = 6, C5H w.r.t indole ring); 7.05-7.08 (t, 1H, J = 6, C6Hw.r.t indole ring); 7.13 (broad 

singlet, 1H, C2H w.r.t indole ring);7.33 (d, 1H, J = 6 Hz, amide NH); 7.61(d, 1H, J = 6 Hz, 

C4H w.r.t  indole ring); 8.25 (d, 1H,  J = 6 Hz, amide NH), 10.80 (1H, NH, indole ring). 

5.3.1.5. Synthesis of Boc-Trp-Leu-OH: 

The synthesized dipeptide Boc-WL-OMe (6.2 mmol, 2.672 g) was dissolved in methanol 

(MeOH) followed   by the drop wise addition of 10 N NaOH till pH of the reaction was> 12 

(mixture turned turbid). The reaction was allowed to stir for 36 h and progress of the reaction 

was monitored by TLC. After 36 h, the reaction mixture was evaporated. Water was added to 

the residue and extracted with ethyl acetate (3 x 30 mL).  The aqueous layer was cooled and 

acidified with 6 N HCl (pH =2) and then extracted with ethyl acetate (3x 30 mL). The 

organic layers were pooled, washed with brine solution, dried over Na2SO4andevaporated to 

obtain the product Boc-WL-OH.  

The yield of the reaction: 1.9 g, (4.8 mmols, 77.41 %). 

5.3.1.6. Synthesis of Peptide Boc-Trp-Leu-Trp-Leu-OMe: 

10 mL formic acid was added to the di-peptide Boc-Trp-Leu-OMe (4.8 mmol) and kept for 3 

h. Thereafter, formic acid was completely removed under pressure. The residue so obtained 

was taken in water and the pH of the solution was adjusted to 11 using sodium bicarbonate 

and then extracted with ethyl acetate (3x 30 mL). Organic layers were pooled, washed with 

brine, dried over sodium sulphate and concentrated to a viscous liquid which responds to 

ninhydrine test. The Boc deprotected dipeptide (NH2-Trp-Leu-OMe) was dissolved in DCM 

and triethyl amine was added to it at 0
 
 C and the reaction mixture was stirred for 15 minutes. 

This was added to the precooled Boc-Trp-Leu-OH in dry DCM, preactivated with EDC.HCl 

and HOBt. After 72 h the reaction was washed with distilled water and brine (3x 30 mL). 
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The organic layer was dried over anhydrous sodium sulphate, filtered and was evaporated in 

vacuum to yield an off white solid. The tetra peptide was purified using silica gel as 

stationary phase and mixture of ethyl acetate and hexane in the ratio of 3:2 as eluent. Final 

purification was done by reverse phase HPLC using acetonitrile/H2O solvent mixtures. 

Tetrapeptide was obtained as a white powder.  

Yield of the reaction was 2.0 g (2.8 mmols, 58.10 %).   

Melting point: 154C.  

The peptide purity was confirmed by analytical HPLC trace (Appendix A, Figure A18, Page 

X) and characterised by ESI-MS (Appendix A, Figure A19, Page X) and
1
H NMR spectra 

(Appendix A, Figure A20, Page XI). 

1
H NMR (DMSO-d6, 600 MHz, δ ppm):  0.78-0.83 (m, 12 H, Leu  -H); 1.07-1.09 (t, 2 H, 

Leu γ-H); 1.26 (s, 9 H, Boc-H merged with Leu β-H ); 1.3-1.5 (m, 4 H, Leu β-H merged with 

Boc-H); 2.8-3.14 (m, 4H, Trp β-H); 3.6 (s, 3H, OMe); 4.1-4.6 (s, 4H, chiral); 6.81,7.88,8.07, 

8.26 (d, 4H, J = 6 Hz, amide N-H ); 6.91-6.97 (t, 2H, J = 12 Hz, C6Hw.r.t. indole ring); 7.02-

7.05 (t, 2H, J = 6Hz, C5H w.r.t. indole ring); 7.08-7.11 (d, 2H, J = 6 Hz, C4Hw.r.t. to indole 

ring); 7.28-7.30  (d, 2H, J = 12 Hz, C7Hw.r.t. indole ring); 7.52-7.58 (d, 2H, J = 6 Hz, C2H 

w.r.t. indole ring); 10.79-10.80 (s, 2H, indole ring N-H ).  

HRMS (ESI-TOF): m/z(m+H)
+ 

calc. for C40H54N6O7731.4127 Da, found 731.4187 Da 

(Appendix A, Figure A19, Page X)  

5.3.2. FT-IR Spectroscopy: IR spectra was recorded in KBr pellet in the region of 1000-

4000 cm
-1

. 

5.3.3. FESEM: The morphologies of the reported materials were studied by FESEM. 

a) For the FESEM study in different solvents, lyophilized peptide was incubated for 5 

minutes in different solvents (DMSO, toluene, MeOH and EtOH) at peptide concentration of 
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10 mM. The peptide solutions were drop casted on a silicon wafer and dried under vacuum at 

room temperature overnight (7 days for DMSO solution).  

b) For the morphology study at lower concentration, 0.02 mM ethanolic peptide solution was 

prepared and after 2 minutes 5µL of this solution was taken out and drop casted on a wafer. 

Another part of the solution was allowed to age for 10 days and 5 µL of the same was drop 

casted on a wafer thereafter. 20 µL of 0.01 mM of KCl and 50 µL of HCOOH were added to 

two batches of 10 days- aged peptide solution (5 mL each), incubated for 48 h respectively 

and drop casted on a silicon wafer. 

c) 1.46 mg of lyophilized peptide was added to 100 mL of 2.5 µM Curcumin solution to a 

final peptide concentration of 0.02 mM and incubated for 2 days. 5 µL of this solution was 

drop casted on a silicon wafer. Water was added to the peptide solution and it was freeze 

dried in two batches in which 5 µL of 0.01 mM of KCl and 50 µL of HCOOH were added, 

incubated for 48 h and 5 µL of each batch were casted on wafer and dried before imaging. 

5.3.4. FETEM: FETEM studies were performed by casting 3 µL of 0.02 mM ethanolic 

solution of peptide on carbon - coated copper grids (300 mesh). EtOH was removed by slow 

evaporation and the grid was allowed to dry under vacuum at room temperature for 3 days. 3 

µL of uranyl acetate solution was added to the grid and dried under vacuum overnight. 

Images were taken in both the transmission mode and diffraction mode. 

5.3.5. AFM: For AFM study, 5 µL ethanolic solution of the peptide (10 mM and 0.02 mM) 

were placed on microscope glass coverslip and dried by slow evaporation under vacuum for 

3 days.  

5.3.6. DLS:  Particle size of the peptide spheres was determined by DLS with different 

concentrations (0.01, 0.02, 0.03, 0.04 mM) of ethanolic peptide solutions.  
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5.3.7. CD Spectroscopy: The CD spectra of all the samples were recorded by using a 200 

µL quartz cuvette of 1 mm path length at RT. Spectra were collected at a scan rate 100 

nm.min
-1 

and 2 nm bandwidth from 195 to 260 nm with 5 scans for averaging. Before 

running the sample, ethanol was run to correct the baseline. 

5.3.8. Fluorescence Spectroscopy: Intrinsic Trp fluorescence of peptide was monitored to 

study the peptide self-assembly process. Emission spectra were recorded for peptide 

solutions at different concentrations in between 10 mM- 0.04 mM at excitation wavelength 

of 280 nm and a slit width of 3. 

5.3.9. Fluorescence Microscopy: Ethanolic solution of peptide (0.02 mM) was incubated 

with 50 µM of CF for 24 h.  Then one drop (10 µL) of this solution was drop casted on a 

cover slide and dried at room temperature under vacuum. Fluorescence microscopic image 

was then taken.. For salt triggered disruption studies with the spheres, KCl solution (1 mM 5 

µL) was added to the dye solution of peptide, incubated for 12 h and image taken 

subsequently. 

5.3.10. Peptide Microsphere- Dye/Drug Interaction: This was studied by monitoring 

fluorescence emission of dye CF and drug Curcumin using fluorescence spectroscopy. 

a. Peptide-CF Interaction: 5 mL of peptide solution was mixed with 5 mL of ethanolic CF 

solution to attain final peptide and CF concentrations of 0.02 mM and 90 µM respectively. 

Emission spectra of CF were recorded at different time intervals with excitation wavelength 

at 493 nm and bandwidth 5 nm. Finally after 24 h, 5 µL of 0.01 mM KCl was added to 5 mL 

of the above solution, incubated for 24 h and florescence was measured. To the other 5 mL 

of the above solution, 50 µL of HCOOH was added, incubated for 24 h and fluorescence 

measured. 

b. Curcumin Peptide Interaction: Experiment was done in two different ways.   

TH-2414_156122021



Chapter 5 

 

195 | P a g e  
 

1. To ethanolic peptide solution, Curcumin solution was added to make final peptide 

concentration of 0.02 and 10 mM and final Curcumin concentration of 20 µM respectively. 

Florescence emission was monitored at different time intervals. After 36 h, KCl and 

HCOOH were added to different portions of the above solution as described previously and 

florescence was recorded. 

2. 1.46 mg of lyophilized peptide was added to 100 mL of 20 μM ethanolic solution of 

Curcumin to make a final peptide concentration of 0.02 mM. Emission spectra with 

excitation maxima at 430 nm and bandwidth of 5 was recorded at different time intervals 

upto 36 h. KCl and HCOOH were added to different portions of the above solution as 

described previously and florescence was recorded. 

5.3.11. Proof of Curcumin Encapsulation: 

Peptide (1.5 mg) of peptide was added to 20 µM Curcumin solution. The microspheres 

containing Curcumin were coagulated using water and centrifuged down. The supernatant’s 

mass was checked. After several cycles of washing followed by centrifugation, the 

precipitate was resuspended in ethanol and water and lyophilized. Lyophilized microspheres 

loaded with Curcumin were again resuspended in EtOH and its mass checked. Finally KCl 

was added to rupture the microspheres to release Curcumin and mass was checked. 

5.4. Results and Discussions 

5.4.1. Self-Assembly of P in Different Solvent Systems:  

Figure 5.2 gives the chemical structure and the gas phase optimized geometry of the 

synthesised peptide P. We wanted to study the self-assembly behaviour P in different solvents 

and conditions. To gain insight into the type of morphology formed by the peptide P in 

different solvents upon self-assembly, we performed various kinds of electron microscopic 

studies like FESEM, TEM and AFM.  
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Figure 5.2: a) Chemical structure of Peptide Boc-Trp-Leu-Trp-Leu-OMe (P). b) Electrostatic 

potential map of Gas phase optimized geometry (Method: Hartree–Fock (HF) Basis set: 6-

31+g*) of P. Blue and red indicate positive and negative charge respectively. 

The morphology of the peptide P at 10 mM concentration in various solvents like DMSO, 

toluene, MeOH and EtOH observed by FESEM is shown in Figure 5.3a-d. It is clearly 

evident from the images that P adopts different morphologies in various solvents. Thus the 

solute-solvent interaction has a predominant role on modifying the solute-solute interactions 

that bring about self-assembly. In our study, we focused on the spherical morphology which 

was obtained in two solvents namely EtOH and MeOH. As MeOH is carcinogenic and in the 

practical scenario may not be suitable for applications, we decided to continue our studies 

further with EtOH. The particle size distribution of the microspheres at 10 mM MeOH and 

EtOH is shown in Figure 5.4a, b respectively where we have observed that at 10 mM 

concentration of P, microspheres with diameters ranging from 2-3 m were formed 

predominantly in EtOH. To probe the effect of concentration on the self-assembly of P, 

FESEM was done at different concentrations. P self-assembled into nanospheres of 200-300 
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nm diameters at as low a concentration as 0.02 mM (Figure 5.5a). Thus the size of the 

microspheres was proportional to the concentration of the peptide solution. 

 

Figure 5.3: FESEM image of P in a) DMSO b) toluene c) MeOH and d) ETOH at 10 mM 

peptide concentration. P adopts different morphologies in various solvents. 
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Figure 5.4: Particle size distribution of P microspheres in a) MeOH and b) EtOH at 10 mM 

peptide concentration. This has been obtained from the analysis of Figure 5.3c, d. 

We wanted to find out whether this self-assembly process was kinetically or 

thermodynamically governed. Figures 5.5a and 5.5b show the morphologies of P at 0.02 mM, 

after incubation for 2 minutes and 10 days. There was no visible difference in the 

morphology indicating that the self-assembled morphology of the reported peptide may be a 

thermodynamically controlled product. The self-assembled microspheres disrupted upon 

addition of KCl and formic acid as is clear from FESEM images (Figure 5.5c-d).  

 

Figure 5.5: FESEM image of P in EtOH at 0.02 mM after incubation for a) 2 min and b) 10 

days and after addition of  c) of 0.1 mM KCl and d) 5µl HCOOH to a. 

For further insight into the self-assembled morphology, FETEM studies were performed. It 

was observed that P formed nanospheres of the diameter of about 200-400 nm at a 
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concentration of 0.02 mM and microspheres of diameter of about 1-1.1 µm at a concentration 

of 10 mM which is in corroboration with the FESEM data (Figure 5.6a, b). The electron 

diffraction pattern in Figure 5.6c shows that the microspheres are partly crystalline. However, 

attempts of growing single crystals of P have been unsuccessful so far. The particle size 

distribution of the microspheres as seen by FETEM at 10 mM is shown in Figure 5.6d. The 

average particle size was found to be 1 µm. 

 

Figure 5.6: FETEM image of P at a) 0.02 mM and b) 10 mM respectively, c) Electron 

micrograph image of P at 0.02 mM and d) Particle size distribution of microspheres at 10 

mM concentration of P as analysed from b. 
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Further, the topology of the self-assembled structures was studied using AFM (Figure 5.7a-c) 

at 0.02 mM peptide concentration. Nanospheres of 400 nm diameter were seen which also 

supported FESEM and FETEM data. Figure 5.7b and 5.7c shows the 3D plot and the surface 

profile analysis of the particles to see the width and flatness of the particles at that 

concentration. 

 

Figure 5.7: a) 2D AFM image of P at 0.02 mM concentration, b) 3D AFM image and c) 

height profile plot for the peptide nanospheres formed by P at 0.02 mM concentration.  

5.4.2. Size Distribution of the Nanospheres: In order to study the dependence of the size of 

the self-assembled nanospheres on the concentration of the peptide solution, DLS 

experiments were performed. At peptide concentrations of 0.01, 0.02, 0.03 and 0.04 mM, the 

diameter of the nanospheres varied from 248 nm, 638 nm, 971 nm and 1410 nm (Figure 5.8a-

d). Thus it was clearly seen that with the increase in concentration, the size of the 

microsphere increased as was previously seen in the FESEM studies. The peptide formed 

smaller nanospheres at lower concentration which started fusing with each other to form 

larger microspheres at higher concentration. 
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Figure 5.8: DLS study of P at a) 0.01 mM, b) 0.02 mM c) 0.03 mM and d) 0.04 mM peptide 

concentrations showing increasing diameters of 248 nm, 638 nm, 971 nm and 1410 nm 

respectively. 

5.4.3. Backbone Conformation and Hydrogen Bonding in P: FTIR experiment was 

performed to look into the backbone conformation of tetrapeptide P (Figure 5.9) and the 

extent of hydrogen bonding of the peptides in the solid state. The most informative frequency 

ranges for peptides are (a) 3500-3200 cm
-1

, corresponding to the N-H stretching vibrations of 

the peptide and (b) 1800-1600 cm
-1

, corresponding to the stretching vibrations of the peptide 

urethane, and ester groups.
610-613

 Two intense bands were obtained at 3416 cm
-1

 and 3312 cm
-

1
 indicating non-hydrogen bonded and intermolecularly hydrogen-bonded NHs 

respectively.
611, 613

 The intensity of the NH band at 3312 cm
-1

 is more than that at 3416 cm
-1

 

indicating hydrogen bonded structures for the peptide in solid state. The characteristic IR 

absorption bands at about 1641 cm
−1

 (amide I) and 1531 cm
−1

 (amide II) of the tetrapeptide 

are typical of β-sheet
610-612

 conformations. Moreover, existence of band at 1689 cm
−1

 gave a 

hint of the presence of antiparallel β-sheet structures.
611 
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Figure 5.9: FTIR spectrum of P indicating β-sheet like solid state conformation. 

5.4.4. Secondary Structure of P: Circular dichroism was performed at different 

concentrations of the peptide (Figure 5.10). Though CD is a sensitive technique for the 

prediction of secondary structure of polypeptides,
614

 the limitations on the use of CD for 

conformational analysis of small linear peptides with aromatic residues have been 

reported.
615, 616

 Moreover, secondary structure formation has been shown to be dependent on 

the length of the polymers. As P is very small, presence of random coil like CD peaks was 

not surprising.
617

 Upon increasing the concentration of P beyond 0.15 mM, a noteworthy 

exiton-coupled band appeared at 215 nm (negative) and 229 nm (positive), which indicated 

interaction between aromatic chromophores of Trp
618

 (Figure 5.10). These bands were not 

seen at lower concentrations which suggested that the self-assembly which was obtained at a 

lower concentration of 0.02 mM did not involve stacking of the indole rings of Trp. 

Observation of exciton coupled band at high concentration of peptide suggested that some 

change in self-assembly occurred at high peptide concentration that involved aromatic 

stacking of Trp side chains. 
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Figure 5.10: CD spectrum of P showing exciton coupled bands at 215 nm (negative) and 229 

nm (positive) at higher P concentration. 

5.4.5. Self-Assembly of P: 

5.4.5.1. Role of π-π Stacking: To probe the self-assembly of the peptide further, we decided 

to monitor the intrinsic fluorescence of Trp residues present in the peptide. As the intrinsic 

fluorescence of Trp gets quenched upon aromatic stacking interactions of the indole rings 

during self-assembly, this study is immensely important in monitoring the self-assembly 

driven by aromatic stacking of Trp. Upon increasing the concentration of the peptide, the 

fluorescence intensity at 345 nm steadily increased till 0.156 mM, beyond which the 

fluorescence intensity got quenched upon increasing the concentration (Figure 5.11). This 

suggested that aromatic stacking of indole rings occurred beyond 0.156 mM and was absent 

at lower concentrations. This data corroborated the CD data and suggested that the self-

assembly into nanospheres at a low concentration of 0.02 mM was not assisted by Trp 

stacking. With increase in the concentration of the peptide, not only did the size of the 
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peptide nanospheres increase as seen by DLS, but a significant change in the self-assembly 

pattern also occurred, which  involved aromatic stacking of Trp. 

 

Figure 5.11: a) Concentration dependent fluorescence spectra of P b) Plot of fluorescence 

emission intensity vs. concentration of P. 

Thus, from the FESEM, IR, CD and fluorescence data we can suggest that the self-assembly 

process of P was guided not only by aromatic stacking of the Trp moieties but also other non-

covalent forces like hydrogen bonding. Although we have seen from fluorescence data that 

beyond 156 μM concentration of P the stacking of Trp moieties drives the self-assembly of P, 

but from FESEM data we have observed that even at lower concentration of 0.02 mM peptide 

nanospheres were formed. This suggested that self-assembly at lower concentration was not 

guided by aromatic stacking but by other interactive forces like hydrogen bonding. This 

brings us to a conclusive idea about the interplay of more than one non-covalent force in the 

self –assembly of peptide P. For gaining deeper insight into the molecular arrangement in the 

assembly process, we have done extensive fluorescence experiments of the peptide with 

curcumin and CF, a fluorescent drug and dye respectively.  
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5.4.5.2. Studies on Binding/Encapsulation of Dye CF and Hydrophobic Drug Curcumin 

to the Peptide Microspheres:  

At first, we have chosen the fluorescent dye CF to study the peptide-CF interaction using 

fluorescence microscopy. Figure 5.12a shows the brightfield image of the peptide 

nanospheres at 0.02 mM peptide concentration. Figure 5.12b is the fluorescence image of the 

dye, showing its localization at certain zones. Figure 5.12c is the superimposition of the two 

earlier images which demonstrates the co-localization of dye CF and the peptide nanospheres. 

However, this picture does not explain whether the peptide is surface bound or entrapped 

within the nanospheres. Figure 5.12d shows the loss of localization/scattering of CF upon 

addition of KCl which is an effect of the disruption of the vesicles upon addition of KCl, as 

already seen from FESEM earlier (Figure 5.5c). This disruption of peptide self-assembly 

leads to the loss of interaction in between the peptide and CF. 

We have then used fluorescence spectroscopy to understand the interaction of the dye with 

the peptide P by using the intrinsic fluorescence emission of the dye. Figure 5.13a shows the 

time dependent fluorescence emission spectrum of CF upon being incubated with peptide 

solution (0.02 mM). Initially, after addition of the dye to the peptide solution, the 

fluorescence emission intensity of the dye got quenched which indicated the interaction of the 

dye with the peptide. The fluorescence emission intensity of the dye kept steadily decreasing 

over the time till about 10 h. Upon addition of KCl, the fluorescence emission of the CF 

increased again. This might be a consequence of release of the dye molecules due to 

disruption of peptide nanospheres upon addition of KCl. Disruption of nanospheres in 

presence of KCl has already been demonstrated earlier with FESEM (Figure 5.5c).The regain 

of fluorescence in the case of CF was almost 100% as KCl seemed to have very little effect 

on it (Figure 5.13b).  
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Figure 5.12: Fluorescence microscopic image of P at 0.02 mM upon addition of CF. a) 

Bright field image, b) Fluorescence image, c) Superposition of a and b and d) Fluoresence 

image upon addition of KCl. 

 

Figure 5.13: a) Time dependent fluoresence spectra of CF upon being added to 0.02 mM 

solution of P and b) Effect of KCl on the fluorescence emission of a) CF. The fluorescence 

emission maxima of CF is slightly red shifted while intensity remains unchanged in the 

presence of KCl. 
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To have a much better understanding of the peptide self-assembly process, we have studied 

the interaction of the peptide with another aromatic moiety, an anticancer drug Curcumin. 

This time we have studied the interaction between them in two different ways: One was 

similar to that we have been done in case of CF, i.e. we have added the ethanolic solution of 

drug into the peptide solution in ethanol assuming that the peptide nanospheres were already 

formed and secondly, we have allowed the formation of nanospheres in the ethanolic solution 

of Curcumin, i.e. added solid peptide to it. We have monitored the change in fluorescence 

emission of the Curcumin moiety in either cases.  

In the first case, when Curcumin was incubated with peptide solution (0.02 mM), we 

observed similar kind of result as was obtained in case of CF, i.e. after addition of the drug to 

the peptide solution, the fluorescence emission of Curcumin got quenched which was 

indicative of the interaction of the drug with the peptide (Figure 5.14a). The fluorescence 

kept steadily decreasing over the time till about 36 h for Curcumin and stayed stable till 48 h 

(not shown in figure). Upon addition of KCl or HCOOH, the fluorescence emission of the 

Curcumin increased again as a result of the disruption of the nanospheres; however the regain 

of fluorescence intensity of curcumin was not 100% as in the presence of KCl, the 

fluorescence of Curcumin was modified as shown in Figure 5.14b.  
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Figure 5.14: a) Time dependent fluorescence spectra of Curcumin upon being added to 0.02 

mM solution of P and b) Effect of KCl on the fluorescence emission of Curcumin.  

Fluorescence emission of Curcumin was severely quenched in the presence of KCl. 

In the second way, time dependent fluorescence emission of Curcumin was monitored 

(Figure 5.15a) upon addition of solid peptide to curcumin solution. Nanospheres formed in 

the presence of Curcumin were visualised upon performing FESEM (Figure 5.15b). In this 

scenario, a lot of dye was encapsulated inside the nanospheres. Interestingly, this time the 

fluorescence intensity of Curcumin did not diminish appreciably, unlike the earlier case 

where Curcumin solution was added to the peptide solution, i.e. to already formed 

nanospheres (Figure 5.14a). This result suggested that Curcumin was not entrapped within 

the nanospheres, rather surface bound in the earlier case.  As interaction of Curcumin with 

the surface of the nanospheres led to appreciable quenching of fluorescence, it may be argued 

that the surface of the nanospheres contained some aromatic groups that interacted with 

aromatic moieties of Curcumin. This suggested that Trp side chains stick out on the outer 

surface of the nanospheres formed at 0.02 mM peptide concentration. When Curcumin was 

entrapped inside the nanospheres, there was a slight fluorescence quenching indicating that 

the inside of the nanospheres did not have aromatic groups to interact with the Curcumin. The 

slight decrease in fluorescence intensity may have occurred due to the untrapped Curcumin 

molecules in solution that interacted with the Trp residues on the surface. This is a clear hint 

that the interior of nanospheres did not contain any indole moieties of Trp but contained Leu 

side chains instead.  

Thus these drug encapsulation studies proved a good way to indirectly understand the self-

assembled morphology of P. Upon addition of KCl and formic acid to the Curcumin 

entrapped nanospheres, the fluorescence emission of Curcumin changed significantly. This 

was due to the rupture of the microspheres releasing the encapsulated and bound Curcumin. 

TH-2414_156122021



Chapter 5 

 

209 | P a g e  
 

This changed fluorescence of Curcumin was similar to that observed earlier upon release of 

surface bound Curcumin. Figure 5.15c and d shows the FESEM image of rupture of the 

Curcumin loaded nanospheres in the presence of KCl and HCOOH that validates the change 

in fluorescence emission of Curcumin as seen in Figure 5.14a.  

 

Figure 5.15: a) Time dependent fluoresence spectra of curcumin upon addition of freeze 

dried P (final conc. 0.02 mM) to curcumin solution. b) FESEM image of peptide nanospheres 

formed in the presence of curcumin. FESEM images of ruptured curcumin loaded P 

nanospheres upon addition of c) KCl and d) HCOOH. 

Furthermore, in order to prove that Curcumin was indeed encapsulated in the microspheres, 

the Curcumin solution with solid peptide added to it was coagulated with the addition of 

water and centrifuged. The precipitate was washed several times with water to remove any 

unbound curcumin from the surface and subsequently resuspended in EtOH.  Mass analysis 
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was performed on the EtOH before (control) and after addition of KCl to the solution. 

Presence of Curcumin mass in EtOH, after disruption of Curcumin loaded peptide 

microspheres with KCl, clearly proved that Curcumin was entrapped in the microspheres 

(Appendix A, Figure A21, Page XI). 

Next, we thought of understanding the microsphere morphologies at 10 mM peptide 

concentration. For this, Curcumin was added to the peptide microspheres formed at 10 mM 

and its fluorescence emission was monitored (Figure 5.16b) and compared with the data 

obtained upon addition of Curcumin to peptide solution at 0.02 mM (Figure 5.16a). Trends in 

the fluorescence quenching of the Trp fluorescence with time for both 0.02 mM and 10mM 

peptide concentration were identical, indicating interaction of the peptide with dye. This 

proved that even at 10mM concentration of the peptide, the microspheres had Trp sticking 

out of the surface, just like the case of P nanospheres formed at 0.02mM. To ensure that the 

binding of Curcumin to the surface of nanospheres was indeed through aromatic interaction 

between the aromatic moiety of the drug and indole ring of Trp,  fluorescence emission of 

Trp upon addition of Curcumin to preformed nano-assemblies at both 0.02mM (Figure 5.16c) 

and 10mM (Figure 5.16d) was  monitored. In both the cases, quenching of Trp fluorescence 

was observed proving that Curcumin was indeed surface bound to the nano/microspheres by 

aromatic interaction between the Trp side chains and the aromatic moieties present in the 

drug. 
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Figure 5.16: Time dependent Fluoresence spectra of Curcumin upon being added to a) 0.02 

mM and b) 10 mM solution of P. Time dependent fluorescence spectra of P (Trp) upon 

addition of Curcumin to c) 0.02 mM and d) 10 mM solution of P. 

5.4.6. Mechanism of Self-Assembly:  

Tetrapeptide Boc-Trp-Leu-Trp-Leu-OMe spontaneously self-assembled into spherical nano-

/microspheres upon dissolution in EtOH, as seen from FESEM. On the basis of the 

experiments described above and the energy-optimized structure of the peptide (Figure 5.2b), 

it was possible to understand the mechanism of self-assembly of the tetrapeptide. Figure 5.17 

is a schematic which attempts to explain the mechanism of concentration-dependent self-

assembly of the tetrapeptide. From the energy-minimized structure of the peptide, the 

orientation of the Trp ring was seen to be roughly about perpendicular to the plane containing 

the peptide bond. From FTIR, the peptide was found to adopt anti-parallel β-sheet 

conformation. When peptide strands hydrogen-bonded to form anti-parallel β-sheets, the Trp 
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residues pointed toward one side of the β sheet and the Leu side chains pointed toward the 

opposite side (Figure 5.17B). The Trp aromatic rings were poised in such a fashion that they 

did not stack with each other upon forming the anti-parallel β-sheet. Thus, even upon forming 

the anti-parallel β-sheet, the intrinsic fluorescence of Trp in the peptides increased 

proportionately with the concentration. This peptide sheet folded to form the nanospheres 

which were seen in FESEM at as low as 0.02 mM concentration (Figure 5.17C). These 

nanospheres were formed in such a way that the Trp side chains pointed outwards while the 

hydrophobic Leu side chains pointed inwards. The formation of nanospheres at the 0.02 mM 

concentration did not need the aromatic stacking of Trp and was driven by the hydrophobic 

effect. Because of the low concentration, the nanospheres remained discrete and did not 

cluster with each other (Figure 5.5a). Upon increasing the concentration of the peptide, self-

assembly via the above mentioned mode continued and the size of the nanospheres increased 

by fusion of the smaller spheres forming larger spheres (microspheres), as seen by DLS 

studies (Figure 5.8). Beyond a certain concentration (0.156 mM), the microspheres came 

close together and formed clusters of microspheres (Figure 5.17D). This clustering was 

stabilized by aromatic interactions of Trp side chains pointing out of the microspheres. This 

led to quenching of Trp intrinsic fluorescence (Figure 5.11a) and appearance of exciton-

coupled CD peaks (Figure 5.10) upon increasing the concentration of the peptide beyond 

0.156 mM. The proximity of the microspheres at higher concentrations is seen in the FESEM 

images at 10 mM (Figure 5.3d). Figure 5.17E−G indicates surface binding and encapsulation 

of curcumin at different peptide concentrations and mode of addition. This provides 

additional information about the interaction between the aromatic groups of the drug with the 

trptophan sidechains present at the surface of the nanospheres/microspheres and leads to a 

conclusive idea about how the nanospheres are decorated with the sidechains of Trp residues 

of P.  
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Figure 5.17: Schematic representation of concentration dependent self-assembly and drug 

binding pattern of P. A) P monomer, B) β-sheet like conformation of P, C) P nanospheres at 

0.02 mM, D) Clustered P microspheres at 10mM, E) Entrapment of dye in nanospheres, F) 

Binding of Curcumin on at the surface of P nanospheres and G) Binding of Curcumin on at 

the surface of P microspheres at 10 mM. 

5.5. Conclusion 

In conclusion, we have been able to explain the mechanism of self-assembly of a tetrapeptide 

containing Trp. This is a befitting example showing how self-assembly is governed by an 

interplay of several forces. At the low concentration range, intra-strand hydrogen bonding 

leads to the formation of anti-parallel -sheets that is driven to assemble into unilayered 

nanospheres by hydrophobic effect, with the Leu side chains pointed towards to core of the 

nanosphere and Trp side chains pointing outwards. Upon increasing the concentration of the 

peptide, the size of the peptide spheres increase which eventually form unilayered 

microspheres. Beyond a certain concentration, clustering of microspheres occur which is 

stabilized by aromatic stacking interactions between the Trp side chains sticking out of the 
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microspheres. We have also demonstrated the mechanism of self-assembly of the 

nanospheres using aromatic moieties such as Curcumin. We found that when Curcumin was 

added to P nanospheres, it was intercalated on the surface of the nanospheres instead of being 

encapsulated in the spheres. Curcumin interacted with the peptide nanospheres via. aromatic 

interactions between the indole ring of the Trp sticking out of the nanosphere surface and its 

aromatic moiety. On the other hand, upon forming the peptide nanospheres in the presence of 

Curcumin, encapsulation occured. In both cases, the drug was released in the presence of 

physiologically relevant ions like potassium and in acidic conditions, upon disruption of the 

peptide self-assembly. With dual drug encapsulation and intercalation capabilities, this 

prototype helps us in a better understanding of the self-assembly mechanism of the peptide P 

into nanospheres.  

 

TH-2414_156122021



Chapter 6 

 

215 | P a g e  
 

 

 

 

 

 

 

 

Chapter 6 

Conclusions 

 

 

 

 

 

 

 

 

 

 

 

 

TH-2414_156122021



Chapter 6 

 

216 | P a g e  
 

Chapter 6 

Conclusions 

This thesis is about the exploration and understanding of self-assembly mechanism in small 

designed peptides and applying the peptide nanostructures in diverse applications. Peptides 

and amino acid derivatives have been synthesized using standard solution and solid phase 

peptide synthesis. Thereafter we have undertaken various studies and delineated the 

mechanism of self-assembly in molecular details, unravelling the supramolecular interactions 

that are involved in the process. Finally we have employed the self-assembled materials in 

wastewater treatment and drug delivery applications.     

 Chapter 1 introduces the process of self-assembly, the governing supramolecular interactions 

and external factors/stimuli that control self-assembly. We have summarized the 

advancements in the field of peptide self-assembly, the plethora of structures that  are formed 

and the spectrum of applications they have been  employed in. We have also discussed the 

various characterisation techniques which are required for proper study of the mechanistic 

details of the peptide nanostructures.  

In the second chapter, we have shown dicyclohexyl urea derivatives of amino acids Fmoc-

Phe-DCU (M1), Fmoc-Phg-DCU (M2) and Fmoc-Gaba-DCU (M3) to form phase selective, 

thermo-reversible and mechanically robust gels in a large range of organic solvents. We have 

proved that self-assembly leading to gelation in this system is mainly propelled by 

hydrophobicity and π-π stacking interactions in between Fmoc groups. Interestingly, the 

organogels were found to absorb several kinds of organic dyes namely, CV, RB and NR 

efficiently and could be reused for dye absorption for multiple cycles. Additionally, M1-M3 

acted as sensors for anions like fluoride, acetate. NMR and DFT calculations suggested 

involvement of the amino acid NH in fluoride binding while urea NH was involved in a six 
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membered intramolecular hydrogen bond. Urea moiety was believed to have an indirect role 

in modulating the electronic levels of the sensors which led to interaction with the anions. 

In the third chapter, we have designed and studied the self- and co-assembly of two charge 

complementary peptides A1 (WLVFFK) and A2 (WLVFFE) into hydrogels. Though, 

aromatic π-π interactions, hydrogen bonding and hydrophobic interactions were the most 

important drivers for hydrogelation, electrostatic interaction was the governing factor that led 

to self-assembly. Co-assembly of the two peptides was of cooperative nature and  the stability 

of the coassembled gels varies on their composition. The self- and co-assembled gels were 

highly efficient in removal of organic dyes (acidic, basic and neutral) and toxic metal ions 

(Co
2+

, Ni
2+

, Pb
2+

, Hg
2+

) from wastewater recyclably.  Both the peptides acted as selective 

sensors for anions like arsenite (AsO2
-
), arsenate (AsO3

-
) and hydroxide (OH

-
) ions and cation 

Fe
3+

.  

In the fourth chapter, the non-cytotoxic A1 hydrogel have been used for the sustained release 

of different kinds (chemistries, sizes, charges and bioactivities) of drugs and protein 

molecules. All the cargoes retained their chemical identity, structure and bioactivity upon 

loading, storage and release from the hydrogel. Anticancer (5-FU) and antimicrobial (CP) 

drugs were co-assembled orthogonally with the peptide to form hydrogels, where each 

components self-sorted and assembled individually. - stacking interactions and H-bonding 

in between the components led to the co-assembly. 5-FU was more efficiently released in 

acidic pH compared to neutral pH, which might aid the tissue specific delivery of drugs.  

In the fifth chapter, we studied the concentration dependent self-assembly of a tryptophan 

rich tetrapeptide. The peptide formed nanospheres at a lower concentration which was driven 

by hydrogen bonding and hydrophobic interactions. The surface of the nanospheres were 

decorated with the tryptophan side chains. At higher concentrations, peptides formed 

microspheres which adhered to each other via the intercalation of the tryptophan side chains 
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present on the surface. The nano/microspheres were capable of encapsulating as well as 

binding drug/dye molecules on the surface. Physiological salt concentrations and acids 

disrupted the assembly leading to release of the drug/dye molecules. This prototype might be 

a promising strategy to be adopted in drug delivery in the future. 

Understanding the underlying molecular interactions of different assembled systems would 

help in the design of custom peptides with desired properties and tailor-made applications. 

Though, with the extensive studies in the field, and the present understanding,  peptide self-

assembly is no more a serendipitous phenomenon, the success to failure ratio  of the rational 

design  is also significant.  The field remains at the frontiers of material research community 

owing to its ability to generate materials which are economically viable, simple and robust, 

with versatile applicability. We hope that the research entailed in this thesis has advanced the 

field in a significant way. 
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Appendix A 

 

 

Figure A1: Analytical traces of a) M1, b) M2, c) M3 and d) M4 respectively.  
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Figure A2: ESI-MS of M1-M4. a) Mass calc. for M1: (M+H)
+ 

=594.3287 Da; Mass Obs.: 

(M+H)
+
=532. 3456 Da. b) Mass calc. for M2: (M+H)

+ 
=580.3131 Da; Mass obs.: 

(M+H)
+
=580.3215 Da. c) Mass calc. for M3: (M+H)

+
=532.3131 Da;Mass obs.: (M+H)

+
=532. 

3209 Da. d) Mass calc. for M4: (M+H)
+
=410.2974 Da; Mass obs.:(M+H)

+
=410.2994 Da. 

 

 

Figure A3: 400 MHz 
1
H NMR spectra of a) M1 (5 mM)  and b) M2 (5mM) in CDCl3at 

300K. 
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Figure A4: 400 MHz 
1
H NMR spectra of a) M3 (5 mM) and b) M4 (5mM) in CDCl3 at 

300K. 

 

Figure A5: Analytical HPLC traces for (a) A1 and (b) A2 
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Figure A6: ESI-MS of a) A1 and b) A2.  

 

 

Figure A7: 
1
H NMR (600 MHz) of A1 at in DMSO-d6 at 300K 
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Figure A8: 
1
H NMR (600 MHz) of A2 at in DMSO-d6 at 300K 

 

Figure A9: ESI-MS of A3  
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Figure A10: Calibration plots for a) CV, b) RB c) NR and d) MO. 

 

Figure A11: Calibration plots for a) Ni
2+

 and Co
2+
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Figure A12: Calibration plots for a) Hg
2+

 and Pb
2+

 obtained from AAS experiment 

 

 

Figure A13: Calibration plots for a) BSA, b) lysozyme c) ciprofloxacin and d) 5-fluorouracil. 
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Figure A14: ESI-MS of Boc-W-OH 

 

Figure A15: 
1
H NMR (600 MHz) spectrum of Boc-W-OH in DMSO-d6 at 300K. 
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Figure A16: ESI-MS of Boc-WL-OMe 

 

Figure A17: 
1
H NMR (600 MHz) spectrum of Boc-WL-OMe in DMSO-d6 at 300K. 
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Figure A18: Analytical HPLC profile of P. 

 

Figure A19: ESI-MS of Boc-WLWL-OMe (P) 
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Figure A20: 1H NMR (600 MHz) spectrum of Boc-WLWL-OMe (P) in DMSO-d6 at 300K. 
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Figure A21: ESI-MS spectrum (a) of the supernatant after centrifuging the microspheres, 

when peptide was added to curcumin solution, (b) of the wash, (c) of the resuspension of 

lyophilized micropheres in EtOH and (d) post addition of KCl to microspheres. 
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Appendix B 

B1.  Materials Purchased: 

All amino acids used in solution phase synthesis, Dicyclohexylurea and all other organic 

solvents used in gelation, DMAP, DIC, DMF, DCM Piperidine, DIPEA, acetic anhydride, 

pyridine, TFA, tetrabutyl ammonium salts, metal salts were purchased from Spectrochem. All 

Fmoc protected amino acids, HOBt, PyBOP, Fmoc-OSu were purchased from G.L. 

Biochem.Ltd., sodium meta arsenite was purchased from Novabiochem, Arsenic solution was 

purchased from Sigma Aldrich. 

B2. Instruments Used for Various Studies: 

1. NMR: 400, 600 MHz Bruker NMR spectrometer 

2. FT-IR: Spectrum Two Perkin Elmer FT-IR spectrometer 

3. FESEM: FESEM Sigma 300 microscope, FESEM Sigma Zeiss Gemini microscope 

4. FETEM: JEOL JEM (Model 2100F) at an operating voltage of 200 KV 

5. AFM Agilent (5500 series). 

6. PXRD: Bruker D2 Phaser X Ray diffractometer (Cu-Kα radiation, λ = 1.5406 Å) 

7. Rheology: Anton Paar MCR102 Rheometer equipped with a 20 mm parallel-plate 

measuring system. 

8. Fluorescence: Fluoromax-4 spectrophotometer. 

9. AAS: AA240, Varian, Netherlands spectrophotometer. 

10. DLS: Zetasizer Nano ZS90 from Malvern using a 632.8 nm He−Ne laser  

11. CD: Jasco J-1500 spectropolarimeter. 

12. Fluorescence Microscopy: Nikon eclipse Ts2R fluorescence microscope 
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