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Abstract 

Peptide-based supramolecular gels have versatile applicability in both biomedical and non-

biomedical disciplines. Biocompatibility, biodegradability, low cytotoxicity, non-

immunogenicity, and biological origin are some attributes that shape peptides to behave as 

advantageous soft materials. The ability to arrange themselves in secondary structures like β-

sheets, α-helix, or tertiary structures renders peptides as potential building blocks for 

supramolecular architecture. Literature has already evidenced a wealth of remarkable progress 

in developing biomaterials made by peptide supramolecular gels. Even after decades of 

research in this area, the versatile nature of peptide gels still encourages scientist around the 

globe to explore the possibilities of their utility by modifying or designing new peptide 

sequences to create smart and advanced supramolecular gels.  

In this thesis, with the advantages of peptide-based gel materials under consideration, an 

attempt has been made to design and synthesize small peptide molecule-based gels that can be 

utilized for both biomedical and non-biomedical sectors. Investigation of peptide self-assembly 

mechanisms to understand their gelation behavior was another important objective of our work. 

Primarily, we have developed small peptide-based gels (hydrogels/organogels) for utilizing 

them in varied applications including wastewater remediation, development of hybrid 

conducting material, encapsulation of quantum dots, and development of antimicrobial 

therapeutics. We have constituted purely physical gels, which are governed only by non-

covalent interactions. The peptides used for the constitution of the gels vary from small 

hydrophobic and highly aromatic peptides to salt-tolerant and protease-resistant cationic 

antimicrobial lipopeptides. The developed hydrogels have been employed in diverse 

biomedical applications like drug release platform, adjuvant for potentiating antibiotics against 

resistant microbes and materials to prevent growth and propagation of biofilms. The organogels 
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on the other hand, have been employed for water remediation by removal of spilled oil and 

dyes, development of conducting material and immobilization cum stabilization of quantum 

dots. In addition to demonstrating their applications, we have characterized (thermostability, 

reversibility, mechanical stability, phase-selective gelation ability and morphology) these soft 

materials and investigated the mechanism of self-assembly/gelation in each of the systems 

through several spectroscopic and microscopic techniques. These studies would enable the 

better design of peptide-based physical gels in future. 

Chapter 2:  

This chapter detailed the design of four dipeptide molecules rich in aromatic moieties. All the 

peptides showed effective gelation abilities in a wide range of organic solvents.  The obtained 

organogels were thermoreversible, phase-selective, and mechanically stable. Further, they 

were found to be useful in removing dyes from water, oil spill recovery, and fabrication of 

conducting gels. The mechanism of self-assembly was investigated thoroughly with the help 

of NMR, IR, PXRD, single crystal XRD, and fluorescence experiments, where it was 

established that hydrogen bonding and π-π interactions played key roles in the gelation process. 

Chapter 3:  

In this chapter, we have investigated the effect of the length of the spacer between the Phe 

residues of FF dipeptide on the self-assembly/gelation abilities of three analogs of FF dipeptide, 

namely, Boc-FLF-OMe, Boc-FLLF-OMe, and Boc-FLLLF-OMe. Here, a variable number of 

leucine amino acid residues were incorporated as a spacer in between the two Phe moieties. It 

was observed that all three peptides had similar kind of gelation properties in various organic 

solvents. All the organogels were thermoreversible, phase-selective, and mechanically stable.  

Further, one of the peptide oragonogelators (Boc-FLLF-OMe) was utilized for the 

immobilization and stabilization of CdSe/CdSe-ZnS quantum dots (QD). The gel matrix 
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successfully encapsulated the QDs, which not only resulted in the retention of their photo-

physical properties, but also in an increase in the lifetime of their photo-physical properties. 

Chapter 4:  

This chapter probed six different cationic lipopeptides with different lengths of fatty acyl 

chains, C8-C18, to understand the effect of hydrophilic-hydrophobic balance on several 

properties of peptides such as gelation ability, secondary structure, cytotoxicity, salt-tolerance 

and protease-resistance of antimicrobial activity. The peptide with the longest fatty acyl chain, 

P18, was the most effective antimicrobial agent against both Gram-positive and Gram-negative 

bacterial strains, along with hydrogelation properties in a pH 7.4 buffer system. P18 was non-

cytotoxic towards mammalian cells, non-hemolytic, proteinase K resistant, and salt tolerant in 

its antimicrobial potency. We established that the hydrophobic-hydrophilic balance, could play 

a crucial role in determining the properties of the peptides like gelation ability, antimicrobial 

activity, salt tolerant properties, and protease stability. 

Chapter 5:  

In this chapter, the concept of combination therapy was explored through the development of 

a composite antimicrobial hydrogel from the co-assembly of AMP P18, discussed in the earlier 

chapter, and antibiotic ciprofloxacin, which had the potential to prevent the biofilms formed 

by Methicillin-Resistant Staphylococcus aureus (MRSA). The new hybrid antimicrobial 

hydrogel had better antimicrobial activity and faster bactericidal effect than P18 hydrogel and 

the antibiotic alone. These antimicrobial hydrogels have also been scrutinized against MRSA 

resistance development tests, where no resistance occurred against them over 48 generations. 

At the same time, several folds of enhancement in MIC were found for the antibiotic 

ciprofloxacin. 
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L-Amino Acid with Abbreviations and Single Letter Codes 

 

 

 

 

 

Amino Acid 

 

Abbreviation 

 

One letter code 

 

Alanine 

 

Ala A 

Valine 

 

Val V 

Isoleucine 

 

Ile I 

Leucine 

 

Leu L 

Methionine 

 

Met M 

Phenylalanine 

 

Phe F 

Tyrosine 

 

Tyr Y 

Tryptophan 

 

Trp W 

Threonine 

 

Thr T 

Serine 

 

Ser S 

Asparagine 

 

Asn N 

Glutamine 

 

Gln Q 

Cysteine 

 

Cys C 

Glycine 

 

Gly G 

Proline 

 

Pro P 

Arginine 

 

Arg R 

Lysine 

 

Lys K 

Histidine 

 

His H 

Aspartic acid Asp D 

Glutamic acid 

 

Glu E 
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Unnatural Amino Acids with Abbreviations 

L-Phg: L Phenylglycine 

Homo-Phe: Homo-phenylalanine 

 

Abbreviations 

AMP: Antimicrobial Peptide 

UV: Ultraviolet 

SCXRD: Single crystal X-ray diffraction 

PXRD: powder X-ray diffraction 

MALDI: matrix-assisted laser desorption/ionization 

HRMS: Higher-resolution mass spectroscopy 

FESEM: Field Emission Scanning Electron Microscopy 

FETEM:  Field Emission Transmission Electron Microscope 

FTIR: Fourier Transform Infrared Spectroscopy 
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NMR: Nuclear Magnetic Resonance 
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1D: One Dimension 

2D: Two Dimension 

MD: Molecular Dynamics 

SPPS: Solid Phase Peptide Synthesis 

HPLC: High Performance Liquid Chromatography 

NMR: Nuclear Magnetic Resonance 

CCDC: Cambridge Structural Database accession number  

TLC: Thin layer chromatograph
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NaCl: Sodium Chloride 

CaCl2: Calcium Chloride 

mM: Millimolar 

µM: Micromolar
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iv 
 

E. coli: Escherichia coli  

P. aeruginosa: Pseudomonas aeruginosa

K. pneumoniae: Klebsiella pneumoniae 

S. aureus: Staphylococcus aureus 

MRSA: Methicillin-resistant S. aureus 

MDR: Multi-drug resistant 

EtOH: Ethanol 

EDC.HCl: N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride 

MeOH: Methanol 

Fmoc-OSU: N-(9-Fluorenylmethoxycarbonyloxy) succinimide 

ACN: Acetonitrile 

CAC: Critical aggregation concentration  

TIPS: Triisopropylsilane 

SOCl2: Thionyl chloride  

LiOH: Lithium hydroxide 

CaH2: Calcium hydride 

TPPI: Time-proportional phase incrementation  

n-Buli: n-Butyl lithium 

NiCl2: Nickel chloride 

H2SO4: Sulphuric acid 

HCl: Hydrochloric acid 

DBU: 1, 8-Diazabicyclo [5.4.0] undec-7-ene 

HCOONH4: Ammonium formate 

K2CO3: Potassium carbonate 

NaHCO3: Sodium bicarbonate 

Na2SO4: Sodium sulphate 

RT: Room temperature 
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1.1. Molecular self-assembly 

The term "molecular self-assembly" provides an incredible path for understanding the evolution 

of a broad range of exquisite architectures/arrangements existing in nature that arise from the 

spontaneous association of numerous constituents woven by diverse numbers of interactions. Our 

life itself depicts the inescapable importance of molecular self-assembly by creating multitudinous 

complex structures1 like the organization of cell membrane through the usage of phospholipid self-

assembly,2 creation of DNA double helix specific hydrogen bonding pairs,3 protein folding,4 

nucleic acid arrangements,5-6 protein aggregates found in amyloid fibrils relevant to widely popular 

neurological abnormalities like Parkinson’s, Alzheimer’s diseases7-8 and many others,9-10 which 

are the basis of our existence. A complete living cell is found to be another wonderful platform for 

producing self-assembled structures by demonstrating different strategies.11 Aside from living 

biological systems, the idea of assembled systems is found to exist everywhere. This includes 

large-scale phenomena like the formation of galaxies and planetary systems,12 illustrating the 

hierarchical processes of the organization of galactic molecular gas, and their transformation into 

populations exhibiting diverse color, size, morphology etc., as evidenced in our universe.13-15 All 

these diverse ranges of existing structures highlight the pervasive role of the supramolecular 

association. Hence, self-assembly can be defined as the process of the spontaneous association of 

available building blocks to form an ordered and stable arrangement from their randomly or 

separately distributed positions at any scale.12,16 (Fig. 1.1) This suggests the possibility of 

fabrication of various well-defined and spontaneous supramolecular architectures with promising 

significance, through a bottom-up approach by utilizing the process of self-assembly.17 
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Fig. 1.1. Formation of ordered structures from various building blocks through the self-assembly 

process.   

 

Also, it takes part in many aspects of applied disciplines by organizing molecular components and 

using various efficient interactions with several well-organized patterns.18 Often, structures 

derived from the molecular self-assembly process are governed by non-covalent interactions 

namely hydrogen bonds, hydrophobic, van der Waals, ionic, and co-ordination bonds, though 

kinetically labile covalent bonds can also be utilized.19 Understanding molecular self-assembly is 

essential as it offers the scope of designing hierarchical structures towards the advancement of 

functional materials.20-21 As mentioned before, nature is the best example of utilizing the idea of 

self-assembly and giving uncountable structures necessary for survival.22 By introducing the 

existing self-assembled structures from nature into synthetic systems, through mimicry and design, 

noble structures/materials with versatile application have taken birth. 

In chemistry, molecular self-assembly is not a newly discovered concept; phenomena like the 

phase-separated polymer systems,23 colloids formation,24 molecular crystals arrangements,25 
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liquid bilayers,26 self-assembled monolayers,27 and also an association of ligand to a receptor28 can 

be considered as types of self-assembly. Molecular self-assembly opens new direction for the 

creation of several ordered structures in wide range of size and shape with several useful 

applications.29 Development of diverse array of structures with outstandingly advantageous 

features in both biological and non-biological domain of research is one of the greatest 

achievements of self-assembly processes.30  

We, human beings, are constantly inspired by nature and its ways of constructing complex self-

assembled structures. (Fig. 1.2) This inspires the innovation of new materials with sustainable 

benefits. One of the noteworthy accomplishments of perceiving inspiration from nature involves 

 

Fig. 1.2. Some self-assembled structures created by nature are proteins, DNA, viruses, cell 

membrane etc. (cell membrane part was adapted from the ref. 1 with permission, published by 

Wiley and Sons, DNA, virus structure were taken from wikibooks and micoop.com; protein 

folding was taken from protein library). 
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using biomolecules to design and create functional, dynamic, and reversible hierarchical structures 

on multiscale levels.31-43 DNA, nucleic acids, lipids and peptides are some examples of 

biomolecules that have been widely exploited as essential elements for supramolecular 

architectures owing to their several advantages, including easy availability, ability for specific 

molecular recognition, scope of simple chemical and biological modification and biocompatibility 

for bottom-up fabrication.44-49 In this regard, peptides have remarkable popularity for possessing 

versatile functionality, good biocompatibility, low immunogenicity, structural programmability, 

biological origin, chemical diversity, stability, robustness, easy synthesis, scalability, and cost- 

effectiveness.31,50 The importance of secondary structures provided by natural peptide motifs have 

opened several ways to make new advanced materials by introducing β-sheets, helices and other 

conformations.51 Thus, the fabrication of novel nano biomaterials can be explored by garnering 

knowledge from the naturally occurring peptides, designing de novo peptides with the desired 

properties and efficiency for targeted applications, and assembling them into supramolecular 

structures. Formation of intricate and improved supramolecular architectures have become 

possible by using peptides as building blocks of self-assembly by “bottom-up” approach.52-56 

1.2. Peptide self-assembly 

Peptides comprise of a varied composition of amino acids, including both natural and unnatural, 

and form a versatile group of constituents for the molecular self-assembly process.57-58 The 

versatility of peptides emerges from their composition of amino acids with unique physico-

chemical properties. Several functional groups carried by the side chains of the amino acids allow 

the peptides to undergo functionalization with other molecules. The presence of amide bond, 

possessing the ability to facilitate or stabilize the hydrogen bond formation, is another beneficial 

attribute that makes peptides potential building blocks. A couple of decades ago, components with 
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biological roots like nucleotides and amino acids were not regarded as advantageous constituents 

for materials engineering. However, this belief has altered in recent years with the advancement 

of synthetic and material science and other disciplines like genetic engineering, biotechnology 

etc.56Also, studies proved their better immunocompatibility and favorable pharmacokinetics. 

Widely acknowledged as biologically-inspired building blocks with attractive advantages, 

peptides have gained increasing attention in the development of several advanced materials and 

and the progression of diverse domains of research including biomedicine, nanotechnology and 

energy.59-62 Moreover, peptide-based materials are useful as excellent nano-architectonics, to build 

intricate functional systems and devices, which can offer new avenues for mimicking 

biosystems.63-67 Research activities on the development of peptide biomimetics have provided a 

wealth of new possibilities for the formation of various synthetic materials with comparable or 

improved functionality with respect to naturally occurring products.1, 68-71  

1.2.1 Thermodynamics of peptide self-assembly 

The process of peptide self-assembly describes a spontaneous thermodynamically and kinetically 

propelled phenomenon that results from the numerous intermolecular non-covalent interactions 

like π- π stacking, hydrophobic, hydrogen bonding, electrostatic, cation-π, and van der Waals 

interactions.72 Their collective influence confirms the formation of final thermodynamically stable 

nanostructures. In addition, kinetic parameters like pH, temperature, counter ions, concentrations, 

and solvent environment can also remarkably influence the formation of nanostructures. The 

presence of  selected kinetic parameters like change in pH, concentration, temperature, solvent 

composition, may confine the assembled structures in some metastable states.73-76 But without the 

presence of the kinetic parameters, these metastable structures transform themselves into the 

thermodynamically favored state.63 Also, many studies displayed the substantial contribution of 
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the kinetic parameters in influencing thermodynamic interactions among the peptide molecules 

along with their interactions with the solvent that are liable for peptide self-assembly.77-84  

Therefore, supramolecular processes are not limited to only thermodynamically controlled 

phenomena; there is always a competition between the assembly process of thermodynamically 

and kinetically controlled states. Building dynamic structures through supramolecular systems 

with desired properties is possible by understanding the ability to control possible transitions 

among kinetically trapped states and their pathways.63 

1.2.2. Drivers in peptide self-assembly 

Non-covalent interactions offer a significant contribution to the formation of nanostructures when 

peptide self-assembly occurs. (Fig. 1.3) Hydrophobic interactions, π- π stacking, hydrogen 

bonding, cation-π, electrostatic, and van der Waals interactions are some of the important non- 

 

Fig. 1.3. Types of non-covalent interactions responsible for peptide self-assembly. 
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covalent interactions to promote peptide self-assembly.72 However, regardless of the individual 

strengths, their combined effect is sufficient to initiate the self-assembly of building blocks to 

create well-ordered structures.44,72 Moreover, the presence of various types of non-covalent 

interactions together is another approach for achieving stable self-assembled structures. For 

example, Stupp and his group have established a connection between the hydrogen bonding 

strength and hydrophobic attraction strength in the ‘‘phase diagram’’ of peptide amphiphiles with 

the help of molecular dynamics (MD) simulations.85  

Apart from non-covalent interactions, peptide self-assembly can be regulated by the presence of 

external stimuli like temperature, light, sonication, heating, and internal stimuli, including redox 

reactions, solvent polarity, ionic strength, metal ions, pH, and enzymes (Fig. 1.4).86-89a  

 

Fig. 1.4. Various stimuli that control peptide self-assembly. 
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The stimuli-responsive peptide self-assembly and their assembled structures are found to be highly 

advantageous for various medical applications under various physiological conditions. A pH-

responsive KGSFSIQY-TYHVD peptide (KD) was designed for the formation of microcapsules 

through pH-induced self-assembly by Shimanovich et al. and utilized it for the controlled release 

of encapsulated cargos, including antibodies. At a low pH 6.5, the KD peptide was found to be in 

its monomeric state, but at a high pH of 8, it formed β-sheet nanofibrilar gel.89b Another group 

designed a redox-responsive peptide, selenopolypeptide, pSe-NapFFC-Glu conjugate by attaching 

a redox-responsive selenoether moiety to a short peptide NapFFC that can be used for delivery of 

anticancer drugs.89c Chibh et al. studied a novel disulfide containing dipeptide that had the ability 

to form nano assembly with the advantages of having S−S bonds that rendered the NPs 

(nanoparticles) to be redox-responsive.  The free amino and carboxylic groups on the surface of 

the NPs facilitated their conjugation with drug molecules.89d These NPs were further derivatized 

with FA (folic acid) to increase the efficiency of cellular uptake, then loaded with DOX, to form 

FA-NPs-DOX. Subsequent reduction of the S−S bonds released the encapsulated DOX within the 

cancerous cells. 

1.2.3. Nanostructures from peptide self-assembly 

By utilizing the advantages of the versatility of peptides and exploitation of both non covalent 

interactions and external parameters, peptide self-assembly offers possibilities of generating 

various assembled structures including tubes,90 filaments,91fibrils,92 nanovesicles,93 gels,94 

nanobelts,95 nanoparticles96 and rod like micelles.97 Numerous types of peptide molecules have 

been designed and utilized for building diverse range of nanostructures. (Fig. 1.5) One of the most 

notable findings was the diphenylalanine (FF) peptide sequence, the core recognition motif of β-

amyloid peptide in Alzheimer’s disease. It has the outstanding potential to self-assemble into 
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discrete elongated tubular assemblies.98-99 Other derivatives of diphenylalanine peptide were also 

known to form ordered aromatic dipeptides nano-structures (ADNS), like spheres, plates, tubes, 

and hydrogels.100, 101, 102, 103a 

 

Fig. 1.5. Different classes of peptides forming a diverse range of nanostructures upon self-

assembly. (One part of this Fig. adapted from ref. 103b with permission from Sara La Manna, 

International Journal of Molecular Sciences, Published by MDPI, 2021). 

 

Literature has plenty of evidences of peptide based nanostructures for being used in broad array of 

biomedical applications such as drug release,104 gene delivery,105 tissue regeneration,106 and also 

for non-biomedical applications like removal of toxic pollutants,107 oil spill recovery,108 fabrication 

of nanoclusters and nanoparticles109 and other various applications.110 

1.3. Supramolecular peptide gels 

From these peptide self-assembled nanostructures, supramolecular gels are known to be one of the 

most intriguing outcomes in the emerging field of soft materials.111,113 In general, gels are 

viscoelastic solid like materials with three dimensional fibrillar network that do not flow and have 
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the ability to stand without falling upon inverting the vial containing the gel.112-113 This formation 

occurs from the entrapment of solvent within the solid 3D matrix provided by the cross linking of 

the polymeric strands of molecules by physical or chemical forces.112 Further, gels can be 

subdivided into two classes depending upon the type of interaction they carry within the network. 

Chemical gels are stabilized by strong covalent cross-linking, while physical gels are stabilized 

through non-covalent interactions between the molecules.114-115 Due to the strong covalent 

interactions chemical gels are irreversible, whereas weak non-covalent forces make physical gels 

reversible in nature.112 Gels are also classified by considering the presence of solvents in 

hydrogels, where water entrapment occurs, and organogels, where organic solvents act as gelation 

medium. Further, two additional categories may be included in gel classification, namely xerogel, 

which is a solid formed after evaporation of the solvent at room temperature from a hydrogel or 

an organogel, and aerogel, which is described as dried gels formed upon solvent removal with the 

use of supercritical drying. Xerogels are highly porous with smaller pore sizes accompanied by 

larger surface area. Likewise, aerogels also possess high porosity and enormous surface area along 

with low apparent densities.116-117   

1.3.1. Advantages of peptides as building block for Supramolecular gelation and mechanism 

Several classes of biomolecules118-123 and other synthetic organic molecules124-126 are known to 

have the gelation ability (Fig. 1.6) and among them, peptides are considered one of the most 

attractive self-assembling units due to their relatively easy tailoring of structure and functions. 

They can generate highly porous gel systems with considerable mechanical stability. 
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Fig. 1.6. Several classes of building blocks available for supramolecular gel formation. 

 

Also, the possibility of their adjustable functions and biomimetic synthesis allow them to be used 

in advanced applications. Other properties like biocompatibility, low toxicity, easy functionality, 

and biodegradability are also added to the benefits of peptides as gelator molecules.127-129 The 

ability to form secondary and tertiary structure, make peptides unique and versatile building blocks 

from the other self-assembling molecules. Also, another reason for peptides to appear as great 

choice for the development of supramolecular gels is the presence of a variety of functional groups 

encompassing donor-acceptor of hydrogen bond along with the flexibility in the modification of 

structures such as side chain functionality.130-132   

Peptide supramolecular gel formation through self-assembly is a hierarchical process. Initially, the 

primary structure of selected peptide molecules tries to arrange themselves in some secondary 

structures like α- helices or β-sheet in solution, which further self-assemble into 2D aggregates by 

intermolecular non-covalent interactions and eventually form fibrils of nanoscale order under the 

favorable conditions. Thinner fibres gradually give rise to bundle of thicker fibers. These fibers 

again elongate themselves in a way that leads to a 3D fibrillar network, which may be considered 

as peptide gels with self-supporting properties130, 133 (Fig. 1.7). 
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Fig. 1.7. Hierarchical formation peptide supramolecular gel. (Parts of the Fig were adapted from 

ref. 133b with permission from Taylor and Francis, 2020; ref. 202 with permission published by 

Wiley and Sons, 2018; ref 133c, Molecules, Published by MDPI, 2019). 

 

1.3.2. Non-covalent interactions in supramolecular gelation  

Like other self-assembly process, peptide supramolecular gelation is controlled by non-covalent 

forces. Hydrogen bonding is one of the essential interactions that can initiate gelation in peptide 

molecules.134 There are many studies that have claimed the importance of hydrogen bonding in the 

formation of peptide gel. In this context, one previous study showed the role of intermolecular 

hydrogen bonding in self-assembly of cyclic dipeptide derivatives into nanofibres, nanoribbons 

and organogelation.135 Another study revealed the organogelation of ferrocene-peptide through 

inter- versus intramolecular hydrogen bonding in the attached peptide chains.136 Like hydrogen 

bonding, hydrophobic interaction is another important driver for peptide gelation. In the case of 

peptide amphiphiles, presence of both hydrophilic and hydrophobic parts utilize the hydrophobic 

interactions by arranging the hydrophobic domain in the core and hydrophilic chains remain 

exposed towards the external aqueous environment forming a hydrogel.137-138 The balance between 

hydrophobic and hydrophilic parts is a crucial parameter for peptide gelation. To understand this 

balance, one study demonstrated the use of alkyl chains of variable length to a peptide sequence 
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Gly-Val-Lys-Gly-Asp-Lys-Gly-Asn-Pro-Gly-Trp-Pro-Gly-Ala-Pro derived from collagen 

protein. Excellent stability of the triple helix formed by this fragment was observed upon 

lipidation.139 Díaz and coworkers established the importance of hydrophobic interaction in 

between hydrophobic amino acid residues by utilizing phenylalanine and its derivatives as 

potential low molecular weight gelators for the initiation of molecular aggregation and gelation 

process.140a Here, many groups introduced the concept of incorporating spacers between amino 

acids and other moieties to facilitate the process of gelation. For example, a series of three FF 

peptide mimetics was designed with both conformationally flexible and rigid spacers like 1,4-

butadiene, m-xylene diamine, and m-diaminobenzene to investigate the effect of spacers in the 

gelation process. The study observed that the most flexible FF peptide mimetic with 1,4-butadiene 

spacer formed organogels in diverse organic solvents such as xylene, benzene, toluene, methanol, 

chlorobenzene, ethyl acetate, THF, and nitromethane by a heating-cooling technique. 

Comparatively rigid FF peptide mimetic with m-xylene diamine also formed organogels in 

benzene, toluene, xylene, chlorobenzene, methanol, ethanol, and nitromethane on heating-cooling. 

However, the most rigid FF peptide mimetic with m-diaminobenzene did not have the ability to 

form gels in all these solvents on heating-cooling and sonication, even at high concentrations.140b 

Additionally, the use of amino acid spacers, typically glycine, between "bulky" amino acids and 

other moieties (such as hydrophilic groups) has been shown to increase rotational flexibility and 

enhance gel formation. The study employed by the Stupp group established that an alkylated 

peptide amphiphile with three glycine residues as a linker had the ability to self-assemble into self-

supporting gel at a lower pH for hydroxyapatite mineralization. Glycine was specifically chosen 

for this purpose to provide the hydrophilic head group of the peptide amphiphile flexibility from 

the more rigid cross-linked region.140c Other series of dipeptides protected with Fmoc group were 

TH-3440_176122039



                                                                                                                                 Introduction 
 

15 | P a g e                                                              C h a p t e r  1  

 

also investigated as hydrogelators, which established the role of hydrophobic effect in the 

gelation.141-142  

- interaction in between planar aromatic rings is also a propellant for peptide self-assembly and 

gelation process.143-144 Phenylalanine and tryptophan rich peptides are reported to self-assemble 

into hydrogels, which is greatly influenced by aromatic interactions.145-147 Likewise, various N-

protected amino acids attached with other aromatic groups such as fluorenylmethyloxycarbonyl 

(Fmoc) is also helpful for understanding the crucial role of - stacking for gelation. 

Hydrogelation of Fmoc FF dipeptides was found to be guided by aromatic - interactions along 

with hydrogen bonding.145, 148 Apart from these interactions, electrostatic interaction is also found 

to be an important factor in the supramolecular gelation process. For example, one study claimed 

that the presence of additional electrostatic interaction between the negatively charged dipeptide 

Fmoc-FF and the positively charged poly-L-lysine could facilitate the process of hydrogel 

formation, with many desirable gel properties such as adjustable viscoelastic strength, shear 

thinning and self-healing properties.149-150a 

These non-covalent interactions can be both intramolecular and intermolecular. Both have their 

specific roles to play in the gelation process. Interactions between different molecules are termed 

as intermolecular interactions, while those within the same molecule are termed as intramolecular 

interactions. For example, a peptide MAX1 with the sequence 

“VKVKVKVKVDPLPTKVKVKVKV-NH2” was found to form a β-hairpin conformation through 

intramolecular hydrogen bonding. These β-hairpin peptides assembled via intermolecular 

interactions like hydrophobic interactions and hydrogen bonding into a three-dimensional 

hydrogel network.150b Another important study demonstrated that in a series of peptide 

amphiphiles, each peptide folded into a β-hairpin structure driven by intramolecular cation–π 
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interactions and intramolecular hydrogen bonds between two β strands. Then, the intermolecular 

interactions like the hydrophobic effect and hydrogen bond between individual peptide hairpins 

facilitated the growth of each fibril that subsequently self-assembled into a fibril-rich hydrogel.150c  

1.3.3. Stimuli that can manipulate gelation process 

Like other molecular self-assembly process, peptide gelation process has always been remarkable 

in taking advantages of both chemical and physical external stimuli, like changes in pH,151 

temperatures,152-153 enzymatic transformation,154 sonication,155 presence of metal ions,156  photo 

stimulation157 and covalent bond formation.158 An amphiphilic peptide, PEP-1 with strong 

hydrogel formation ability at pH 7.4 was found to be responsive towards pH change which led to 

the disruption of the secondary structure and the entanglement of fibrillar network under basic (pH 

9.0 and 12.0) as well as acidic (pH 5.5) conditions.159 Temperature also plays an important role in 

many cases of peptide gel formation, as in the formation of stable semi-transparent hydrogel by a 

peptide derivative CRB-FFFK-cyclen (CRB: chlorambucil, cyclen: a macrocyclic amine) via 

heating-cooling process.160 Studies also showed the significant role of enzymes in promoting 

peptide self-assembly. To mimic the glycosylated micro-environment of the extracellular matrix, 

a novel glycopeptide based hydrogel formation was reported by Qi and co-workers, which was 

induced by the presence of an enzyme.161a Xu and his co-workers developed novel enzyme-

instructed self-assembly (EISA) and hydrogelation where phosphonaphthyl (pNP) or 

phosphobiphenyl (pBP), acting as both the N-terminal capping group and the enzymatic trigger, 

of short peptides, resulting a alkaline phosphatase (ALP)-catalyzed gelation instantly.161b This 

study also revealed that distancing the phosphate trigger away from the peptide backbone likely 

favors fast enzymatic self-assembly, which could be a design strategy to combine EISA with other 

self-assembling molecules. Another study demonstrated that a protease can be used for reversed 
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hydrolysis to selectively trigger the self-assembly of peptide hydrogels.161c Proteases performed 

the reverse hydrolysis (i.e., peptide synthesis or reversed hydrolysis) to produce amphiphilic 

peptide hydrogelators that self-assembled to form nanofibrous structures. This approach of 

exploiting reverse hydrolysis with an enzyme had the benefit of forming no by-products other than 

an equivalent of water for each peptide bond. Likewise, a pH-responsive palmitoylated hexa 

peptide amphiphile (PA), C16-VVAEEE, with hydrogelation ability, was found to be useful for 

cancer therapy. This study revealed that, in acidic pH, the self-assembled PA can selectively kill 

cancerous cells. The vivo results also supported the effectiveness of self-assembled PA in reducing 

tumor size, thereby inhibiting the growth of malignant cells in mice.161d Another group designed a 

UV-light responsive peptide 6-nitroveratryloxycarbonyl-diphenylalanine (Nvoc-FF) that 

possessed hydrogelation ability through aromatic hydrophobic group and was used for controlled 

release of the drug. To monitor the UV-light-triggered drug release phenomenon, insulin-

fluorescein isothiocyanate (insulin-FITC) was chosen as the model of the hydrogel. Under UV 

light illumination, cleavage of the Nvoc group from the peptide was observed, leading to the 

disassembly of hydrogel and release of the drug molecules.161e Cao and his group developed a 

mixed thermo-reversible hydrogel by combining poly (N-isopropyl acrylamide (pNIPAM) and 

short peptide, I3K, and utilized it for sustained and controlled release of an antibacterial peptide 

G(IIKK)3I-NH2. At lower temperatures, the antibacterial peptide was first encapsulated in the 

hydrogel by adding the solution in the sol phase and allowed to rise the temperature above 33 °C 

for gelation. Since the Tsol-gel was found to be around 33 °C, which is close to the body 

temperature, it opened up its potential as injectable hydrogel or injectable tissue engineering 

scaffolds using body temperature to induce hydrogel formation.161f Another important way to 

tweak peptide gelation is using sonication method. One study showed that the tripeptide Boc-Val-
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Phe-Phe-OMe was found to form organogel having amyloid like fibril under the influence of 

sonication. Also, transformation of morphologies of peptides might be possible through sono-

crystallization by applying ultrasound to generate more elongated fibers which further leads to the 

formation of hydrogels.162 The idea of the presence of metal ions has also been used to promote 

gelation due to the interactions between the metal-gelator. Roy and coworkers established 

hydrogelation of a 20 residue β-hairpin peptide (VKVKVKV-CGPKEC-VKVKVKV-NH2) in the 

presence of metal ions like Zn2+, Pb2+, Hg2+.163 Another study found the impact of the metal ions 

Cu2+, Ni2+ and Co2+ on hydrogelation of histidine based dipeptide amphiphile due to their strong 

interactions with the histidine.164 Another frequently used stimuli for driving self-assembly is light. 

Functionalization of gelators with photoresponsive chromophoric units makes them undergo 

changes like bond cleavage or bond formation in presence of light, that contributes towards the 

gelation process.165-166 One study established that the photoresponsive supramolecular hydrogel 

formation was possible by combining azobenzene moiety with short peptide sequence.167 

Phenylalanine dipeptides protected by a light-sensitive ortho-nitrobenzyl derivative namely, Nvoc-

FF (Nvoc: 6 nitroveratryloxycarbonyl) was also found to form photoresponsive hydrogels.168 

Hofmeister effect, which defines the effect of the presence of relatively high amount of anions or 

cations on hydrophobic interaction of proteins/peptides in water also plays a significant role in 

peptide gelation. Presence of anions like sulfate or phosphate, known as kosmotropes, can reduce 

protein solubility due to their strong solvated form in water, enhancing the hydrophobic effect. But 

other more-polarizable ionic species known as chaotropes like iodide or sulfocyanide, can facilate 

protein solubilization by reducing the hydrophobic effect. The relevance of this effect in gelation 

of peptides has been investigated in several cases.133,169-170 A bolaamphiphilic L-Valine derivative 

based hydrogel formation was found to be greatly influenced by the presence of different salts in 
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aqueous solution. They showed selective response towards ions of different salts which either 

improved or weakened the hydrogel. The reduced solubility of the gelator provided by 

kosmotropic anions like sulfate led to gel reinforcement and on the other hand, increased solubility 

encouraged by chaotropic species, such as perchlorate, led to gel weakening.171 Ulijn and 

coworkers reported gel formation by enzymatic hydrolysis of the C-terminal methyl ester group 

of the dipeptides, where presence of salts affected the enzyme network that led to a change in the 

growth of the nanostructure.170 

1.4. Design strategy and classes of peptide units used for gelation assembly 

The design strategy of peptide sequences for inducing gelation is mostly based on their secondary 

structures like β-sheet, α-helix, β-hairpin, coiled-coil, and collagen triple helix.172-177 Existing 

literature has a plethora of β sheet forming peptides undergoing hydrogelation.178-180 Some studies 

claimed that peptide should have at least six residues for a stable β sheet conformation.181-182 The 

relative stability of -sheets compared to other secondary structures like alpha helix or random 

coil originates from the forces between the side-chains of neighboring amino acids and the 

solvation energies of side chains instead of hydrogen-bonding. These observations suggested some 

key parameters for designing β sheet forming peptides in solutions, which includes 1) cross-strand 

attractive forces including hydrogen-bonding, electrostatic, hydrophobic interactions between 

side-chains, 2) presence of lateral recognition between adjacent β-strands for promoting their self-

assembly, preventing heterogeneous aggregated beta-sheet structures, and 3) strong adhesion of 

solvent to the surface of the tapes for regulating solubility. By considering these principles, 

Semenov and his group designed a set of two oligopeptides, DN1(11-residue long) and K24 (24 

residue long) which formed semi-flexible, long, polymeric β sheet nanotapes in water and 

methanol.183 Another frequently observed secondary structure in peptide hydrogels is β hairpin. 

TH-3440_176122039



                                                                                                                                 Introduction 
 

20 | P a g e                                                              C h a p t e r  1  

 

Schneider et al. designed a β hairpin forming twenty residue peptide by incorporating an 

intermittent tetrapeptide (-VDPPT-) in between two β strands of complete sequence VKVKVKVK-

VDPPT KVKVKVKV-NH2
 to create type II β-turn structure. This peptide has the ability to form 

stimuli responsive hydrogels by intramolecular folding into a β hairpin conformation.184 On the 

other hand, the use of α helical peptides is very limited to obtain supramolecular gels. Hartgerink 

and coworkers reported four 21 residues peptides which formed hydrogels under acidic pH by 

neutralization of the glutamic acid residues which were present in the peptide sequences to avoid 

the charge repulsion in the helices.185-186 

Choosing amino acid residues and other moieties depending upon the requirements is also an 

important factor in designing different peptide gelators. There are several classes or designs of 

peptide units that are useful for promoting self-assembly and gelation process. They include amino 

acid derivatives,187 dipeptides,188 cyclic peptides,189 amphiphilic peptides,190 oligopeptides191 and 

aromatic dipeptides192 etc. All of the above have been widely utilized and modified for the 

generation of supramolecular 3D gel networks. Literature suggested that an amino acid derivative, 

N-lauroyl-L-alanine had the ability to show gelation in a range of non-polar organic solvent 

including both aromatic and aliphatic hydrocarbons.193 Another study claimed the utility of 

Naphthalene group to functionalize dendrons composed of aspartic acid (Asp) and alanine (Ala) 

(Nap-G1 and Nap-G2) in the formation of organogels in cyclohexane and chloroform.194 Further, 

Fmoc protection of Phe-Phe dipeptide was also reported for its gelation abilities by Gazit and his 

group.141,145 Another group demonstrated a small series of functionalized dipeptides conjugated to 

an aromatic moiety at the N-terminus having gelation ability in DMSO/ water system.188  

Peptide amphiphiles composed of both polar and hydrophobic regions constitute another important 

class of self-assembling building blocks that take part in developing supramolecular gels.195 
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Several gelator molecule design were based on peptide amphiphilic structures. (Fig. 1.8) A peptide 

amphiphile with a sequence V3A3E3 and C16 alkyl chain at the N terminus was reported to form  

 

Fig. 1.8. Examples of peptide-based amphiphilic gelators (Adapted from ref. 133a with 

permission, published by Wiley and Sons, 2017). 

 

gel in presence of HCl or CaCl2.
190 Another peptide amphiphile containing (VK)5 sequence and 

cysteine residue attached at its C-terminal by using a spacer, γ –aminobutyric acid was found to 

form a thixotropic hydrogel in basic pH through anti-parallel β-sheet formation.196 Apart from 

these, bolaamphiphiles are another special class of amphiphiles formed by peptides, that have been 

extensively used for supramolecular assembly. These either have polar head groups at two ends of 

a lipid or have two hydrophilic heads connected by a hydrophobic region.197-198 A peptide 

bolaamphiphile, HO–Tyr–Phe–Suc–Phe–Tyr–OH was reported to be triggered by a sequential 
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change in pH, for the hydrogelation.199 Peptide headed amphiphiles which either have aromatic 

end capping or lipidation, are reported as gelator molecules.200 

Cyclic peptides can also be utilized in developing peptide supramolecular gels. Montenegro and 

his group detailed about cyclic peptides being used for pH-triggered nanotube formation and 

fibrillation in confined aqueous droplets to give rise to viscoelastic hydrogels.201 Perrier and 

coworkers studied a library of cyclic peptides with alternating D and L amino acids and their 

gelation properties by using various solvents, establishing important factors affecting both 

organogel and hydrogel formation. Hydrogels derived from the cyclic peptides containing two 

charged amino acid residues, either lysine or glutamic acid, were found to be pH responsive. The 

self-assembly process occurred through hollow nanotube formation by vertical stacking of cyclic 

peptides which further aggregated into larger fibers that entangled into a dense network and gave 

rise to hydrogel.202 Besides these, amphiphilic peptide dendrimers are another class of peptides 

known to be a building blocks for supramolecular gelation.203-204 

1.5. Peptide supramolecular gels for applications 

The exploration of peptide molecules as building blocks for the development of supramolecular 

gelation systems provides us with beneficial advances in various fields. Over the last couple of 

decades, extensive exploration has been done by designing and modifying peptide sequences, that 

are capable of promoting assembly process via non-covalent interactions for the creation of 

functional materials. In soft material research, several successful approaches showed the 

importance of peptide based gels and their properties, that have encouraged further investigation 

for generating new biomaterials in the future. Literature confirmed that both peptide based 

organogels and hydrogels are helpful in various biomedical and non-biomedical applications.  
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1.5.1. Biomedical Applications 

The vastness of supramolecular peptide gels in the biomedical platform exudes innumerable 

opportunities to resolve a diverse range of challenges (Fig. 1.9). They have been constantly  

 

Fig. 1.9. Utilization of peptide supramolecular gels for various biomedical applications. (Parts of 

the Fig. were adapted from ref. 205 b with permission, published by American Chemical Society, 

2020; ref. 205c with permission, published by MDPI, 2022; one part was adapted from ref. 205d). 

 

exploited as sustainable nano biomaterials in many areas like combating microbes, drug release, 

gene delivery, membrane protein stabilization in 3D cell culture and tissue engineering and many 

other applications. 
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1.5.1.1. Antimicrobial applications 

Antimicrobial resistance is one of the major concerns confronting the modern human society. 

Intrinsic resistance development in the microbes is augmented by overdose and improper use of 

antibiotics, and limited availability of new therapeutics.205-208 To address this problem, 

antimicrobial peptides and their hydrogels can be an alternative option, presenting various 

advantages like slow/absence of resistance development by microbes, low  toxicity, salt tolerance, 

and protease stability.209-211 There are several studies on peptide hydrogels as antimicrobial agents 

reported in the literature. For example, a library of peptide amphiphiles of different fatty acyl chain 

lengths with the chemical formula [H2N-(CH2)nCONH-Phe-CONHC12 where n=1-5, C12= 

dodecylamine] was developed in the year of 2017 by Banerjee et al.  This study revealed that only 

hydrogels of peptides having the longer fatty acyl chain were the most active antibacterial agents 

against both Gram-negative and Gram-positive bacteria like E. coli, B. subtilis and S. aureus 

respectively. This might be due to the effective interaction of longer alkyl chain with bacterial 

membranes, helping their disruption. Additionally, the hydrogels were proteolytically stable in 

presence of enzymes such as proteinase K and chymotrypsin.212 In another study, a lysine-rich 

amphiphilic cationic peptide MAX1 was found to form a mechanically rigid hydrogel through β-

sheet formation (Fig. 1.10 a). The bacterial membrane disruption was effected by the interaction 

in between cationic lysines on the surface of the fibrils, and negatively charged bacterial cell 

membrane. MAX1 hydrogel was active against ESKAPE pathogens including E. coli, K. 

pneumonia, S. aureus, S. epidermidis and S. pyogenes.213 Literature evidenced that arginine is one 

of the most commonly found amino acids in many of the antimicrobial peptides.214 Salick and his 

group developed an arginine based peptide MARG1 hydrogel based on the sequence of MAX1, 

where lysine residues were systematically replaced by arginine at positions 6 and 17. This newly 
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modified peptide MARG1 also contained lysine residues in a high porportions on its hydrophilic 

face. (Fig. 1.10 b) Therefore, the fibrils displayed a positively charged surface which had the ability 

to interact with the negatively charged bacterial membrane, providing antibacterial activity against 

MRSA.215  

In another study, Veiga and coworkers demonstrated a peptide containing six arginine   residues, 

EP6R, which showed the ability to adopt an amphiphilic β-hairpin conformation in buffer solution, 

and rapidly self-assembled into a hydrogel via β-sheet formation. PEP6R hydrogel exhibited 

antimicrobial potency against S. aureus and E. coli through membrane disruption mechanism. The 

reported hydrogel showed shear-thinning and injectable behavior (Fig. 1.10 c).216 Again, Baral et 

al. reported a biocompatible and non-haemolytic dipeptide based hydrogel, with an outstanding 

antimicrobial potency against E.  coli and P. aeruginosa.217 

Many study suggested that peptides comprising of natural amino acids suffered from poor stability 

against proteolytic enzymes.218 Therefore, to develop proteolytically stable peptide gels, Singh and 

coworkers designed α/γ hybrid peptides, Boc-D-Phe-γ4 -L-Phe-PEA (NH007) and Boc-L-Phe-γ4 

-L-Phe-PEA (NH009) with high gelation abilities (Fig. 1.10 d). Both peptides were stable towards 

proteolytic enzymes and their gels were active against various bacterial pathogens including  
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Fig. 1.10. Utilization of peptide-based supramolecular gels as antimicrobial agents: a) 

Antimicrobial MAXI nano-structured hydrogel and its self-assembly pattern (Adapted from ref. 

213 with permission published by American Chemical Society, 2007). b) Replacement of lysine 

in MAX1 by arginine in MARGI, resulting in an injectable antimicrobial hydrogel that showed 

activity against MRSA (Adapted from ref. 215 with permission, published by Wiley and Sons, 

2009). c) Amphiphilic arginine-rich peptide designed to self-assemble into β-sheet rich fibrils 

active against E. coli bacterial strain (Adapted from ref. 216 with the permission published by 

Elsevier, 2012) d) α/γ hybrid peptide hydrogels with proteolytical stability and active against both 

Gram-positive and Gram-negative bacteria (Adapted from ref. 219 a, published by American 

Chemical Society, 2018). e) Cationic amphiphilic peptides owing to hydrogelation ability and 

membrane-distrupting antimicrobial activity (Adapted from ref. 219 b with permission, published 

by American Chemical Society, 2019). f) Lipopeptide-based injectable antimicrobial hydrogel 

with biocompatibility and enzyme stability adapted from ref. 219c with permission, published by 

American Chemical Society, 2019). g) Antimicrobial hydrogels showing better activity with 

isomers adapted from ref. 219 d with permission, published by American Chemical Society, 2021). 

h) Structure of antimicrobial hydrogel (Adapted from ref. 219e). 

 

B. subtilis, S. aureus, P. aeruginosa, and E. coli. They claimed that the improved stability was due 

to the presence of D-residue in α/γ hybrid peptide.219a Kumar and co-workers developed a class of 

cationic amphiphilic self-assembling peptides (CASP) that self-assembled to thixotropic hydrogels 

at physiological conditions (Fig. 1.10 e). It was observed that the nanofibers obtained from the 
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hydrogels have the antimicrobial potency towards Pseudomonas aeruginosa colonies with 

membrane disrupting mechanism.219b Another biocompatible lipopeptide, with lysine rich C-

terminal was designed by Adak.et.al. (Fig. 1.10 f) The hydrogel was found to have antimicrobial 

potency against S. aureus and E. coli through the interaction with the bacterial membrane which 

was detrimental to membrane integrity. Also, enzymatic stability, non-cytotoxicity and non-

haemolytic nature encouraged the hydrogel for its further applicability in biomedical field.219c  

Zang and co-workers reported the antimicrobial activity of D-peptide  Ac-

DKDHDHDQDKDLDVDFDFDADK-NH2 (KKd-11) hydrogel in inhibition and eradication of biofilm 

and showed better activity compared to Ac-LKLHLHLQLKLLLVLFLFLALK-NH2 (KK-11) (Fig. 

1.10 g).219d A pH responsive hydrogel was obtained from the short peptide FHHF-11 due to 

changing degree of protonation of histidine residues that was employed against against both Gram-

negative and Gram-positive bacteria (Fig. 1.10 h).219e 

1.5.1.2. Tissue engineering 

Peptide hydrogels are considered as immensely important biological scaffold exhibiting profound 

impact in the field of tissue engineering.220-223 Also, hydrogels can hold high amount of water, 

offering the possibility of mimicking the 3D environment of cells. KLD12 peptide hydrogel with 

nanofibers of 3 orders of magnitude smaller than microfibers provided by most of the biopolymers, 

could function as a 3D scaffold for encapsulation of chondrocytes.224 Lampe and coworkers 

studied a family of short, KYFIL pentapeptide based sequences which were capable of self-

assembling into beta sheets, forming robust nanofibrous hydrogels that could encapsulate 

oligodendrocyte progenitor cells (OPCs), as well as promote proliferation and morphological 

process extension in OPCs.225 
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1.5.1.3. 3D Cell Culture 

Recently, the use of self-assembling peptides with short sequences coupled with their 

functionalization has evolved rapidly for the advancement of new scaffolds for 3D cell culture.226 

One of earliest known peptide hydrogel called EAK16-II with amino acid sequence, 

AEAEAKAKAEAEAKAK and ability to retain beta sheet structure was found to be useful for 2D 

cell cultures including MG63, SH-SY5Y, HEK293, 3T3, HIT-T15, CEF, HFF, HepG2, Hela, and 

PC12 cells. But, soon this hydrogel was developed for 3D culture by mixing the suspension of 

cell/sucrose with the peptide solution to create cell encapsulated gel.227-231 Based on EAK16, 

another peptide hydrogel RADA16 was designed which was utilized initially for 2D cell culture.  

Further, it was applied to a 3D ovarian cancer model to investigate the drug resistance as well as 

the cell invasion mechanism. The observed data suggested stronger resistance to anticancer agents 

like curcumin and paclitaxel in case of 3D compared to 2D cultures.227-231 Combinations of some 

of the hydrogels formed from a series of Fmoc dipeptides consisting of four amino acid residues, 

alanine (Ala), leucine (Leu), glycine (Gly), and phenylalanine (Phe) were found to be stable and 

able to support cell culture of chondrocytes in two and three dimensions.141 An amphiphilic peptide 

MAX8 (VKVKVKVK-VDPPT-KVEVKVKV-NH2) exhibiting the ability of forming beta hairpin 

hydrogel was reported to form a cell–gel construct by adding cells in serum-free medium to 

peptide, dissolved in HEPES buffer. MG63 cells have been successfully cultured and encapsulated 

within the MAX8 gel.232 Another study demonstrated a small oligopeptide D-P1 ((Ac-D-Phe-D-

Phe-D-Phe-Gly-D-Lys-OH) based hydrogel, that could be utilized as a scaffold for cell culturing 

and formation of cellular spheroids of HeLa cells. Additionally, D-P1 hydrogel was protease 

resistant and was nontoxic in nature.233 
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1.5.1.4. Delivery of therapeutic molecules 

Conventional drug delivery systems are connected with numerous shortcomings such as poor 

solubility in water, quick biodegradation, inadequate oral availability, non-specificity, and 

unavoidable side effects.234 To resolve these drug delivery related issues, advanced drug delivery 

systems with improved attributes need to be designed to maximize the drug efficacy.235a They 

should be biocompatiple, specific in their delivery, biodegradable, protective of the drug molecules 

from dilution and degradation, and able to release drugs in a controlled and sustained manner. 

Additionally, two very well-known adapted strategies for drug delivery are the covalent attachment 

and the physical combining of drug molecules with the carriers. Literature suggests that both 

methods have their own advantages and challenges.235b, c The covalent attachment describes a 

chemical bonding of the drug to a carrier molecule, which could be a nanoparticle, polymer,235d or 

macromolecule, and under specific physiological conditions such as pH,235e presence of an 

enzyme,235f, b etc., that bond can be cleaved to release the drug. These delivery methods allow for 

targeted drug release/controlled release with desirable pharmacokinetic and pharmacodynamic 

properties,235d good therapeutic efficacy,235g sustainability,235h and minimal systemic side 

effects.253i Also, covalent attachment can offer better stability and bioavailability to the drug 

molecules by minimizing their premature degradation.235j However, challenges like complex and 

laborious synthesis procedures, and inadequate release kinetics are also associated with this 

method.235d On the other hand, physical mixing is a very simple and versatile method that involves 

blending the drug with a carrier like hydrogels, liposomes, micelles, and polymeric nanoparticles 

without forming any covalent attachment.235d, l Due to its simplicity, it can be adapted for various 

drugs easily, offering faster development and easy formulation of different dosage forms, such as 

injections, or topical applications.235k, m, d However, in this method, there is a possibility of 
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undesirable drug release before reaching the target site, leading to reduced efficacy, low 

encapsulating efficiency, systemic side effects, stability issues in blood, and limited control over 

release.235n However, depending upon the nature of the drug to be delivered, requirements of the 

therapeutic application, and the target delivery site, the choice between these two strategies can be 

made. Peptide hydrogels have been found extremely promising as biomaterials for delivery of 

drugs in both ways. For example, a stable injectable hydrogel obtained from an ultrashort peptide 

containing α, β-dehydrophenylalanine, LeuΔPhe was displayed for entrapping and releasing 

mitoxantrone, an anticancer drug that significantly controlled tumor growth in an in-vivo mouse 

model.236 Another injectable peptide hydrogel was designed based on KLD motif that was 

successfully utilized for controlled delivery of doxorubicin (DOX) or Smac-derived pro-apoptotic 

peptide (SDPP) for cancer therapy.237 RADA16, was reported to have hydrogelation ability under 

physiological conditions and used to load the hydrophobic antitumor drug paclitaxel through the 

interaction between RADA16 and paclitaxel.238 In another study, in situ gel forming self-

assembling peptide, Ac-(RADA)4-CONH2, was developed as a biocompatible delivery system for 

the chemotherapeutic drug DOX and the anticancer agent curcumin that achieved localized 

chemotherapy of malignant brain tumors.239 Tang and co-workers designed an octapeptide 

FEFEFKFK that self-assembled into antiparallel β-sheet rich fibres and formed hydrogel in water. 

It acted as a muco adhesive for the improved delivery of drugs (lidocaine and flurbiprofen) to local 

mucosal surfaces.240 Apart from the delivery of drug molecules, peptide hydrogels have been 

employed for delivering proteins with benefits like high loading and improved protection to 

preserve stability. Additionally, limited mobility of proteins within the fibrillar network allowed 

their delivery to the targeted place efficiently without any degradation.241 RADA16-I hydrogel was 

successfully utilized to encapsulate four proteins, bovine serum albumin (BSA), immunoglobulin 
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G (IgG) trypsin inhibitor, and lysozyme and release them at the desired site.242a A charged 

hexapeptide NH2-WLVFFK-COOH (A1) was reported as noncytotoxic hydrogelator that have 

been used for sustainable of release various drugs, like ciprofloxacin, 5-fluorouracil, and two 

proteins namely lysozyme and bovine serum albumin (BSA). It was observed that there is no 

alteration in the activity of drugs after release. On the other hand, proteins have also showed 

complete retention of their secondary structure which signifies the applicability of the hydrogel as 

drug delivery therapeutics.242b 

1.5.1.5. Biosensor 

By definition, biosensor represents a device that detects chemical or biological reactions through 

the production of signals proportional to the amount of analyte present in the reaction. They have 

applicability in identifying disease-causing micro-organisms and pollutants, disease monitoring, 

drug discovery, etc.243 In current years, peptide hydrogels have also been exploited as biosensor in 

various fields. The Fmoc–FF hydrogel was found to have the ability to perform as a biosensor by 

encapsulating enzymes (e.g. Glucose oxidase or horse radish peroxidase) and fluorescent nano 

particles like CdSe or CdTe quantum dots. These systems could efficiently detect analytes 

(phenolic compounds or glucose) by monitoring change in photophyscical properties of the 

hybridized quantum dots.244 In another study, Yang and co-workers used Fmoc-Phe-Phe based 

hydrogel for enzyme-based electrochemical bio-sensing and cell monitoring purposes. The 

hydrogel acted as a host for peroxidase and showed the detection of H2O2 levels released from 

HeLa cells in in vitro conditions.245 Miller and co-workers reported a self-assembling 3D peptide 

hydrogel which was utilized as a 3D solid support where oligonucleotides were immobilized and 

this prototype can be utilized to detect complementary sequences, with a detection limit of 22 

pM.246 
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1.5.2. Non-biomedical applications 

In the field of non-biomedical research, supramolecular peptide gels are found to be equally 

engaging as advanced soft materials (Fig.1.11). Their active participation in applications like 

environmental remediation, oil spill recovery, sensor development, catalysis etc. significantly 

influenced the field of material science. 

 

Fig. 1.11. Applicability of peptide supramolecular gels in various non-biomedical domain. (One 

part of the Fig. adapted from ref. 247 c; other parts were reproduced and modified from ref. 247 d 

with the permission, published by Wiley and Sons; and ref. 247 e published by American Chemical 

Society). 
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1.5.2.1. Peptide gels for water purification  

Water pollution is one of the prime concerns that needs to addressed for healthy living. Several 

efforts have already been made toward combating the rapid damage of the water bodies. Toxic 

dyes, leaching of heavy metal ions such as mercury (Hg), cadmium (Cd), lead (Pb), and industrial 

waste are the main reasons behind this problem. The impact of dye effluents has been recognized 

as serious risk on the immune system and reproductive systems, along with potential genotoxicity 

and cardiotoxicity.247 Heavy metal like mercury is considered neurotoxic and can cause lipid 

peroxidation, mitochondrial damage, microtubule destruction, and accumulation of neurotoxic 

molecules such as glutamate, aspartate, and serotonin.247a, 248 On the other hand, lead exposure can 

induce many adverse effects on the human body by influencing reproductive, renal and central 

nervous, and hematopoietic systems through the elevation of oxidative stress. The non-

biodegradable nature of lead makes it more threatening to the environment.247 Peptide based 

supramolecular gels mainly from low molecular weight gelators have become popular new 

generation biomaterials water remediation. Ray et al. claimed that a bolaamphiphile consisting of 

phenylalanine and a centrally located oligomethylene group formed hydrogels in the presence of 

sonication and divalent metal salts within pH range of 6.5-7. This pH-responsive metallohydrogel 

could efficiently remove various toxic dyes such as pyrene (a non-ionic dye), naphthol blue black 

(an anionic dye) and crystal violet (a cationic dye), and from waste water (Fig. 1.12 a).249 A family 

of dipeptides comprised of nonpolar aromatic/aliphatic amino acid residues and variable alkyl 

chain length starting from C-12 to C-16 were utilized for the formation of thermoreversible 

organogels through the balanced hydrogen bonding and van der Waals interaction. Further, they 

established that these organogels can be put in waste water management application due to their 

property of absorbing dyes including crystal violet, rhodamine 6G from water.250 
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Schneider and his group utilized a twenty residue peptide (VKVKVKVCGPKECVKVKVKV-

NH2) for the formation hydrogel in the presence of heavy metal ions, Cd2+, Hg2+ , Zn2+, or Pb2+, 

and mono methyl arsonous acid (Fig. 1.12 b) The responsive nature of the peptide due to 

complexation with ions led to subsequent folding of the peptide into an amphiphilic β hairpin that 

rapidly self-assembled into fibrillar network through β-sheet formation.251 Another study 

evidenced gelation ability of a small dipeptide composed of N-(tert-butoxycarbonyl)pentafluoro-

L-phenylalanine and O-benzyl-L-tyrosine methyl ester in a mixture of solvent systems. They 

claimed that presence of water was crucial for gelation in polar protic solvent. On the hand, diesel, 

kerosene, and petroleum ether were found to be important for gelation in aromatic solvents. The 

gelation ability of this dipeptide has further widened its applicability in oil spill recovery (Fig. 1.12 

c).252 One report claimed a novel triphenylalanine based hydrogel with low gelation concentration 

and time-dependent self-shrinking property by repelling water molecules, as an easy and effective 

way of removing toxic heavy metal ions (Pb2+) and toxic organic dyes such as Brilliant blue and 

Methylene blue from water. Also, reusability and higher absorption capacity were the 

advantageous qualities of this hydrogel which made it a cheaper material for waste water 

treatment.253 In 2014, Das and his group reported an amphiphilic peptide based low molecular 

weight organogelator comprising of tetra butyloxy carbonyl protected L-phenylalanine, L-lysine 

and 6-amino caproic acid with gelation ability in a wide range of aromatic and aliphatic solvents 

through the involvement of non-covalent interactions like π–π, hydrophobic, hydrogen bonding, 

and van der Waals interactions.254 These organogels were found to be phase selective and thermo-

reversible in nature and their corresponding xerogel had an excellent efficiency of eliminating 

toxic dyes from water within a short period of time. Another peptide hydrogelator with the 

sequence FmocFFGGGY was developed for removal of dyes like congo red, methyl violet, 
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bromocresol green, rhodamine b, coomassie brilliant blue G-250, and xylenol orange from water 

exhibiting adsorption effectiveness of more than 80%.255 Chatterjee and her group designed 

dicyclohexyl urea (DCU) derivatives of amino acids Fmoc-Phe-DCU (M1), Fmoc-Phg-DCU (M2) 

and Fmoc-Gaba-DCU (M3) for the first time for developing low molecular weight gelators. They 

were found to form thermoreversible, phase selective, and mechanically robust gels in a variety 

organic solvents. Further, obtained organogels have been employed in the water remediation 

application as efficient and recyclable organic dye absorbents.256a The same group again reported 

two charge complementary peptides A1 (NH2-WLVFFK-COOH) and A2 (NH2-WLVFFE-

COOH) which were utilized to initiate co-assembly and to form a cooperative hydrogel, through 

electrostatic interaction aided by hydrophobic, aromatic interactions and hydrogen bonding. The 

self-assembled and co-assembled hydrogels both were efficient in removal of different kinds of 

toxic metal ions (Hg2+, Pb2+, Co2+, and Ni2+) and organic dyes (neutral, cationic, and anionic) from 

a mixture of contaminated water. Also, they were capable of detecting peptides arsenic in its most 

toxic (III/V) oxidation states.256b 

 
Fig. 1.12. Implementation of peptide-based supramolecular gels for water remediation: a) Dye 

removal by tyrosine-based low molecular weight peptide organogels. (Adapted from ref. 249 with 

the permission published by American Chemical Society, 2007) b) Hydrogelation of peptide in the 
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presence of metal ions (Adapted from ref. 251 with the permission published by Royel Society of 

Chemistry, 2012). c) Removal of crystal violet dye from water (Adapted from ref. 252, 2019) d) 

Utilization of ambidextrous peptide gelator removal of metal ion and oil spill recovery (Adapted 

from ref. 262 with permission published by American Chemical Society, 2020) e) Oil spill 

recovery by using peptide hybrid gels (Adapted from ref. 263 with permission published by 

American Chemical Society, 2019). f) Gelation abilities of peptides in various oils (Adapted from 

ref. 264 with permission, published by Wiley and Sons, 2014). 

 

Apart from dyes and metal ions, oil spillage is another major cause of water pollution. It has been 

reported that the spilled oil remained in the water and finally accumulated on the sea bottom, thus 

endangering the whole marine ecosystem.257-259 Low molecular weight peptide-based gels have 

been popular for their utility in oil spill recovery. Most of them are phase selective in nature and 

thus have the ability to form gel selectively in the oil layer from the oil water biphasic mixture. 

Further, the gel part can be removed easily leaving the clean water behind.260-261 Banerjee and his 

coworkers reported a dipeptide amphiphile containing tryptophan and a myristyl chain which 

could selectively form organogels in fuel oil, petrol, diesel, and kerosene from a mixture of salt 

water and oil within a few seconds. The gel material was found to be reusable multiple times 

without compromising its activity showing its utility in environmental remediation (Fig. 1.12 d).262 

Another class of short hybrid dipeptides containing conformationally flexible new β(O)-δ5-amino 

acids were reported for being divergent supramolecular gelators and were further explored for 

recovery of oil spills(Fig. 1.12 e).263 A terminally protected peptide, Boc-cis-ACHC-Aib-Phe-

OMe (cis-ACHC=cis-2 aminocyclohexanecarboxylic acid), was designed and utilized for the 

development of self-supporting organogels in various organic solvents and oils. Also, this 

organogel exhibited phase selective behavior, which made it capable of entrapping organic or oil 

layers selectively over the aqueous layer suggesting its usefulness for oil spill recovery (Fig. 1.12 

f).264  
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1.5.2.2. Catalysis 

Catalysis is the another field of research where peptide supramolecular gels have gathered 

recognition due to their catalytic activity in wide range of reactions. Several peptides-based gels 

are already reported as catalytic materials. Banerjee and his group designed a histidine based 

peptide amphiphile connected with C13 fatty acyl chain and N-histidyl N′-myristry ethyl amine 

that could form hydrogel in the presence of Fe3+ and Hg2+ ions separately in aqueous dispersions 

at pH 6.6. The reported hydrogel was found to have catalytic activity towards ester hydrolysis of 

p-nitrophenyl esters of acetyl, n-butyl and n-octyl esters (n = 3, 4, 8).265 Another study, showed 

that hydrolysis of a model ester 2, 4‐dinitrophenyl acetate (DNPA) was possible on the surface of 

nanofibres formed by a peptide amphiphile based gel system. The rate of hydrolysis obtained by 

the use of ordered nanofibers was higher compared to catalysts in solution and in spherical 

aggregates.266 Hydrogels formed from a series of short peptides having the sequence (FE)n or (EF)n 

with L-proline at their N terminus were found to be catalytically active towards aldol reaction. The 

non-assembling or non-aggregated analogues lacked in showing catalytic activity in solution, 

suggesting the importance of catalytic activity of short self-assembling peptides in water.267 

Besides these examples, a lot of studies are available claiming the catalysis activity of peptide 

hydrogels.268-269 

1.5.2.3. Template for Nanofabrication 

The exploration of peptide self-assembly and utilization of gel matrix as templates have provided 

useful advancements in the progress of nanofabrication.270 One study revealed that fabrication of 

luminescent CdS nanoparticles was achieved with the support of the gel nanofiber network 

obtained from a pH responsive thermoreversible hydrogel made up of self-assembling short 

synthetic tri peptides, Boc-Phe-X-Phe-OH (Boc=tert-butoxycarbonyl; X=Val, Leu or Phe). This 
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fabrication did not alter the dimension of the CdS nanoparticles in the nanofibrillar gel network, 

but showed a significant blue shift in the emission spectrum suggesting the tuning of optoelectronic 

properties was possible without any deformation of nanoparticles in such hybrid systems.271 

Another study established a method for the shape controlled synthesis of gold nanoparticles in situ 

within the low molecular gel template derived from tryptophan-based dipeptide amphiphiles. This 

synthesis was carried out without any external capping agent or reducing agents and various shapes 

like decahedral, octahedral, sheet, and wire were successfully modulated.272 Further, amino acid 

(tryptophan/tyrosine) based amphiphilic hydrogelators was explored for in situ synthesis of silver 

nanoparticle (AgNP) within their assemblies without use of any stabilizing agent. These newly 

developed soft nanocomposites showed antimicrobial potency against both Gram-positive and 

Gram-negative bacteria.273 Another nano fabrication was obtained from a tripeptide containing an 

oligo methylene group in presence of citric acid, where the induced hydrogel was used for the in 

situ formation of gold and silver nanoparticles. The nano-hybrid system containing peptide fibers 

and silver nanoparticle was proven to be useful as catalyst in the conversion of nitro aromatics to 

the corresponding aromatic amines with recyclability properties.274 

1.5.2.4. Sensors 

The applicability of peptide gels in the area of sensing is well established. In developing sensors 

for detecting various analytes, biomolecules like peptides have emerged as a promising 

platform.275 A fluorescent hydrogel obtained from two dipeptide amphiphiles conjugated with 

pyrene at the C-terminus (TGM-82) and the N-terminus (TGM-83) via bicomponent antiparallel 

beta sheet co-assembly, was recognized with the ability to detect toxic nitro explosives including 

nitrophenol, trinitrobenzene and trinitrotoluene. The selective and sensitive detection was 

facilitated by the sandwich like interaction of nitroaromatics within the hydrogel matrix.276 A poly 
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aspartate peptide based nano fibrous hydrogel was developed for naked eye detection of Cu2+ ions 

with a detection limit of 0.01 mg/L in water. Also, the hydrogel was highly selective towards Cu2+ 

in the presence of other ions and could display a colorimetric response upon alteration of pH.277 

Another efficient, economically viable and reusable fluorescent hydrogel derived from a histidine 

containing bolaamphiphilic peptide joined with naphthalenediimide was designed by Banerjee and 

co-workers for the detection of hazardous volatile acid and base vapors such as HCl, H2SO4, TFA, 

HCOOH, acetic acid and basic ammonia vapor.  Based on that they demonstrated a paper strip 

method that exhibited “turn on” fluorescence in the presence of hazardous acid vapors and “turn 

off” fluorescence in ammonia vapor suggesting a promising sensor.278 Das et. al. reported 

peptide/carbon dot composite xerogel for p-xylene vapor sensing with a detection limit of 50 ppm 

where the peptide fibres helped in gaining semicoductivity and carbon dots strengthened the 

sensitivity.279 The same group developed another small peptide PyFFK based sensor for Picric acid 

with detection limits of 115.24 ppt and 22.91 ppb, in solution and gel respectively.280  

1.5.2.5. Energy harvesting 

Most of the materials used in organic electronics and light harvesting suffer from the poor 

organization between the molecules, impacting the long range charge delocalization and transport. 

In this regard, self-assembling peptides can afford enhanced ordering to these materials due to β-

sheet forming ability, hydrogen bonding, hydrophobic interaction along with other non-covalent 

interactions.133, 281 A known chromophore Perylenebisimide (PBI) was functionalized with peptide 

that formed nanostructures showing high photoconductivity due to the generation of highly stable 

radical anion in air and in the presence of water.282 Again, functionalization of electron donor 

tetrathiaful-valene(TTF) with C-terminal amidated peptide was found to form highly ordered 

nanofibers with improved conductivity upon doping with electron acceptors, like iodine or 
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tetracyano-p-quinodimethane(TCNQ).283 Also,  thiophene-based peptide nano fibers were 

evaluated for hybrid electron and proton transport throght varying the humidity level which 

effected a change in the conductance value.284 

All these reports detailed above highlight the importance of supramolecular peptide gels in 

developing biomaterials for myriad biomedical and non-biomedical applications. 

1.6. Aims of this thesis 

1. Design and synthesis of small peptide-based gelators 

2. Development of small peptide-based organo/hydrogels and their characterization 

3. Mechanistic study to understand the gelation process 

4. Employing the developed gels in various applications like 

a. Water remediation (Removal of oil and dyes from water) 

b. Development of conducting materials 

c. Stabilization of the Quantum dots 

d. Development of antimicrobial hydrogels to inhibit MRSA biofilms 

e. Development of hydrogels as a drug delivery platform 

5. Investigation of the role of “hydrophobic-hydrophilic balance” in manipulating several 

properties of the designed peptides
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2.1. Introduction 

Low molecular weight supramolecular gels (LMWG) are an important class of materials that can 

encapsulate large amounts of solvents in mesh-like entangled structures resulting from the ordered 

hierarchical arrangement of individual molecules.1-4 Many of them are known to have phase-

selective gelation properties. Such phase-selective gelation is highly desirable in oil spill 

recovery5, which is a major source of water pollution, creating a tremendous environmental hazard 

for marine ecosystems.6 Additionally, these gel-based soft materials offer an appealing alternative 

for removing dyes from contaminated water due to their high water permeability, large surface 

area for adsorption, and simplicity of use and reusability.7-17 Therefore, the LMWG has opened up 

its utility in water remediation to a great extent. As the literature suggested, peptides can be one of 

the most fascinating gelator molecules for water remediation owing to their easy synthesis, 

biocompatibility, and multifunctionality.18 

Another important usefulness of peptide-based gels is observed in developing hybrid materials. In 

this context, graphene is well known for making hybrid materials, and its derivatives with 

inorganic/polymeric materials are highly conducting. Graphene containing hybrid materials have 

been put to interesting applications, including renewable energy conversion/storage devices, 

supercapacitors, electroresponsive systems, electrocatalysis, optoelectronic devices, 

electromagnetic interference shielding etc.19-30 In a number of studies, graphene and its derivatives 

have also been incorporated into peptide organogels. Peptide-based hybrid materials become 

moderately conducting in nature upon insertion of graphene or its derivates.31-33 

Therefore, focusing on the development of environmental friendly biomaterials like peptide-based 

LMWG, we have designed four dipeptides, P1-P4, containing aromatic moieties for studying their 

self-assembly and generating materials with multiple applications. 
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The building blocks of P1-P4 were chosen such that their self-assembly would be guided by 

aromatic and hydrophobic interactions. The mechanism of self-assembly of P1-P4 was established 

using various spectroscopic and microscopic experiments. Interestingly, all the peptides were 

capable of forming gels in a variety of organic solvents and in fuels like petrol, diesel, and 

kerosene, which made them ideal materials to be used for oil spill recovery. All the organogels 

studied here were excellent adsorbents for cationic dyes. RGO was incorporated into peptide 

organogels to generate conducting biomaterials. Generating environmentally friendly materials 

with directed self-assembly, which are equipped with multiple applications is of considerable 

interest and is the main focus of our study. 

2.2. Experimental section 

2.2.1. Materials procured 

All amino acids, L-Phe, L-Trp, PABA, L-Phg, L-HomoPhe, all solvents, di-t-butyl dicarbonate, N, 

N′-Dicyclohexylcarbodiimide (DCC), sodium hydroxide,1-hydroxybenzotriazole (HOBt), and 

thionyl chloride were all purchased from Spectrochem, Merck and Rankem. CDCl3 and DMSO-

d6 solvents were obtained from Sigma Aldrich. Dyes CV and RB were purchased from 

Spectrochem.  Fuels like kerosene, diesel and petrol were obtained from Bharat petroleum gas 

station. Graphite powder was purchased from Asbury carbons. 

2.2.2. Synthesis of Peptides  

All peptides were synthesized by racemization free, fragment condensation technique based 

traditional solution phase methodology. The N-termini of the amino acids were protected by Boc 

group using (Boc)2O while the C-termini were protected as methyl ester. Peptide couplings were 

done using DCC and HOBt as coupling reagents. All the compounds were purified by column 
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chromatography using silica gel (100-200 mesh size) as stationary phase and hexane/ethyl acetate 

as eluent. Finally, purity of dipeptides was confirmed by analytical HPLC with >95% (Appendix, 

Fig. A2.1-A2.4), and characterized by mass spectrometry (Appendix, Fig. A2.5- A2.8), 1H NMR 

(Appendix, Fig. A2.9-A2.12).  

2.2.3. Gelation experiments 

To check the ability of P1-P4 to form gel in different solvents, weighed 1mg amount of the purified 

compounds (P1-P4) were taken in micro centrifuge tubes and 500 µL of different solvents were 

added to them. Samples were heated in a heating block at temperatures ranging from 60°C- 100 

°C and subsequently cooled to room temperature. Gel was formed within 10-15 minutes which 

was stable to inversion of the micro centrifuge tube.  

For making the RGO incorporated P1 organogel (RGO-P1), the freshly prepared RGO (1mg, 0.2wt 

%) was added to 500 µL 1,2-DCB solution of peptide P1 at its MGC. The mixture was sonicated 

until a homogeneous suspension of RGO in the peptide was obtained. This was further heated at 

100C for 15 mins, followed by vortexing for 10 sec. Upon cooling the mixture, black coloured 

organogel formed within another 5-10 mins. Hybrid organogels were formed with varying amounts 

of RGO. 

2.2.4. Determination of the gel-to-sol transition temperature 

The gel-to-sol transition temperature (Tgel) of the organogels from single peptides and RGO-

peptide hybrid organogel were determined by placing the gel containing vial in an oil bath and  

raising the temperature of the bath at the rate of 1C /minute. The temperature was monitored using 

a thermometer. The (Tgel) was defined as the temperature at which the gel melted and started to 

flow.  
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2.2.5. Phase selective gelation 

Peptides P1-P4 at their MGC were added to mixtures of 500 µL each of organic and aqueous 

solvents. The mixture was vortexed for 2 minutes to yield a homogeneous suspension, heated  at 

60-100C  and subsequently cooled. Gels were selectively formed from the organic solvents within 

10-15 mins.   

2.2.6. Rheology 

The viscoelastic properties of self-assembled and RGO incorporated hybrid organogels were 

determined by rheology studies using Anton Paar MCR102 Rheometer equipped with a 20 mm 

parallel-plate measuring system at 25 C. 1.0 w/v% pristine organogels of  P1-P4 in 1,2-DCB  and 

1wt%  RGO incorporated in RGO-P1 was used for the study.  A strain sweep test was performed 

over a range from 0.1-100% strain at a fixed oscillatory frequency of 1 rad/s. Furthermore, the 

mechanical strength of the organogels were determined from the oscillatory test, i.e. frequency 

sweep (with the frequency ranging from 1-100 rad/s), which was carried out under a fixed strain. 

Rheological experiments measure two parameters; storage modulus (Gʹ) and loss modulus (Gʹʹ). 

A defining measure of gelation process is having a higher value of Gʹ than Gʹʹ which are essentially 

independent of frequency.  

2.2.7. FESEM 

FESEM images reported in this study were obtained on a FESEM Sigma Zeiss microscope. A drop 

of the solution of P1-P4 in 1,2-DCB was casted on a silicon wafer and was allowed to dry for a 

few hours under vacuum before imaging.  For studying the morphology of the pristine organogels 

P1-P4 and hybrid gel RGO-P1, small pieces of the organogel were casted on the silicon wafer and 

allowed to dry under vacuum before imaging.  

TH-3440_176122039



                                                                 Multifunctional Organogels from Small Aromatic Peptides 

83 | P a g e                                                             C h a p t e r  2  

 

2.2.8. FT-IR 

FT-IR spectroscopy measurements were recorded on a Spectrum Two Perkin Elmer FT-IR 

Instrument using KBr pellets.  Measurements were performed on both powdered samples and on 

the xerogels (obtained from organogels of 1,2-DCB) for P1-P4. Lyophilized peptides obtained 

post-purification were used as powdered samples. Measurements were also performed on xerogels 

of P1 (obtained from organogel in kerosene) and RGO-P1(obtained from organogel in 1,2-DCB). 

Xerogels were prepared by keeping organogels in the desicator under vaccum condition. After 3-

4 days it visibly became a white, dry and solid mass. This solid mass was powdered was used for 

making KBr pellets in the FT-IR analysis. 

2.2.9. NMR experiments 

NMR experiments were performed on a 600 MHz and 400MHz Bruker NMR spectrometer. 1H 

NMR experiments were performed in DMSO-d6 for routine characterization of the molecule. 

Concentration dependent 1H NMR (5 mM, 6.86 mM (MGC), 9 mM and 13 mM for P1; 2mM, 

3mM, 4.8mM(MGC) and 7mM for P2) was recorded for the peptides P1 and P2 in CDCl3 at 

ambient temperature. DMSO titration of P1 and P2 was performed by addition of increasing 

concentrations (0.5% to 10%) of DMSO-d6 in CDCl3 at ambient temperature. 

2.2.10. Fluorescence 

To gain an insight into the role of aromatic π-π stacking in the self-assembly of P1, concentration 

dependent fluorescence experiment was performed by monitoring the intrinsic fluorescence of the 

amino acid Trp on a Fluoromax-4 spectrophotometer. Samples of different concentrations of P1 

were prepared in THF and their fluorescence emission was monitored keeping the fluorescence 

excitation wavelength fixed at 280 nm. 
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2.2.11. pXRD 

Wide angle X-ray diffraction analysis was done on a Bruker D2 Phaser X Ray diffractometer (Cu-

Kα radiation, λ=1.5406 Å) and a Rigaku Smartlab X Ray diffractometer with (Cu-Kα radiation, 

λ=1.540 Å) for both the powdered samples (P1-P4) (as obtained post lyophilization) and the 

xerogels obtained from drying the organogels (described above) of (a) individual peptides (P1-P4) 

grown from 1,2-DCB, (b) P1 in kerosene and (c) RGO-P1 hybrid organogel obtained from 1,2-

DCB. 

2.2.12. Crystallization and X-ray crystallography 

 Single crystals were obtained from peptides P2 and P4 in MeOH-H2O solvent systems. Intensity 

data was collected with Mo-Kα radiation (λ=0.71073 Å) by a Bruker APEX-2 CCD diffractometer. 

Data was processed using the Bruker SAINT package. The structure solution and refinement were 

performed by SHELX2016. 

2.2.13. Dye absorption studies 

Into the preformed gels obtained from self-assembly of the individual peptides P1-P4, aqueous 

solution of dyes namely crystal violet (CV) and rhodamine b (RB) was added and allowed to stand 

for 24 h at RT, after which the amount of unabsorbed dye in the supernatant was checked by 

monitoring the UV of the supernatant aqueous solution and calculating the concentration from a 

standard curve of the dye (Appendix, Fig. A2.13). The amount of dye loaded in the gel and the 

dye loading efficiency was then calculated as follows: 

Dye loaded = (Initial dye - Unabsorbed dye) 

Loading efficiency: (Dye loaded/Initial dye) X 100 
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2.2.14. Recyclability of the Organogels for dye absorption 

To the dye absorbed organogels, diethyl ether was added and was left for 24 h. The dye was 

released into the ether medium and the gel became colorless once more. The ether layer was 

removed and after another round of ether wash, the gel was reused for the second cycle of dye 

absorption studies. Such studies were carried out for 3 subsequent cycles and the efficiency of the 

dye absorption was estimated in each cycle. 

2.2.15. Synthesis of RGO 

2.2.15.1. Preparation of graphene oxide  

Graphene oxide (GO) was synthesized following the modified Hummers’ method.34 1g of graphite 

powder was added to 50 mL of concentrated sulphuric acid taken in a conical flask while 

maintaining the temperature between 0-5° C followed by the addition of 6g potassium 

permanganate (KMnO4) to the above mixture under constant stirring. The conical was then 

transferred to a water bath where it was maintained at 35° C for 2 hours. In the next step the conical 

flask was again transferred to an ice bath where 100 ml of DI water was slowly added under 

vigorous stirring. Lastly 8 ml of hydrogen peroxide (H2O2) was added to this diluted mixture to 

obtain a yellow coloured slurry, which was washed with 20% HCl followed by acetone until the 

pH increased above 5. The as obtained GO powder was then dispersed in DI water. Formation of 

GO was characterized by PXRD and Ramananalysis (Appendix, Fig. A2.14 a, A2.15 a and A2.16 

a). 

2.2.15.2. Preparation of reduced graphene oxide 

100 ml of 0.5 mg/ml of GO dispersion in water was taken in a reagent bottle and heated at about 

70 °C followed by addition of 3 ml liquid ammonia and 40 µL of hydrazine hydrate. The resultant 

TH-3440_176122039



                                                                 Multifunctional Organogels from Small Aromatic Peptides 

86 | P a g e                                                             C h a p t e r  2  

 

mixture turned blackish in colour and was further heated for another 30 minutes to obtain the 

reduced graphene oxide. Formation of RGO was confirmed by PXRD, Raman, FETEM ana EDX 

analysis (Appendix, Fig. A2.14 b, A2.15 a, b and A2.16 b) 

2.2.16. Conductivity determination of RGO-peptide hybrid organogels 

Two copper wires were inserted into the RGO-P1(with different amounts of RGO) hybrid 

organogel and were connected to the sourcemeter (Keithley 2450 model). A potential of -1 to +1 

was applied, and the conductivity measurements (i.e. current-voltage (I-V) characteristics) were 

performed.  

2.3. Results and discussions 

2.3.1. Design strategy and gelation studies of peptides 

We synthesized four dipeptides Boc-Trp-PABA-OMe (P1), Boc-homoPhe-PABA-OMe (P2), 

Boc-Phg-PABA-OMe (P3) and Boc-Phe-PABA-OMe (P4) (Fig. 2.1 a) using standard solution 

based peptide synthesis strategy, purified using column chromatography and characterized with 

analytical HPLC, ESI-MS and 1H NMR (Appendix, Fig. A2.1-A2.12). All the four dipeptides were 

terminally protected and contained an aromatic delta amino acid residue PABA. The second amino 

acid residue (Trp, Homo-Phe, Phg, Phe) was aromatic in nature.  
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Fig. 2.1. (a) Chemical structures of LMWG P1-P4, (b) Gels formed in 1,2-DCB by P1-P4 (c) 

Thermoreversibility of the organogel formed by P1 in 1,2-DCB and (d) Phase selective gelation 

of P1 in 1,2-DCB in presence of water. 

 

The design of building blocks intended to facilitate self-assembly using aromatic interactions and 

hydrophobic interactions. Homologs of Phe namely Phg, Homo-Phe were used for understanding 

the role of the length of side chain on the assembly of the peptides.   

All the dipeptides readily formed phase selective, thermoreversible gels in various organic solvents 

like chloroform, THF, 1,2-dichlorobenzene, etc. (Fig. 2.1 b, c, d Table 2.1) and in fuels like 

kerosene, diesel and petrol upon heating and subsequent cooling. The minimum gelation 

concentration of the peptides depended on the solvents but generally lied in between 0.2-0.4 w/v% 

(Table 2.1). Thermal stability of the peptides was studied  from the Tgel which lied in the range of  

30-80C. As the gels were translucent and most thermostable in 1,2-DCB, further characterization 

of the organogels were done in this solvent.    
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Table 2.1. Gelation properties of peptides P1-P4. OG: Opaque Gel, TNS: Translucent Gel, S: 

Soluble 

 

Solvents 

P1 

State/MGC(%w/

v)/Tgel(⁰C) 

P2 

State/MGC(%w/

v)/Tgel(
⁰C) 

P3 

State/MGC(%w/v

)/Tgel(⁰C) 

P4 

State/MGC(%w/v)/T

gel(⁰C) 

Chloroform OG/0.20/52 OG/0.20/50 OG/0.30/32 OG/0.20/45 

1,2 DCB TNS/0.4/69 TNS/0.30/62 TNS/0.40/78 TNS/0.40/76 

Toluene Transparent/0.20

/50 

Transparent/0.20

/63 

Transparent/0.25/

75 

Transparent/0.10/62 

Benzene Transparent/0.25

/52 

Transparent/0.20

/57 

Transparent/0.20/

56 

Transparent/0.30/51 

THF OG/0.35/55 OG/0.20/70 OG/0.35/40 OG/0.20/40 

Chlorobenz

ene 

Transparent/0.35

/50 

Transparent/0.20

/47 

Transparent/0.35/

71 

TNS/0.40/43 

ACN S - S S 

Dioxane S - S S 

DMF S - S - 

Ethanol S S S S 

DMSO S S S S 

Methanol S - S S 

n-heptane - S - - 

 

2.3.2. Morphological study 

Self-assembled morphology P1-P4 in 1,2-DCB in the solution and gel state was studied using Field 

Emission Scanning microscopy (FESEM) (Fig. 2.2). Apparently, the morphology of P1 in the 

solution and in the gel state (Fig. 2.2) looked different. The morphology of P1 was nano fibrous in 

the solution state while it looked like densely packed continuous matrix in the gel state. 
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Morphology of the peptides P2 and P3 in solution and gel state were same with slight variations.  

Peptide P4 formed fibrous entangled morphology both in the solution and in gel state, with a denser 

mesh in the later. The subtle differences in the morphology of P1-P4 could be attributed to the 

varying chains of the amino acids present in them. 

 

Fig 2.2. FESEM images of P1, P2, P3 and P4 in 1,2-DCB in both solution state and gel state. 
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2.3.3. Rheology 

The mechanical strength and the stability of the organogels derived from self-assembly of the 

individual peptides were studied by rheology. The storage modulus (G´) and the loss modulus 

(G´´) were measured as a function of different parameters like angular frequency and strain sweep.   

For this study, gels were formed from P1-P4 in 1,2-DCB at 1.0% w/v. In strain sweep experiment, 

where the storage modulii (G´) and the loss moduli (G´´) for the four organogels were plotted as a 

function of % strain (0.1-100%) (Fig. 2.3 a, b, c, d), it was found that G´ was higher than G´´ till a 

particular strain (Linear viscoelastic region (LVR),  = 0.1% for P1-P4).  

 

Fig. 2.3. Rheology profile of organogels. a), b), c), d) strain dependence and e), f), g), h) Frequency 

dependence of the dynamic storage moduli (Gʹ) and the loss moduli (Gʹʹ) of organogel from P1- 

P4 in 1,2-DCB at 2 % w/v. 
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In the angular frequency sweep experiment performed at a constant strain of 0.1% at 25°C, for all 

the four organogels, the Gʹ was found to be dominating over Gʹʹ till about 100 rad/s (Fig. 2.3 e, f, 

g, h). Also, Gʹ and Gʹʹ were found to be independent of angular frequency, in the region 1-100

rad/s which indicated the formation of stable organogels. The storage modulii of all the organogels 

were of the order of 104 Pa, in the frequency sweep experiment which indicated a considerable 

mechanical strength of all the organogels.   

2.3.4. Non-covalent interactions in promoting the self-assembly 

The peptides were designed to be hydrophobic and rich in aromatic moieties. Thus aromatic π-π 

interactions and hydrophobic interactions were expected to be the key non covalent forces driving 

self-assembly (see the sections 1.2.2. and 1.3.2). Peptide backbones are rich in hydrogen bond 

donor and acceptor groups and hence hydrogen bonding might be another important factor aiding 

self-assembly. The following experiments were performed to identify the key interactions driving 

the assembly process. 

2.3.4.1. Fluorescence studies 

The intrinsic fluorescence of tryptophan residue was used to study the role of aromatic π-π stacking 

interactions in the self-assembly of peptide P1. Fig. 2.4 a shows the fluorescence emission spectra 

of P1 in THF at various concentrations (0.1 mM-7mM). The emission maxima of tryptophan at 

325 nm was steadily quenched upon increasing the concentration of the peptide. This might be 

attributed to the stacking of the tryptophan moieties with progressive self-assembly upon 

increasing the concentration of the peptide.35 a, b, c A prominent excimer peak was observed at 455 

nm which got quenched upon increasing the concentration of the peptide. Usually increasing 

peptide concentration, leads to more excimer formation, which is accompanied by increase in the 

intensity of the excimer fluorescence peak. P1 contained two types of aromatic moieties, the indole 
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ring from Trp and the aromatic backbone of the PABA amino acid. If the self-assembly of P1 led 

to stacking of these two different moieties, then exciplex would be formed instead of excimer. 

Fluorescence intensity for the exciplex might quench with the increase in the concentration of 

exciplex.35 d Thus this experiment clearly proved that in the case of P1, aromatic π-π stacking 

interactions played an important role and suggested that the stacking occurred between the Trp 

side chains and the aromatic ring of PABA.    

Fig. 2.4. a) Concentration dependent tryptophan fluorescence spectra for P1 in THF ( ex at 280 

nm) and b) Superimposed FT-IR spectrum of P1 in powdered  (black) and xerogel state (red). 

 

As the peptides P2-P4 were structurally very similar to P1, it might be assumed that aromatic 

stacking played an important role in their self-assembly as well.   

2.3.4.2. FT-IR 

Fig. 2.4 b shows the superposition of the FT-IR spectra recorded for the powder and xerogel 

samples from 1,2-DCB for P1. There were two distinct peaks observed at 3414 and 3346 cm-1 in 

powdered form of P1 for non-hydrogen bonded and hydrogen bonded NHs respectively, which 

shifted to 3401 and 3324 cm-1 respectively, in the xerogel indicating increased hydrogen bonding 

in the xerogel state. However, presence of two peaks indicated existence of both hydrogen bonded 
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and non-hydrogen bonded NHs. The CO stretching frequency shifted from 1691 cm-1 in the 

powdered form to 1653 cm-1 in the xerogel form suggesting that the backbone conformation of the 

P1 was not β sheet like. In the case of P2-P4 (Fig. 2.5), a broad peak was observable in the NH 

stretching region at around 3420-3430 cm-1
 for the xerogel, indicating the presence of non-

hydrogen bonded backbone NHs.  

 
Fig. 2.5.  Superimposition of the FT-IR spectra of a) P2, b) P3 and (c) P4 in their powder (black) 

and xerogel state (red). 

 

Lack of any peak at around 3200 cm-1 suggested absence of hydrogen bonded amide protons in 

these systems in the self- assembled state.  The amide I peaks in P2-P4   did not indicate typical 

β-sheet kind of conformation. Presence of hydrogen bonding status of the amide protons was 

further studied using NMR spectroscopy. 

2.3.4.3. NMR 

The role of intermolecular hydrogen bonds in driving the self-assembly was probed by monitoring 

the NH chemical shifts of P1 and P2 in CDCl3 at concentrations, below, above and at their 

minimum gelation concentration (Fig. 2.6 a, b). For both the peptides, none of the NH protons  
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Fig. 2.6. NH region of the stacked 1H NMR spectra of the peptides (a) P1 and (b) P2 in CDCl3 at 

different concentrations which are lower, equal and higher than the MGC of the solution. 

 

showed any change in their chemical shifts over the entire concentration range indicating that there 

was no change in the hydrogen bonded state of the backbone amide protons over the concentration 

range in which the study was performed. Further, to understand the hydrogen bonded state of the 

amide protons, DMSO titration experiment of P1 and P2 were performed (Fig. 2.7 a, b). For P1, it 

was seen that the NH of tryptophan did not show any change in the chemical shift value, suggesting 

it to be hydrogen bonded while the NH of PABA residue and the indole NH showed considerable 

change in their chemical shift values suggesting that they were solvent exposed or non-hydrogen 

bonded. This corroborated the observation from FT-IR experiments of P1 in xerogel state, where 

there was presence of both hydrogen bonded as well as non-hydrogen bonded NHs. Aromatic 

protons showed a striking upfield shift upon addition of DMSO-d6 to the CDCl3 solution  
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Fig. 2.7. Stacked NH region of the 1H NMR spectrum obtained upon addition of increasing 

amounts of DMSO-d6 to the CDCl3 solution of a) P1 and b) P2. 

 

of P1. Addition of increasing amounts of DMSO-d6 disrupted the self-assembly thus changing the 

electronic environment of the aromatic protons, which got shielded. This was an indirect proof of 

the fact that stacking of aromatic moieties played an important role in the self-assembly of P1. In 

the case of P2, NHs of both the amino acid residues were solvent exposed or non-hydrogen bonded, 

supporting the FT-IR data where only a broad peak corresponding to non-hydrogen bonded NHs 

was observed. 

Thus in summary, the hydrogen bonding pattern in P1 was slightly different from that in P2-P4.  

Hydrogen bonding did not seem to be play a crucial role in the self-assembly process of P2-P4 

unlike in P1. 
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2.3.4.4. pXRD 

Information on the molecular packing of the peptides P1-P4 in gel state was obtained upon 

performing pXRD experiments (Fig. 2.8). The XRD pattern for the P1 xerogel was ordered unlike  

 

Fig. 2.8. PXRD of xerogels of peptides a) P1, b) P2, c) P3 and d) P4. 

 

its powdered form (Fig. 2.9). The wide angle pXRD patterns for P1-P4 xerogels showed similar 

periodic diffraction patterns which indicated presence of similar ordered arrangement in all the 

xerogels. In the peptide xerogels P1-P4 peaks were  observed at d values of 6.25 Å (2 = 14.12), 

5.19 Å (2 = 17.04), 4.75 Å (2 = 18.64) and 4.10 Å (2 = 21.60) (Table 2.2) .  The ideal centroid 

to centroid distance in   π-π stacked aromatic systems is about 4 Å. The distance of 4.20 Å present 

in all the xerogels might be attributed to the distance in between the aromatic moieties of the 

gelator molecules present in the system. This again indicated that aromatic π-πinteractions were 

crucial for self-assembly and was present in all the xerogel systems. Peak at around 4 Å was absent 

in the XRD of the powdered samples of P1, P3 and P4 indicating lack of aromatic π-π interactions 

in the powdered form of the peptides.  
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Fig. 2.9. PXRD of peptides in powdered state. (a) P1, (b) P2 (c) P3 and (d) P4. 

 

Table 2.2: Interplaner distances in the xerogels obtained from PXRD. 

Xerogels Peak 1 Peak 2 Peak 3 Peak 4 

2θ 

(degree) 

d(Å)  2θ 

(degree) 

d(Å) 2θ 

(degree) 

d(Å) 2θ 

(degree) 

d(Å) 

P1 

(DCB) 

14.121 6.265 17.041 5.191 18.641 4.754 21.601 4.109 

P2 

(DCB) 

14.321 6.179 17.181 5.154 18.901 4.689 22.041 4.028 

P3 

(DCB) 

14.121 6.265 16.861 5.252 18.641 4.754 21.841 4.064 

P4 

(DCB) 

14.241 6.212 17.161 5.162 18.841 4.704 22.061 4.024 
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RGO-P1 

hybrid 

(DCB) 

14.199 6.232 17.081 5.18501 18.652 4.751 21.993 4.037 

P1 

(Kerosene) 

17.093 5.185 18.690 4.7428 21.88 4.0579 25.645 3.4695 

 

2.3.4.5. Crystal structures of P2 and P4 

Structure of peptides P2 and P4 were elucidated from the single crystal X-ray analysis (Table 2.3). 

Crystals were grown from the MeOH-H2O system by slow evaporation of solvent at room 

temperature. 

Table 2.3. Crystallographic parameters of P2 and P4 

The backbone of both the peptides P2 and P4 were kinked at the Cα carbon of the alpha amino 

acid residue (Fig. 2.10 and Fig. 2.11, Table 2.4). There were no intramolecular hydrogen bonds 

present in both the peptides. We could not obtain crystals for the peptides P1 and P3, but as the  

Parameters P2 P4 

Molecular formula 

Formula weight 

Crystal system 

Crystallizing solvent 

Space group 

a/Å 

b/Å 

c/Å 

α/o 

β/o 

γ/o 

V/ Å3 

Z 

Density/g cm-3 

Molecules/asym.unit 

R1 

wR2 

CCDC No. 

C23 H28 N2 O5 

412.47 

Monoclinic 

Methanol/H2O 

I 2 (5) 

20.281(9) 

5.226(3) 

22.662(10) 

90 

105.39(5) 

90 

2316(2) 

4 

1.183 

1 

0.0829 

0.1971 

1961451 

C22 H26 N2 O5 

398.45 

Monoclinic 

Methanol/H2O 

C 2 (5) 

27.13(2) 

5.227(4) 

15.424(12) 

90 

105.46(4) 

90 

2108(3) 

4 

1.255 

1 

0.1036 

0.2240 

1961450 
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Fig. 2.10. ORTEP diagram for peptide (a) P2 and (b) P4 with ellipsoid of 50% probability as 

obtained in the crystals grown from slow evaporation of MeOH-H2O. 

 

 

 Fig. 2.11. Asymmetric unit cell in the crystals of (a) P2 and (b) P4.
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Table 2.4. Torsion angles (deg) for the peptides of P2 and P4.

 

back bone of all the molecules were same, we could assume that similar backbone conformation 

was present in P1 and P3 as well. P2 and P4 did not have a β sheet like conformation which 

explained the absence of any characteristic peak in the amide I region in the FT-IR spectrum of 

xerogels. Fig. 2.12 showed the packing in crystals for P2 and P4 respectively. Packing in both the 

systems were fairly similar. For both the peptides, pairs of molecules packed togather and such 

pairs stacked to form column like structures.  In case of P2, Boc groups of the two individual 

molecules in a pair faced each other. The aromatic rings of PABA came close together while the 

aromatic groups of Homo-Phe stuck out in opposite directions. In P4, the packing of a pair of 

molecules was a bit different with the Boc groups of one molecule pointing away from the other 

and the Phe side chain of one molecule stacking with the Phenyl ring in the backbone of PABA of 

the other molecule.  Both in P2 and P4, pairs of molecules self-assembled to form columnar 

structures primarily through aromatic stacking interactions, hydrophobic interactions and weak 

hydrogen bonded interactions (C=O----H-N bond distance of about 2.2 Å, Table 2.5). 

Peptide Residue ɸ θ1 θ2 θ3 ѱ 

P2 HPhe 

PABA 

95.83 

30.06 

 

178.55 

 

1.41 

 

179.36 

89.48 

180.0 

P4 Phe 

PABA 

-98.44 

-35.70 

 

-177.73 

 

2.35 

 

-179.25 

92.06 

178.54 
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Fig. 2.12. Packing in the crystals of a) P2 and b) P4. 

 

Table 2.5. Intermolecular H-bond parameters for peptides P2 and P4. 

Peptide Donor (N) Acceptor (O) N----O (Å) H----O (Å) <N-H----O 

(deg) 

P2 N1 (PABA) 

N2’(HPhe) 

O1’(HPhe) 

O4 (Boc-CO) 

3.027 

3.086 

2.259 

2.269 

148.90 

158.46 

P4 N1 (PABA) 

N2’(Phe) 

O3’(Phe) 

O4 (Boc-CO) 

3.034 

3.040 

2.265 

2.217 

149.40 

159.77 
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2.3.4.6. Mechanism of self-assembly 

Fig. 2.13 summarizes the mechanism of self-assembly of the LMWG P1-P4. Molecules assembled 

primarily through aromatic π-π stacking and hydrophobic interactions. π-π stacking might occur 

in between same or different aromatic moieties.  

 

Fig. 2.13. Self-assembly mechanism of P1-P4. Formation of thin nanofibers through columnar-

like packing mainly driven by aromatic π-π stacking. Thin nano-fibers further self-assemble into 

thick nanofibers. 

 

Though all the molecules contained ample hydrogen bond donors and acceptors in the backbone, 

yet there seemed to be absence of hydrogen bonding in the self- assembled system as evidenced 

from the FT-IR and NMR studies. While P2-P4 completely lacked hydrogen bonding, P1 

contained both hydrogen bonded and non-hydrogen bonded NH’s.  In the crystals of P2 and P4, 

weak hydrogen bonds (2.2Å) were present which helped in the crystal packing. Closer approach 

of the molecules to yield stronger hydrogen bonding might be absent in the crystals to minimize 
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associated unfavorable van-der-Waals interactions. In the supramolecular packing arrangement in 

the organogels, presence of solvent molecules further weakened the hydrogen bonds to the limit 

of non-existence. Thus it was clear that mere presence of hydrogen bonding groups did not ensure 

hydrogen bonding to be one of the driving forces in the self-assembly of any system. Instead, the 

assembly of molecules exploited only those parameters which were sufficient to give rise to a 

thermodynamically favored system. In this case, the aromatic π-π stacking interactions and the 

hydrophobic interactions were sufficient to create and sustain a thermodynamically favorable self-

assembly. There might be subtle differences in the self-assembly of the molecules P1-P4, 

depending on the side chains of the first amino acid residue. However, the global arrangement of 

the molecules was similar as evidenced from the pXRD experiments. The backbone conformation 

of the peptides was kinked at the Cα carbon atom preventing the formation of β sheets as evidenced 

from the FT-IR studies. The molecules stacked on top of each other initiating unidirectional self-

assembly, giving rise to column like structures with fibrous morphology. Many of such thin fibers 

assembled together due to favorable hydrophobic interactions forming thicker fibers that were seen 

in the FESEM experiments.    

Careful observation indicated that P1-P4 formed gel in several less polar organic solvents like 

toluene, chloroform, dichlorobenzene etc. in contrast to more polar organic solvents like ethanol, 

DMSO etc. This seemed to be logical that the non-polar solvents were better accommodated in the 

entangled network formed by the hydrophobic peptides P1-P4.  As the solvents were non-polar 

and there was no evidence of hydrogen bonding obtained from FTIR and NMR, it might be 

concluded that the only interaction of the peptides with the solvents was of hydrophobic origin. 
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2.3.5. Oil spill recovery 

Peptides P1-P4 phase selectively formed gels in fuels like kerosene, petrol and diesel. (Fig. 2.14 

a, Table 2.6).  

 

Fig. 2.14. (a) Gels formed by P1 in kerosene, diesel and petrol. (b) FESEM image of P1 organogel 

in kerosene. (c) Frequency dependence of the dynamic storage moduli (Gʹ) and the loss moduli 

(Gʹʹ) of organogel from P1 in kerosene at 1 % w/v. (d) FT-IR of xerogel of P1 in kerosene. 

 

Table 2.6. Gelation ability of P1 in different fuels. 

 

 

 

 

The gels had fibrous morphology as seen from FESEM (Fig. 2.14 b) and were mechanically robust 

(Fig. 2.14 c).  In the frequency sweep experiment, the Gʹ was greater than the Gʹʹ throughout the 

P1 MGC(w/v) Tgel 

Kerosene 0.6% 91⁰ C 

Petrol 1.5% 75⁰ C 

Diesel 1.5% 84⁰ C 
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entire range of the experiment. Gʹ had value in the order of 104-105 which suggested that the gels 

were robust in nature (Fig. 2.14 c).  Backbone conformation of the peptide in the xerogel state was 

probed using FT-IR (Fig. 2.14 d).  Though the Amide I peak in the xerogel of P1 in kerosene at 

1636 cm-1 lied in the antiparallel β sheet region, observation of peak at 3445 cm-1, indicated the 

presence of non-hydrogen bonded amide protons in the system, which countered the presence of 

β sheet like conformation. pXRD of P1 xerogel in kerosene showed similar peak pattern and hence 

interplaner distances as observed for the xerogels of P1 obtained from other organic solvents (Fig. 

2.15 a).  

 

Fig. 2.15. a) PXRD of P1 xerogel in kerosene. b) Phase selective gelation of P1 in kerosene in 

the presence of acidic, salt solution and basic solution. 

 

This indicated identical arrangement of the molecules in both the cases. Also, we have tested 

gelation in the presence of acidic, basic and saline aqueous medium and they formed gels upon 

being heated and cooled subsequently (Fig. 2.15 b). 

Summarizing all the above, the mode of self-assembly of P1 in kerosene seemed identical to that 

in other organic solvents.  About 70% of kerosene could be easily recovered upon vacuum 

distillation of the P1 organogel in kerosene. Facile recovery of the fuel in addition to the gelation 
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ability of the peptides in presence of variable pH and salt conditions render them as potential 

candidates for addressing oil spill recovery. 

2.3.6. Dye absorption 

Organic dye pollutants in the water bodies is one of the major raising concerns for the modern 

civilization. The organogels obtained from P1-P4 in the present study were checked for their dye 

absorption abilities. As the peptides were rich in aromatic moieties and hence electrons, they might 

be good candidates for absorption of cationic dyes (Fig. 2.16-17).  

 

Fig. 2.16. Absorption of cationic dyes CV and RB by organogels P1-P4.
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Fig. 2.17. Absorption of dyes by organogels P1-P4 studied by UV spectroscopy. Time dependent 

absorption spectra of the supernatant solution containing CV (a, c, e, g) and RB (b, d, f, h) 

incubated with organogels formed by P1-P4 respectively in 1,2-DCB. 
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Fig. 2.18. Dye absorption by the organogels P1-P4 in 1,2-DCB. The bar diagram represents the 

efficiency of (a) absorption of cationic dyes CV and RB by organogels P1-P4 and (b) CV 

absorption in the subsequent cycles by organogels from P1. The data represents the mean of N=3 

experiments (*p< 0.05, **p< 0.01, ***p< 0.001, ****p< 0.0001) via two-way analysis of variance 

(ANOVA) with Sidak’s multiple comparison test for plot a and unpaired t-test for plot b). 

 

Most of  the organogels showed high efficiency ( 90%) of absorption of representative cationic  

dyes crystal violet (CV) and rhodamine b (RB) (Fig. 2.18a, Table 2.7). Organogel P4 showed 

relatively less efficiency in the absorption of RB. 

 

Table 2.7. Dye absorption efficiencies of the organogels P1-P4. 

Gelators CV(%) RB(%) 

P1 92.94 98.57 

P2 95.66 97.70 

P3 89.00 99.60 

P4 91.87 53.55 
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2.3.6.1. Reusability of the organogel for dye absorption 

For commercial use as dye absorbents in the purification of water, the organogels should be 

reusable.  The dyes were released in diethyl ether medium in over 24 h and the original organogels 

were recovered. The organogels from P1-P4 were tested for three consecutive cycles. Fig. 2.18 b 

indicates the decreasing loading capacity of CV by P1 organogel in three subsequent cycles.  

2.3.7. RGO incorporated organogels 

For fabricating conducting organogels, we incorporated RGO into organogels from P1-P4. 

Reduced graphene oxide is conducting in nature unlike the graphene oxide. As the peptides P1-P4 

were rich in aromatic amino acid residues, the incorporation of RGO into the gel was anticipated 

to be facilitated by aromatic π-π stacking interactions. All the peptides formed organogels in the 

presence of RGO at their MGC in 1,2-DCB (Fig. 2.19 a). RGO containing peptide organogels were 

thermoreversible in nature. The RGO doped organogels were thermostable in nature and their Tgel 

were in the same range as that of the native gels.  Different amounts of RGO were incorporated 

into P1 organogel.  In the present study, we have incorporated a maximum of 1.2 wt % of RGO in 

the hybrid gels without destroying the gelation ability of the peptide gelator molecules. Attempts 

to load higher percentages of RGO in these organogels led to precipitation of RGO and formation 

of inhomogeneous material.    
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Fig. 2.19. (a) Reduced graphene oxide incorporated hybrid organogel RGO-P1. (b) FESEM image 

of RGO-P1 hybrid organogel. (c) Frequency dependence of the dynamic storage moduli (Gʹ) and 

the loss moduli (Gʹʹ) of RGO-P1 hybrid organogel (1wt%) in 1,2-DCB. (d)  I-V curve showing the 

conductivity of hybrid organogels upon RGO incorporation.

 

To probe the morphology, FESEM was performed on P1-RGO organogel. Fig. 2.19 b showed the 

presence of both the RGO nanosheets and the peptide fibres in the hybrid RGO-P1 organogels 

containing 1wt% of RGO. The RGO nanosheets were clearly visible with the peptide fibrous 

network dispersed on its surface indicating a good interaction in between the components of the 

hybrid organogel system.  As the peptides were hydrophobic and contained considerable amount 

of aromatic moieties in them, a good interaction with the RGO, rich in aromatic components might 

be anticipated in the hybrid organogel. The viscoelastic properties of RGO-P1 xerogel was probed 
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by rheological studies.  Studies were performed on RGO-P1 hybrid organogels containing 1wt % 

of RGO (Fig. 2.19 c).  In the frequency sweep experiment, the value of Gʹ was greater than Gʹʹ 

throughout the experimental limit indicating that the hybrid organogels were “solid like” similar 

to the native gel. Interestingly, the values of Gʹ and Gʹʹ increased 10 folds in the case of RGO-P1 

containing 1wt % of RGO in comparison to the native gel. This meant that the incorporation of 

RGO enhanced the rigidity of the gel.  This might be attributed to the favorable interaction in 

between the peptide nanofibers and the RGO sheets. 

Graphene is known for its highly conducting nature. Oxidation of graphite to graphene oxide 

changes some carbons to sp3, thus destroying the conductivity of the material. RGO on the other 

hand, once again becomes conducting in nature, though not as good as graphene. Upon 

incorporation of RGO into the organogels, the hybrid materials became conducting in nature. 

There are lots of studies in the literature where hybrid materials containing graphene and its 

derivatives have been used for energy conversion and storage.19-23 Most of these hybrid materials 

are of inorganic nature and have high conductivity.  There are fewer examples of peptide based 

materials containing graphene and its derivatives.31-33 Though, peptide based hybrid materials are 

less conducting in nature compared to their inorganic counterparts, they are interesting as they 

might find applications in biomedical applications/devices owing to their biocompatibility. Fig. 

2.19 d shows the I-V curves obtained from the hybrid organogel RGO-P1 containing different 

amounts of RGO in them. The conductivity of the RGO doped organogels increased 

proportionately to the amount of RGO in them.  Homogeneous gels could not be prepared beyond 

insertion of 1.2 w/v% of RGO, hence they were not considered for conductivity studies. 

To understand the backbone conformation of the peptide molecules in the hybrid organogel RGO-

P1, FT-IR was performed on the xerogel containing 1wt % RGO (Fig. 2.20 a). The NH stretching 
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frequency was observed at 3421 cm-1, which indicated the presence of non-hydrogen bonded NHs 

in the hybrid xerogel much like the scenario of the pristine xerogels made from peptides alone. 

The Amide I stretching peak was observed at 1667 cm-1, similar to that obtained from the xerogel 

containing the peptide alone.  Thus the backbone conformation of the peptides was identical both 

in the pristine and in RGO-P1 xerogel.  pXRD data obtained from the RGO-P1 xerogel was similar 

to that obtained from pristine xerogel indicating that the solid state arrangement of the molecules 

was the same in both the hybrid and the pristine organogel systems (Fig. 2.20 b). 

 

Fig. 2.20. a) FT-IR of RGO-P1 hybrid xerogel and b) PXRD of RGO-P1 hybrid organogel. 

 

Summing it all up, insertion of RGO in the peptide organogel did not disrupt the self-assembly 

pattern that was present in the only peptide system.  The backbone conformation, solid state 

packing etc. remained unaltered upon insertion of RGO. From the FESEM images, it was evident 

that both RGO and the peptides retained their distinct morphologies. Hence the mode of 

coassembly might be considered as “orthogonal” in this case. Favorable aromatic interactions in 

between the peptides and the RGO might result in increased rigidity in the system. 
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2.4. Conclusions 

Small gelator peptides rich in aromatic moieties were designed in this work which readily formed 

phase selective, thermoreversible, mechanically robust organogels in a large variety of organic 

solvents and in fuels like kerosene, diesel and petrol. Phase selective gelation ability of P1-P4 in 

petroleum fuels in various pH and saline conditions render these organogels as potential materials 

for controlling marine oil spills. Aromatic π-π stacking and hydrophobic interactions were the 

driving force for the assembly process while, hydrogen bonding played a trivial role in some 

systems and was completely absent in others. All the four organogels, obtained from P1-P4 were 

excellent dye absorbents and potential materials to be used in water purification. RGO was 

incorporated into the peptide organogels to yield hybrid organogels which were conducting in 

nature. Hybrid organogels were more rigid than the native peptide gels and their conductivity was 

proportional to the RGO content of the organogel.  Hence with rational design of the structural 

components in the LMWG, self-assembly might be directed to yield materials which are 

economically viable, recyclable and can be utilized for multiple applications.  

Despite the numerous advantages of our organogels, further explicit study is required to apply 

them effectively in real-world water remediation issues. Since this study involved only a 

laboratory-scale synthesis of the peptides, therefore scaling up to an industrial level is necessary 

for being performed on a larger platform. Additionally, the synthesis process needs to become 

greener for long-term sustainability with the use of alternative coupling reagents and solvents.  

Moreover, we have tested the efficiency of organogels in water remediation only with a limited 

selection of dyes and oils. Therefore, future research should explore their effectiveness with other 

possible toxic dyes, metal ions, oils and real samples collected from polluted water bodies. 
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Chapter 3 

Fabrication of Thermoreversible CdSe/CdSe-ZnS 

Quantum Dots Doped Hybrid Peptide Organogels 
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3.1. Introduction  

Diphenylalanine (FF) is known to be the smallest self-assembling peptide motif as evidenced from 

the existing literature.1 In addition to being identical to the core recognition motif of the β-amyloid 

polypeptide,2 which is responsible for Alzheimer’s disease, the FF unit has been utilized to create 

numerous hierarchical structures like elongated tubular assemblies,3 fibrillar networks,4 spheres,5 

plates6 etc. Apart from several other assemblies, the FF dipeptide and its derivatives are famous 

for their ability to form LMWG several organic solvents like toluene, chloroform, benzene, 

chlorobenzene, etc., very efficiently.7-10 The presence of the Phe amino acid residue facilitates -

 interactions through phenyl rings, which makes its derivatives good gelators in various 

solvents.11 Exploiting this property, it has been possible to modify the FF motif to generate desired 

assemblies by incorporating various groups in between the Phe amino acid residues,12 connecting 

other molecules,13 or by simply varying the protecting groups at the termini.14 Haldar and 

coworkers studied a series of FF peptidomimetics with conformationally rigid and flexible spacers, 

two of which were found to form stimuli-responsive organogels in a wide range of solvents, 

including methanol.12 Over the past few decades, these LMWG-based biomaterials derived from 

FF units have extensively been studied as potential candidates for designing of soft materials, such 

as hybrid nanomaterials.15-16 

On the other hand, fluorescent organogels developed by entrapping various nanoparticles, are 

important owing to their potential applications in optoelectronic devices and sensors. The fibrillar 

gel network provides stability and proper organization to the metallic nanoparticles.17 Inorganic 

luminescent nanoparticles, QDs, have been gaining increased attention in the recent times, due to 

their size-dependent emission spectra along with broad excitation, narrow emission, and high 

photoluminescence efficiencies.18 Till now, QDs have been vastly used in many research areas 
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like biology,19 analytical20 and material chemistry.21 The most commonly used QDs are usually 

composed of CdSe that has a luminescent core.22 Also, the presence of an inorganic shell with 

higher band gap such as zinc sulphide (ZnS) shell, can reduce the surface defects and also enhance 

the quantum yield of the QDs.23 Most of these QDs are capped by trioctylphosphine oxide and 

octadecylamine. The organic ligands help to disperse the QDs in different organic solvents. 

However, over time, even in the presence of these ligands, the Cd core is oxidized, and this leads 

to the leaching of Cd from the QD surface. This eventually results in QD aggregation and 

quenching of their luminescent properties.24 Thus, incorporation of  these QDs into 

microenvironments such as low molecular weight gels for enhancement of their stability, has 

become an active area of research in recent times.18, 25 This approach is not only important in 

designing and studying the properties of the hybrid QD-gel materials but also in stabilization of 

the QD core in absence/presence of ZnS shell, by reduction of the aggregation and enhancement 

of the photostability of the QDs. These hybrid structures are held together predominately by π-π 

interactions. 

Reports claimed that FF peptide-based organogels are suitable alternatives for encapsulation and 

stabilization of QDs.26 Li and co-workers described the preparation of hybrid organogels by 

mixing CdSeS nanocrystals with FF dipeptide molecules in a gelling solution. The resulting FF 

dipeptide organogel was found to be capable of encapsulating QDs with retained 

photoluminescence (PL), offering an effective method of protection of QDs from oxidation and 

improvement of the stability of the QDs. However, reports of the prevention of QDs from 

oxidation-based fluorescence quenching by peptide-based gels are limited.  Groups of Banerjee 

and Gopi incorporated CdS nanoparticles into self-assembled structures obtained from peptide 

hydrogel and organogel-based systems.27-28   
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In this work, we wanted to probe if the physical proximity of the two Phe residues in the di-Phe 

moiety was necessary for its remarkable and versatile assembling nature. To investigate this, we 

designed three different peptides based on Boc-FF-OMe (FF), namely Boc-FLF-OMe (FLF), Boc-

FLLF-OMe (FLLF) and Boc-FLLLF-OMe (FLLLF), by incorporating variable number of 

hydrophobic amino acid residues leucine (L, Leu), as spacers in between the two phenylalanine 

residues, and compared their self-assembly patterns/gelation abilities with the parent dipeptide. 

We investigated if these organogels were effective for encapsulating and stabilizing the QDs.  

FLLF organogel was found to efficiently encapsulate both green and red CdSe QDs in 

presence/absence of ZnS shells, and greatly stabilize the QDs by retaining their luminescence 

properties and preventing them from undergoing oxidative fluorescence-quenching.  

3.2. Experimental section 

3.2.1. Materials procured  

All of the amino acids, coupling reagents 1-Ethyl-3-(3dimethylaminopropyl) carbodiimide 

hydrochloride (EDC.HCl) and 1-hydroxybenzotriazole (HOBt) were purchased from GL Biochem 

(Shanghai, China). Dioxane, Trifluoroacetic acid (TFA), HPLC grade acetonitrile and methanol 

were obtained from Merck. Di-tert-butyl dicarbonate (Boc), thionyl chloride (SOCl2) N, N′-

diisopropylethylamine (DIPEA), calcium hydride, lithium hydroxide (LiOH) and other chemicals 

were purchased from Sigma-Aldrich. Methanol and dichloromethane were dried using magnesium 

turnings and calcium hydride (CaH2), respectively. All reagents for peptide synthesis were used as 

received without further purification. Column chromatography was done using silica gel (60-

120/100-200 mesh size) as stationary phase and hexane/ethyl acetate as eluent. Thin layer 

chromatography (TLC) was performed using TLC Silica Gel 60 F254 and visualized by UV light, 

or stained with iodine vapor and KMnO4 solution. 
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3.2.2. General procedure of peptide synthesis and purification 

All peptides were synthesized through conventional solution phase chemistry using a fragment 

condensation strategy, involving a 1+1, 1+2, 2+2 and 2+3 coupling in the final step for di, tri, tetra 

and pentapeptides, respectively. Tert-Butyloxycarbonyl (Boc) was used for N-terminus protection, 

and the C-terminus was protected as a methyl ester. Peptide coupling was mediated by EDC.HCl 

and HOBt. Deprotection of Boc group was achieved by TFA in DCM (1:1), and the methyl group 

was removed by saponification using LiOH in mixture of methanol and water (2:1). 

Crude peptides were purified by reverse-phase HPLC using binary acetonitrile/water (75−100%) 

solvent system at a flow rate of 10 mL/min using dual UV detection at 214 and 220 nm. To check 

the purity, analytical HPLC was performed with a flow rate of 1 mL/min and a linear gradient of 

50−100% in acetonitrile/water system. Analytical HPLC (Appendix, Fig. A3.1- A3.4) confirmed 

the >95% of purity of all peptides. All the purified peptides were characterized by ESI-MS 

(Appendix, Fig. A3.5-A3.8) and 1H NMR (Appendix, Fig. A3.9-A3.12). 

3.2.3. Gelation 

The ability of all the four peptides to form organogels was studied by the simple heating-cooling 

method. Peptides were dissolved in 500 µL of solvent. Peptide solutions were heated at 

temperatures in between 90°-100° C for 10-15 min. Later, the heated peptide solutions were 

allowed to cool to room temperature. After cooling, the organogels were immediately formed 

which were further confirmed by the vial inversion test.  

3.2.4. Phase selective gelation 

All the three peptides were weighed at their MGC and a mixture of toluene and water (each 500 

µL) was added to them. The solutions were properly vortexed and placed in a heating block at 90°-
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100°C for 15 min. After cooling to room temperature selective gelation was observed in the 

organic layer in the presence of aqueous solvent.    

3.2.5. Rheology  

The mechanical strength of the organogels made from the three peptides in toluene was examined 

by conducting rheological experiments in an Anton Paar MCR102 Rheometer as discussed earlier 

in section 2.2.5 (Chapter 2). 

3.2.6. FESEM  

Morphological studies of organogels were carried out with the help of FESEM on a Sigma Zeiss 

microscope. Firstly, the peptides were taken at their MGC and their solution in toluene was heated 

at 90 °C for 10-15 min. After that, 1-2 µL from the heated peptide solutions were cast on the silicon 

wafer and kept under the vacuum to dry properly before collecting images.   

3.2.7. NMR  

Nuclear magnetic resonance (NMR) experiments were conducted for the characterization of 

peptides on a 600 MHz Bruker NMR spectrometer. 1 H NMR experiments for all three peptides 

were performed in CDCl3 solvent at ambient temperature. 

3.2.8. PXRD 

Wide angle X-ray diffraction analysis was carried out for xerogels prepared from the organogels 

in toluene for all the three peptides, by using a Rigaku Smartlab X-ray diffractometer (Cu-K α 

radiation, λ=1.540 Å). 

3.2.9. Synthesis of quantum dots 

3.2.9.1. Synthesis of Cadmium-Selenide core QDs 
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Highly fluorescent Cadmium-selenide QD core was synthesized by following a previously 

reported method with some modifications.29 Briefly, 23 mg CdO, 200 mg stearic acid were taken 

in a 25 ml three necked flask and 7-8 ml of 1-octadecene was added to that flask. The mixture was 

heated at 220°C under argon atmosphere to obtain a colourless solution. Next, the solution was 

cooled at room temperature and ODA (1.5 g) and TOPO (0.6 g) were added to the flask and the 

mixture was again heated at 280°C under argon atmosphere. At this temperature, 1 mL of Selenium 

solution in TOPO (40 mg/mL) was quickly injected to the mixture. Then the emission of the 

mixture was thoroughly checked and reaction was quenched at the desired fluorescence emission. 

The reaction mixture was allowed to cool at room temperature and was purified using acetone-

based precipitation-resuspension method. Most of the excess organic ligands were removed by 

using this method. Finally, these particles were dispersed in toluene. The particle concentration 

was measured by using its molar extinction coefficient (ε). 

3.2.9.2. Synthesis of Cadmium Selenide Core-Zinc Sulphide shell QDs 

Further shelling of these CdSe core QDs by zinc sulphide (ZnS) was done by following a 

previously reported method with some modifications.30 Briefly, purified QD core was taken in a 

25 ml three necked round bottomed flask and in that flask 1 g TOPO and 2.5 g ODA were added 

and the mixture was heated at 160°C under argon atmosphere. In other two vials, 224 mg of Zn-

stearate and 14 mg Sulphur powder were dissolved in 4 mL 1-octadecence. These two solutions 

were injected alternatively to the reaction mixture at temperatures 160°C, 180°C, 190°C and 

200°C. Finally, the reaction mixture was cooled down to room temperature and purified using 

acetone, chloroform and ethanol. These purified particles were dispersed in toluene.  
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3.2.10. Formation of QD-peptide hybrid gels 

Both green and red QD core and core-shell nanoparticles were taken with a concentration of around 

2.5 µM. The stock concentration of 10 µM was initially prepared for QDs in toluene, while on the 

other hand, the stock concentration of 10 mM was prepared for the peptide in toluene. Next, 250 

µL of QD solution from stock was taken in a vial and 200 µL (for green QD core and core shell) 

and 200 µL (for red QD core and core shell) of peptide solutions were added to the respective 

vials. For green QD, the volume was made up to 1 mL by adding toluene. Hence, for the green QD 

core and core-shell, the final concentration of the peptide in the gel was 2 mM and the QD 

concentration was 2.5 µM. On the other hand, for the red QD core and core-shell, the final 

concentration of the peptide in the gel was 2 mM and the QD concentration was 2.5 µM. In order 

to make the gel, the mixtures were heated in a water bath/heating block at 90°-100° C for 10-15 

min followed by cooling at room temperature.  

3.2.11. Photophysical measurements 

UV-visible spectra of the QDs and QD-peptide hybrid gels were measured in the Shimadzu UV-

2550 spectrometer. Fluorescence spectra of the QDs and QD-peptide hybrid gels were recorded 

with excitation wavelength, λ=500 nm for the green QDs and λ=520 nm for the red QDs, in the 

PerkinElmer LS45 spectrometer. Fluorescence lifetimes were measured by time-correlated single 

photon counting (TCSPC) in solution (toluene) and gel state with a Horiba Jobin Yvon Fluoromax 

3 spectrometer with magic angle with a 450 nm laser probe. The decay curves were fitted with a 

tri-exponential function for both QDs in solution and QD-peptide gels. 

3.2.12. Quantum yield calculation           

The quantum yields of the hybrid QD gels and QDs in solutions were measured in reference to   

 Rhodamine 6G (QY = 94% at 500/520 nm excitation in ethanol). The calculations have been                                                                                       
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completed by using the following equation:  

 (QY)Sm = (QY)St × [(PLarea/OD)Sm/ PLarea/OD)St] × η2
Sm/η2

St, 

where Sm indicates the sample, St indicates the standard, η is the refractive index of the solvent, 

and PL area and OD are the fluorescence area and absorbance value, respectively.  

3.2.13. Transmission electron microscopy 

Morphological studies of QDs and QD encapsulated organogels were studied using FETEM under 

a Carl Zeiss microscope. QD samples were made by casting the QD solution on carbon-coated 

TEM copper grids and then allowing the TEM grids to dry under vacuum. On the other hand, for 

QD-peptide hybrid gel samples, peptide organogelator (2mg/ml) along with QDs were dissolved 

in toluene and heated for some time. The 1-2 µl of heated solution was casted on the TEM grid by 

using a micropipette and the grid was dried completely by keeping it in a desiccator under vacuum.   

3.3. Results and discussions  

3.3.1. Design of the peptides and their gelation studies  

Considering the outstanding assembling ability of the FF moiety, we wanted to investigate the 

effect of the proximity of the Phe residues in the di-Phe unit, on its assembling nature and gelation 

ability, by designing three peptides where the two Phe units were spatially distal. We incorporated 

variable number of hydrophobic Leu amino acid residues as spacers in between the two Phe 

residues, to probe the effect of the length of spacers on the gelation abilities of the peptides. Use 

of single, di and tri Leu residues as spacers generated the peptides FLF, FLLF and FLLLF (Fig. 

3.1 a). It is well-reported that FF dipeptide can form organogels in a range of aromatic solvents 

including toluene and chloroform. Here, the gelation ability of all three designed peptides was 

studied in a variety of aromatic and aliphatic solvents and confirmed by ‘vial inversion test’ (Fig. 
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3.1 b, c). It was observed that the three peptides were capable of forming a gel in different solvents 

like toluene and m-xylene upon heating-cooling, which was akin to the gelation of Boc-FF-OMe 

(Table 3.1).  

The minimum gelation concentration of all the peptides obtained in a variety of solvents lied in 

between 0.2-0.45 % w/v (Table 3.1). The highest gelation efficiency for all the compounds was 

observed in toluene. Also, all the organogels showed a phase-selective gelation in the presence of 

water (Fig. 3.1 d). Thus, the gelation abilities of the three peptides seemed similar to each other 

and to the control peptide FF. This suggested that the gelation ability of the peptides was 

independent of the distance in between the two Phe residues of the di-Phe unit. 

 

Fig. 3.1. (a) Chemical structures of peptide organogelators FLF, FLLF and FLLLF, (b) vial 

inversion test for all peptides, (c) gel formation by heating-cooling method, and (d) phase selective 

gelation in toluene in the presence of water. 
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Table 3.1. Gelation properties of the peptides in different solvents.  Gelation state is described as: 

Soluble (S), Transparent gel (TG), Translucent gel (TLG) and Opaque gel (OG). 

Solvents Temperature FF/MGC 

(%wt/vol) 

FLF/MGC 

(%wt/vol) 

FLLF/MGC 

(%wt/vol) 

FLLLF/MGC 

(%wt/vol) 

Chlorobenzene 100 TG/0.3 TG/0.3 TG/0.3 TG/0.4 

Toluene 100 TLG/0.2 TLG/0.30 TLG/0.2 TLGG/0.2 

m-xylene 100 TLG/0.3 TLG/0.3 TLG/0.3 TLG/0.3 

DCB 100 TLG/0.3 TLG/0.4 TLG/0.5 TLG/0.45 

Cyclohexane 100 OG/0.3 OG/0.3 OG/0.3 OOG/0.3 

Hexane 100 OG/0.3 OG/0.3 OG/0.3 OG/0.3 

Heptane 100 OG/0.3 OG/0.3 OG/0.3 OG/0.3 

Methanol 100 S S S S 

Dioxane 100 S S S S 

ACN S S S S S 

 

3.3.2. Morphology 

Morphological features of the organogels formed by the designed peptides in toluene at MGC have 

been studied by Field Emission Scanning Electron Microscopy (FESEM) (Fig. 3.2 a-d). FF 

appeared as a mixture of densely packed fibrous networks and nanorods while FLF, FLLF, and 

FLLLF appeared as densely packed fibrous networks. 
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Fig. 3.2. FESEM images of the organogels formed by a) FF, b) FLF, c) FLLF and d) FLLLF in 

toluene at their MGC. Frequency dependence (e-h) of the dynamic storage moduli (G′) and the 

loss moduli (Gʹʹ) of organogels at constant strain ( 0.1%) and strain dependence (i-l) of the dynamic 

storage modulus (G′) and the loss modulus (G′′) of the organogels for FF, FLF, FLLF, and FLLLF 

in toluene at their respective MGC.

 

3.3.3. Rheology  

Mechanical strength of all the four peptide organogels was studied using rheology. Here, 

organogels prepared in toluene at their MGC were subjected to an oscillatory frequency sweep 

experiment. In frequency sweep experiment, the variation of G՛ and G՛՛ was monitored as a function 

of angular frequency (ω) at a constant strain 0.1%. It was observed that for all three organogels, 

G՛ was greater than G՛՛ and was stable up to 100 rad/sec, confirming that all the peptides gave rise 

to stable organogels till a frequency of 100 rad/sec (Fig. 3.2 e-h). Also, the G՛ values for all the FF 

analog peptide organogels were found to be of the order of >104 Pa, indicating considerable 

mechanical strength of all the organogels, which was slightly greater than Boc-FF-OMe organogel. 

In the strain sweep experiment, where the storage moduli (G՛) and the loss moduli (G՛՛) for all the 

TH-3440_176122039



                                                          QD Doped Organogels from Diphenylalanine Analog Peptides                        

131 | P a g e                                                          C h a p t e r  3  

 

organogels were plotted as a function of % strain (Fig. 3.2 i-l), it was found that G՛ was higher than 

G՛՛ (of the order of 104 Pa) until a particular strain. Thus, all the three organogels had similar 

mechanical robustness and this was not dependent on the distance in between the two Phe residues. 

3.3.4. PXRD study 

To understand the process of self-assembly and conformation of the peptides, PXRD study was 

carried out. The recorded wide-angle PXRD patterns of xerogels of all three new peptides along 

with Boc-FF-OMe provided us with details about the molecular packing in their gel state (Table 

3.2 and Fig. 3.3 a, b, c, d) An interplanar distance of ~4Å, confirmed the π-π interaction between 

the aromatic moieties present in the system.31a, b Interestingly, PXRD patterns of all the four 

xerogels looked almost identical, suggesting similar type of arrangement in their self-assembled 

state. This once again corroborated the fact that the length of the linker connecting the two Phe 

residues in these peptides had very little role to play in their self-assembly.  

 

Table 3.2. Interplaner distances in the peptide organogels. 

Xerogels d spacing  

in Å (peak 1) 

d spacing 

in Å (peak 2) 

d spacing  

in Å (peak 3) 

d spacing  

in Å (peak 4) 

Boc-FF-OMe 6.14 5.10 4.62 3.96 

Boc-FLF-OMe 6.23 5.15 4.75 4.03 

Boc-FLLF-OMe 6.19 5.16 4.72 4.05 

Boc-FLLLF-OMe 6.24 5.18 4.75 4.06 
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Fig. 3.3. Wide angle PXRD patterns of xerogels, a) FF, b) FLF, b) FLLF and d) FLLLF. 

 

3.3.5. Immobilization of QDs 

3.3.5.1. Selection of QD and peptide for making the composite 

Literature suggested that inorganic nanocrystal composite gels could be used for applications like 

construction of electronic and optical devices.32, 33 Fabrication of QD-peptide hybrid gel, needed 

several factors to be taken care of  such as, (i) the compatibility of the solubility of both QDs and 

the peptide in a suitable solvent, so that a homogeneous mixture could be obtained, (ii) stability of 

both QDs and peptide under experimental conditions and (iii) absence  of precipitation in the 

mixture containing both QD and peptide for complete optical transparency.18  

In order to investigate if our designed peptide gels had the ability to encapsulate and stabilize the 

QDs, FLLF was chosen as the representative peptide, to carry out further investigations. Four 

different types of CdSe QDs (green core/ZnS core shell and red core/ ZnS core-shell) were chosen 

for in this study, as they were highly dispersed in toluene and FLLF peptide could form stable 
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organogel in toluene. The photophysical properties and the potential applications of QD are 

heavily based on the stability of the CdSe core of the QD. Both green core/core shell and red 

core/core-shell QDs were synthesized according to the well-established protocol with some 

modifications. Zinc sulphide (ZnS) was used to form the shell of the CdSe core QD. This shelling 

was reported to stabilize the core and enhance its fluorescence properties. Trioctylphosphonium 

Oxide (TOPO) and octadecylamine (ODA) were used for capping both core and core-shell QDs. 

Table 3.3 represents the compositions of the QD. The sizes of the QDs were within the range of 

3-5 nm as confirmed by transmission electron microscope (TEM) (Fig. 3.4 a, b, c, d, e).  

Table 3.3. QDs which were encapsulated in the FLLF organogel in this study. 

 

 

 

 

 

 

 

 

 

 

TOPO: Trioctylphosphine oxide 

ODA: Octadecyl amine 

 

 

Quantum Dots (QD) Capping Agents Sizes (nm) 

Green QD core TOPO, ODA 3-4 

Green QD core shell TOPO, ODA 4-5 

Red QD core TOPO, ODA 4-5 

Red QD core shell TOPO, ODA 4-5 

TH-3440_176122039



                                                          QD Doped Organogels from Diphenylalanine Analog Peptides                        

134 | P a g e                                                          C h a p t e r  3  

 

 
Fig. 3.4. a) TEM images of different QDs in toluene and FLLF xerogel, and b-f) their respective 

size distributions. b) Green core QD, c) green core-shell QD, d) red core QD e) red core-shell 

QD and f) FLLF xerogels. 

 

3.3.5.2. Preparation of the QD-peptide hybrid organogel  

In this study, we have used the heating-cooling method to prepare the QD-peptide hybrid 

organogel. Briefly, we have taken both QD and FLLF in toluene and heated the mixture in a water 

bath at around 90°-100o C for 10 min followed by cooling to room temperature. This process made 

translucent organogel embedded with QDs that was confirmed by vial inversion test. (Fig. 3.5) 

Toluene was used as the chosen solvent, since both the gelator peptide (FLLF) and the CdSe core 

QD/CdSe-ZnS core-shell QD were highly soluble/dispersible in it. The four resultant organogels 

were of pale yellow or reddish color, depending upon the nature of the embedded QD. (Fig. 3.5) 

These gels also emitted green/red emission upon irradiation with UV light (Fig. 3.5 a-d) indicating 

that the photophysical properties of the QDs were well-preserved in the QD-Peptide hybrid 

organogels. This could be attributed to the fact that once the QDs were embedded into the 

organogel matrix, interaction with aerial oxygen, which is well known to have strong fluorescence 

quenching effect via several mechanisms, was substantially reduced. 
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Fig. 3.5. Encapsulation of QDs in the gel matrix confirmed by vial inversion test. a) Green core 

QD-peptide gel, b) green core-shell QD-peptide gel, c) red core QD-peptide gel and d) red core-

shell-peptide gel. 

 

The strength and the stability of one of the representative hybrid QD-organogels (green core-

peptide gel) was carried out through rheology measurements.  The storage modulus, G՛ was greater 

than loss modulus, G՛՛ till 100 rad/sec, suggesting the formation of a stable gel (Fig. 3.6). The 

minimum gelation concentration (MGC) of the organogel remained unchanged before and after 

the embedding of QDs, suggesting that the QDs did not interfere in the organogelation process. 

Thus, the organogelation process and their stability remained unaltered in the hybrid gels. 
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Fig. 3.6. Rheology profiles of green core QD-peptide hybrid organogel. a) Strain dependence 

and b) frequency dependence of the dynamic storage modulus (G′) and the loss modulus (G′′). 

 

3.3.6. Morphological studies 

The morphologies of the green core/core-shell and red core-shell QD embedded FLLF organogels 

were examined by transmission electron microscopy (TEM) of the respective xerogels. The TEM 

images of the xerogel containing QDs showed an entangled 3D network consisting of bundles of 

fibres with QD stacked within them (Fig. 3.7 a-c). The morphology of the QD encapsulated xerogel 

was similar to that of the xerogel obtained in the absence of QD (Fig. 3.4 a), indicating that the 

encapsulation of QDs did not modify the microscopic organization of the supramolecular structure 

significantly. The dimensions of the fibers present in the xerogels before (Fig. 3.4 f) and after (Fig. 

3.7 g-i) QD encapsulation remained almost identical. The TEM images allowed visualization of 

the nanoparticles stacked within the fibers of the peptide. Interestingly, the individual QDs were 

isolated and distributed along the superstructures formed by the organogelator. Also, individual 

QDs remained in their regular shapes and sizes (Fig. 3.4 a-e) upon entrapment in the gel fibers, 

with no significant QD aggregates (Fig. 3.7 a-f). Therefore, TEM measurements provided a strong 
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evidence that encapsulation of QDs in the organogels, had no significant morphological effect on 

the peptide fibrillar network or the nature of the QDs. 

 

Fig. 3.7. Morphology of the QD encapsulated hybrid organogels. a) green core QD-peptide gel b) 

green core-shell QD-peptide gel and c) red core-shell QD-peptide gel. Size distribution of (d-f) 

QDs and (g-i) FLLF fibers in QD-peptide xerogels; d, g) green core, e, h) green core-shell and f, 

i) red core-shell.  

 

3.3.7. Photophysical properties of the QD-peptide hybrid organogel: 

After confirming the unaltered gelation properties of QD-peptide gel and the size/ shape of the 

encapsulated QDs, we compared the photophysical properties of the QD-doped hybrid organogels 

and free QDs. We recorded the UV-visible absorption spectra of QDs in toluene and QD-Peptide 

hybrid gel to determine the effect of organogelator on the absorption properties of the QDs.  
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Fig. 3.8. Absorption spectra of different QDs in toluene and in the hybrid organogels: a) green 

core QD/green core QD-peptide gel b) green core-shell QD/ green core-shell QD-peptide gel c) 

red core QD/ red core QD-peptide gel and d) red core-shell QD/red core-shell-peptide gel. 

 

From the Fig. 3.8 a-d, it can be observed that the absorption maxima (λmax) of the QD and the QD 

doped organogels were identical and their absorption maxima were almost similar. This 

established that the proximity of peptide to the QDs had no adverse effect on their absorption 

properties. Additionally, unchanged absorption properties of the hybrid organogel, corroborated 

the results from FETEM, that embedding of the QDs in the hydrogel matrix did not cause any 

structural change of the QDs. Also, Fig. 3.9 a-d showed the unaltered fluorescence behavior of the 

QDs before and after gelation. 
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Fig. 3.9. Fluorescence emission spectra of different QDs in toluene and in the hybrid organogels: 

a) green core QD/green core QD-peptide gel b) green core-shell QD/ green core-shell QD-peptide 

gel c) red core QD/ red core QD-peptide gel and d) red core-shell QD/red core-shell-peptide gel. 

 

3.3.8. Organogel stabilizes the fluorescence properties of the QDs 

One of the main objectives of developing QD-peptide hybrid organogel was to stabilize the 

emission of the QDs and to protect the QDs from aerial oxidation. In order to check whether the 

peptide organogelator could protect the QDs from aerial oxidation, time-dependent fluorescence 

experiments were performed. Both free QD and the QD-embedded organogels were exposed to 

the open air and their fluorescence emission studied thereafter. Upon exposing both of these two 

variants under open air, the intensity of fluorescence emission of the free QD was substantially 

quenched, while that of the QD peptide hybrid organogel did not change at all, indicating 

successful stabilization of the QD in the peptide organogel system. Fig. 3.10 a-d shows that 
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fluorescence intensity of both green core/core shell and red core/core shell QD in the hybrid system 

remained constant till 5 h compared to free QD solutions. 

 

Fig. 3.10. Time-dependent fluorescence emission spectra of different QDs in toluene and QD-

peptide hybrid organogel. a, e) Green core QD, Green core QD-peptide organogel; b, f) green core-

shell QD, green core-shell QD-peptide organogel; c, g) red core QD, red core QD-peptide 

organogel and d, h) red core-shell QD, red core-shell QD-peptide organogel at 0 and 5 h. 

 

We also quantified the lifetime of the excited state of the QDs before and after gelation through 

time resolved fluorescence studies by using time correlated single photon counting (TCSPC) 

method. Here, green and red core CdSe QDs in toluene solution and their respective QD-peptide 

gels have been selected. The fluorescence decay profiles were measured with an excitation/ 

emission wavelength of 450 nm/540 nm for green core and its hybrid gel and 450nm/580 nm for 

red core and its hybrid gel respectively. Also, the average fluorescence lifetime was calculated by 

using following equation34: 

τaverage = ΣAi τi
2 / ΣAi τi ; i=1, 2, 3 ……………………….(1) where τ1, τ2 and τ3 are the decay time 

constants and A1, A2 and A3 are the normalized amplitudes of the decay components. 
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The contribution of each fluorescence decay component (A1, A2, A3) for all samples towards the 

total lifetime are shown in Table 3.4. The average lifetime for green QD-peptide hybrid gel and 

red QD-peptide hybrid gel were observed to be almost similar with the green QD and red QD in 

the toluene solution without any significant change. (Fig. 3.11 a, c) The slight differences between 

them did not indicate any remarkable alteration in the lifetime of QD in gel form when compared 

to those in solution form. 

 

Fig. 3.11. Photoluminescence lifetime curves of CdSe QDs in toluene and hybrid gel-QD 

composite; green core QD at a) 0 h, b) 5 h; red core QD at c) 0 h and d) 5 h. 

 

Further, to understand the time dependent fluorescence quenching for the QDs in solution which 

was observed previously, we repeated the time-resolved fluorescence studies for both green and 

red core QDs in toluene solution and in their respective hybrid gels after 5 h of time interval. All 

the component and time decay values are provided in the Table 3.5. Surprisingly, the green and 

red QD-peptide hybrid gels showed similar pattern and average lifetime values with the QDs in 
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solution without any significant differences even after 5 h (Fig. 3.11 b, d). This result suggested 

that the diminished fluorescence intensities were not attributed to the change in lifetime but might 

be possible due to static fluorescence quenching.35 This was further corroborated by subsequent 

decrease in quantum yield values in reference to Rhodamine 6G. (Table 3.4 and Table 3.5)  

 

Table 3.4. Fluorescence lifetime and quantum yield values of green and red CdSe core 

QDs in solutions and gel matrix at 0 h. 

 

Samples 

(0 h) 

τ1 

(ns) 

A1 

(%) 

τ2 

(ns) 

A2 

(%) 

τ3 

(ns) 

A3 

(%) 

Chi 

squar

e 

τavr 

(ns) 

Fluorescen

ce quantum 

yield (%) 

Green 

core QD 

21.50

6 

45.04 3.124 45.31 62.51 9.65 1.16 34.42 23.14 

Green 

core QD-

peptide 

hybrid gel 

21.13

9 

43.68 2.897 46.31 60.95 10.01 1.07 34.24 33.32 

Red core 

QD 

4.156 30.81 19.56 59.82 48.70 9.37 1.13 26.01 32.98 

Red core 

QD-

peptide 

hybrid gel 

5.499 28.24 20.40

5 

62.55 50.69 9.21 1.08 26.63 37.33 
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Table 3.5. Fluorescence lifetime and quantum yield values of green and red CdSe core 

QDs in solutions and gel matrix at 5 h. 

 

 

3.3.9. Thermoreversibility of the QD peptide organogels 

Thermoreversibility and the thermostability of the photophysical properties of the QD-peptide 

gels are important properties, crucial for their applications. To investigate this, several cycles 

of heating and cooling were applied to all QD-peptide hybrid gels. They were heated up to 90°-

100°C and then cooled back to room temperature in subsequent cycles. While all the gels 

converted into sol upon heating, they returned to gel state upon cooling down in each 

subsequent cycle, establishing their thermo-reversible nature. The fluorescence emissions of 

the QD-hybrid peptide organogels after the fourth cycle of heating-cooling were found to be 

the same as the initial emissions. (Fig. 3.12 a-d) The unaltered absorption and fluorescence 

signals at the end of four cycles of heating and cooling, established the thermal stability of their 

photophysical characteristics.  

Samples 

(After 5 h) 

τ1 

(ns) 

A1 

(%) 

τ2 

(ns) 

A2 

(%) 

τ3 

(ns) 

A3 

(%) 

Chi 

square 

τavr 

(ns) 

Fluorescenc

e quantum 

yield (%) 

Green 

core QD 

2.832 42.90 21.31 46.68 61.50 10.42 1.17 34.69 1.28 

Green 

core QD-

peptide 

hybrid gel 

21.46 47.21 3.081 42.59 62.03 10.2 1.14 34.59 29.71 

Red core 

QD 

5.3 30.81 20.4 59.82 52.33 9.37 1.17 27.44 7.33 

Red core 

QD-

peptide 

hybrid gel 

5.73 18.89 22.14 73.08 54.09 8.03 1.09 27.74 33.57 
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Fig. 3.12. Fluorescence emission spectra of QD-peptide hybrid organogels after the 1st and 4th 

cycles. a) Green core QD-peptide organogel, b) Green core-shell QD-peptide organogel, c) Red 

core QD-peptide organogel and d) Red core-shell QD-peptide organogel. 

 

3.4. Conclusions 

In this study, we have developed a series of FF dipeptide analogs FLF, FLLF and FLLLF, in 

which variable length of spacers (one two and three Leu residues) separated the Phe residues. 

With the help of extensive experimental investigations, we have conclusively established that 

the length of the spacers in between the Phe residues, had no effect on the gelation properties 

of these peptides. All the peptides were equally efficient in gelation, had similar mechanical 

strength and morphologies to the FF dipeptide. Thus, gelation ability of this class of peptides 

was independent of the physical proximity of the two Phe residues. We have used these robust 

organogels for stabilization of green and red core/core-ZnS shell CdSe QD through fabrication 

of hybrid QD-peptide organogels. We have demonstrated successfully that encapsulation of 

the QD in the organogel matrix, led to both retention and stabilization of their photophysical 

properties, by the prevention of aerial oxidation. Our developed hybrid organogels also 
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exhibited thermoreversibility and thermal stability of their photophysical properties.  Such 

advanced soft materials would be of great impact in various applications in the future. 

Overall, these organogels hold potential for device development due to their ability to stabilize 

various quantum dots. This opens up possibilities for creating LED-based devices for practical 

applications. In the future, we look forward to fabricating prototype devices as a proof of 

concept on the laboratory scale. However, translating this technology to industry will need to 

design of advanced devices with these organogels and establishment of their efficacy at a large 

scale. 
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4.1. Introduction 

Rapidly growing antimicrobial resistance in the microbes against the arsenal of existing 

antibiotics/antimicrobials has been one of the greatest challenges faced by the human 

civilization in recent times.1 Antimicrobial peptides (AMPs) have come up as an alternative 

potential class of therapeutic molecules to treat antibiotic-resistant infections, mainly owing to 

the delayed development of resistance in microbes against the AMPs.2 The delayed resistance 

development against antibiotics can be attributed to the multiple modes of action of the AMPs 

against the microbes.3 However, AMPs have achieved limited commercial success so far due 

to their short half-life, owing to protease degradability3-4 and salt sensitivity of their 

antimicrobial potency.5 Thus, the design principles of synthetic AMPs aim to a) increase the 

antimicrobial potency, b) increase the in vivo efficiency through salt tolerance of the activity 

and the resistance against proteolytic degradation, and c) decrease the cytotoxicity.6–9 In this 

regard, lipidation is one of the well-known strategies that have been adopted for developing 

futuristic AMP therapeutics.10 Lipopeptides are a class of amphiphilic AMPs that show high 

antimicrobial potency.11 There are many naturally occurring lipopeptides, which are cyclic in 

nature and contain an N-terminal fatty acyl chain (daptomycin, polymyxin B and collistin)12-14 

or short N-terminal fatty acyl chains and C-terminal amino alcohol residues.15 Along with that, 

synthetic lipopeptide-based AMPs are also available in the literature.16-18 Lipidation (length 

and nature of the fatty acyl chain) modulates the antimicrobial efficacy, hydrophobicities, 

secondary structure and the self-assembling abilities of these peptides.16,19-22 Lipidation is 

known to play an important role in the pharmacodynamic and pharmacokinetic behaviour of 

the AMPs in addition to enhancing their protease stability, membrane permeability, 

bioavailability and bioactivity.23-24 Also, amphiphilic lipopeptides are known to exhibit strong 

self-assembling characteristics.25-27 

 In a quest to develop new AMP molecules, with improved therapeutic potential that overcomes 
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the well-known disadvantages of AMPs, in this work, we designed a library of six cationic 

amphiphilic lipopeptides, with varying hydrophobic-hydrophilic ratios (varied by changing the 

fatty acyl chain length from C8 to C18). Also, literature evidenced that the hydrophobic-

hydrophilic balance28 of the peptide is a very important attribute that can control several 

fundamental properties such as self-assembly,29 membrane association and translocation,30-31 

and antimicrobial potency32 of the peptide. Therefore, we investigated the effect of varying 

hydrophobic-hydrophilic ratios on several properties of the lipopeptides, starting from their 

assembly behaviour, gelation ability, antimicrobial potency and protease stability. We 

established that the properties of peptides are closely related to their hydrophobic–hydrophilic 

balance and can be tuned by controlling the same. The optimization of the hydrophobic-

hydrophilic ratio of peptides led to the development of a highly potent, completely salt-tolerant, 

nontoxic, protease-resistant, non-resistance developing lipopeptide P18, which is active against 

several ESKAPE pathogens such as P. aeruginosa, K. pneumoniae, S. aureus and Methicillin-

resistant S. aureus (MRSA). 

4.2. Experimental section 

4.2.1. Materials procured 

Rink Amide MBHA resin (loading 0.7 mmol/g), all fluorenylmethyloxycarbonyl (Fmoc) 

protected amino acids, hydroxybenzotriazole (HOBt), and benzotriazole-1-yl-oxy-tris-

pyrrolidino-phosphonium hexafluorophosphate (PyBOP) were purchased from G.L. Biochem. 

Piperidine, N, N′ diisopropylethylamine (DIPEA), diethyl ether and pyridine were purchased 

from Merck. HPLC grade acetonitrile and dimethylformamide (DMF), dichloromethane 

(DCM) were obtained from Finar. Acetic anhydride was provided by the Department of 

Chemistry, IIT Guwahati. Thioflavin T (ThT) was purchased from Sigma-Aldrich. 
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Bacterial strains 

Common laboratory strains of P. aeruginosa (ATCC 27853), K. pneumoniae (ATCC 13883), 

S. aureus (ATCC 25923) were obtained either from the American Type Tissue Culture 

Collection or the Microbial Type Tissue Culture Collection. MRSA strain was provided by 

Prof. Benu Dhawan, AIIMS, New Delhi and Prof. Kasturi Mukhopadhyay, JNU, New Delhi. 

4.2.2. Synthesis and purification 

Six peptides (P8, P10, P12, P14, P16 and P18) were synthesized by standard solid-phase 

peptide synthesis protocol using Fmoc Chemistry on rink amide MBHA resin (0.1 mM scale). 

Deprotection of the Fmoc group was achieved by 20% piperidine in DMF. The amino acids 

were coupled using HOBt and PyBOP as coupling reagents in DMF. After attaching all of the 

amino acids, peptides were cleaved from the resin using 95% trifluoroacetic acid (TFA) and 

were precipitated in cold diethyl ether. All the peptides were purified using reverse-phase High-

Performance Liquid Chromatography (HPLC) on a C18 column using an acetonitrile/water 

gradient. After purification, the purity peptides were confirmed by analytical HPLC on a C18 

column using acetonitrile/water as the solvent system with >95% purity. Further, they were 

characterized by MALDI-TOF Mass Spectrometry and 1H Nuclear Magnetic Resonance 

(NMR) spectroscopy (600 MHz) (Appendix, Fig. A4.1-A4.18)  

4.2.3. Formation of Hydrogel 

1 mg of P18 peptide was taken in 500 µL (0.2% w/v, 2.23 mM) phosphate buffer saline (PBS) 

(pH 7.4) and then kept undisturbed at room temperature (RT) for one day. It resulted in the 

formation of hydrogel which was stable to inversion of the glass vial. Hydrogelation of P16 in 

PB (phosphate buffer pH 7.4) (1 mg/500 µL, 2.30 mM) was similarly studied. It was found that 

P16 was also capable of forming hydrogel under the similar condition. Here, for hydrogelation 

heat was not required. Also, it has been observed that, other four peptides P8, P10, P12 and 

P14 were non-gelators under the different experimental conditions that were tried.  
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4.2.4. Determination of the Gel-to-Sol Transition Temperature for the Hydrogel 

The temperature at which the gel melts and starts to flow is called the Gel-Sol temperature 

(Tgel). To determine the Tgel for the hydrogels, vials containing the gels were placed in an oil 

bath, and then the temperature of the bath was slowly raised at the rate of 1o C per minute, with 

monitoring of the temperature.33 

4.2.5. Field emission scanning electron microscopy (FESEM) 

The morphology of the peptides in solution (1 mg/500 µL and 100 µM P18 in phosphate buffer 

system (7.4)) and in hydrogel form at their respective CGC (1 mg/500 µL) were obtained on a 

FESEM sigma 300 microscope. For morphology, a drop of the solution/hydrogel was cast on 

a silicon wafer, immediately after making the solutions/hydrogel and dried under vacuum 

before imaging.33 

P. aeruginosa cells were pelleted down by centrifugation at 6000 rpm for 5 min, washed thrice 

and re-suspended in 10 mM sodium phosphate buffer at pH 7.4 to a final number of 105 

cells/mL. The cell suspensions were incubated with P16 and P18 at 1X and 2X MIC values for 

4 h at 310 K. Untreated cells were set as the control. After incubation, the cells were fixed with 

2.5% glutaraldehyde for 1 h. at 277 K, then washed twice and re-suspended in 20 μL 10 mM 

sodium phosphate buffer. 10 μL cell suspension was spotted on a clean glass slide and the cells 

were allowed to dry overnight. Thereafter, the slides were washed with 50% and 80% ethanol 

each for 5 min. The samples were next air-dried, followed by gold coating and subsequently 

observed under the FESEM (Zesis, Model: Gemini).34  

4.2.6. Fourier transform infrared (FT-IR) spectroscopy 

The IR of all peptides was performed using a Perkin Elmer spectrometer. All FT-IR spectra 

were recorded in the region of 400−4000 cm−1. All the peptides were in solid-state. 
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4.2.7. Rheology 

In order to investigate the viscoelastic properties of P16 and P18 hydrogels, rheology 

experiments were performed with the use of an Anton Paar MCR 102 rheometer equipped with 

a 20 mm parallel plate (with 0.3 mm zero gap) measuring system at 25° C. Here, hydrogels 

were prepared in 10 mM PB/PBS (pH 7.4) at their CGC and kept at room temperature 

undisturbed for 24 h to form the hydrogels. After the formation of hydrogels, rheological 

measurements were performed to check their mechanical strength. First, strain sweep tests were 

carried out to identify the linear viscoelastic region (LVR) over a range from 0.01 to 1000% 

strain at a fixed oscillatory frequency of 1 rad/s. Then, frequency sweep tests were carried out 

under an appropriate strain (γ = 0.1%) with the frequency ranging from 0.1 to 100 rad/s at 25 

°C. Further, a cyclic dynamic strain sweep experiment was conducted to explore the thixotropic 

properties of gels at their CGC. This experiment was completed at a constant angular frequency 

of 1 rad/s by applying a higher strain (γ = 100%) and a lower strain (γ = 0.1%) alternatively 

over a period of 2000 s and five successive cycles.35 

4.2.8. ThT binding fluorescence assay  

To study the mechanism of fibril formation of P16 and P18, we have performed ThT binding 

fluorescence assay. A stock solution of ThT with concentration 1 mM was prepared and diluted 

to 25 µM in phosphate buffer (7.4) for each fluorescence measurement. Various concentrations 

of the peptides, ranging from 10 µM to 140 µM were used. Emission spectra were recorded in 

between 455 nm and 700 nm for all the peptides, with an excitation wavelength of 440 nm 

using slit 5 nm on a Fluoromax-4 Horiba Fluorospectrometer.  

4.2.9. Time kinetics of ThT fluorescence 

The self-assembly pattern of peptide P18 was monitored by a time-dependent ThT fluorescence 

assay. To perform the experiment, concentration of P18 peptide and ThT were maintained at 

100 µM (in PB, pH 7.4) and 25 µM respectively. The excitation wavelength for the fluorophore 
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was set at 440 nm and the emission was measured at 485 nm using slit width of 5 nm. Then, 

we monitored the fluorescence intensity of ThT, time upon being incubated with 100 μM P18 

peptide, as a function of time. 

4.2.10. Powder X-Ray diffraction (PXRD)  

Wide-angle X-ray diffraction analysis was carried out on a Rigaku Smartlab X-ray 

diffractometer (Cu-Kα radiation with wavelength 1.540 Å) for all the powdered lipopeptide 

samples (P8–P18) (as obtained post-lyophilization). 

4.2.11. Circular dichroism (CD) spectroscopy 

Time-dependent CD spectra of P18 in the phosphate buffer system (pH 7.4) at 500 µM were 

recorded at 0 h, 24 h and 48 h by using a 200 μL quartz cuvette of 1 mm path length with a 

Jasco J-1500 spectropolarimeter at room temperature. Spectra were collected at a scan rate of 

200 nm/min and 2 nm bandwidth from 190 to 290 nm with five scans for averaging. Before 

running the sample, respective solvent systems were run to correct the baseline. 

4.2.12. Micro broth dilution assay  

A standard micro broth dilution assay was used to study the antimicrobial activity of the 

lipopeptides.36 All peptides were tested in solution forms. Overnight-grown cultures of 

respective microbes were used to obtain the mid-log-phase cultures of P. aeruginosa, K. 

pneumoniae, S. aureus and MRSA. The cell suspensions were centrifuged at 6000 rpm for 5 

min. Cell pellets were washed thrice with 10 mM phosphate buffer of pH 7.4 alone or in the 

presence of PBS (10 mM, pH 7.4) and re-suspended in the same buffer to obtain a cell 

suspension containing 105 CFU/mL. The reaction was set in a 96 well plate, and 50 μL of the 

cell suspension was incubated with different concentrations of the lipopeptides (ranging from 

1 to 200 μM), prepared from 1 mM peptide stock in phosphate buffer (pH 7.4) and incubated 

at 310 K for 4 h. A negative control containing only cell suspension and a positive control 
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containing 10 μM Polymyxin B with cell suspension was maintained. Absorbance of the culture 

was monitored at 630 nm to monitor microbial growth. The positive control polymyxin B was 

used to normalize all other readings. The peptide concentration at which 90% growth inhibition 

was observed, served as its MIC99%. All experiments were performed in triplicates. 

4.2.13. Time course of bactericidal activity  

Overnight grown culture of P. aeruginosa was centrifuged at 6000 rpm for 5 min and the pellet 

was washed thrice with 10 mM phosphate buffer (pH 7.4) and re-suspended to obtain 105 

CFU/mL suspension of cells. 50 μL of bacterial cell suspension was incubated with the MIC 

of P16 and P18 and incubated at 310 K for different time intervals (5-120 min). After each 

incubation time, 5 μL aliquot was taken from each reaction volume, diluted in the same buffer 

and spread onto the NB agar plates for CFU counting after overnight incubation at 310 K. All 

experiments were performed in triplicate.36 

4.2.14. Cell viability assay  

Human dermal fibroblasts cells (HDF), Human cervical cancer cells (HeLa) and Human 

embryonic kidney cells (HEK 293) were plated into 96 well plate in triplicates at a density of 

2x103, 5x103 and 104 cells/well respectively. After overnight incubation under normal cell 

culture conditions (37 °C with 5% CO2 under humidified conditions), cells were treated with 

varying concentrations (from 0 μM to 160 µM) of each solubilized peptide for 24 h. All 

peptides were tested in solution forms.The peptides were removed, and subsequently, MTT (3-

[4, 5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide thiazolyl blue, Sigma-Aldrich, 

USA) (0.25 mg/mL) in DMEM was added and incubated with the cells for another 3 h. The 

formed formazan crystals were solubilized by adding 200 µL of DMSO (Himedia). Cell 

viability was calculated by measuring absorbance at 570 nm by using Multiskan GO 

spectrophotometer (Thermo Scientifc). Tests were performed in triplicates. The absorbance 

corresponded to the number of live cells in each well. Images of cells treated with varying 
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concentrations (from 0 μM to 160 µM) of each peptide were captured after 24 h, using ZOE™ 

fluorescent cell imager from Bio-Rad. 

4.2.15.  Haemolytic activity 

Human blood was collected in an EDTA vial. 1 mL of the freshly collected cells were 

centrifuged at 1500 g for 5 min, and the supernatant or the serum obtained was discarded. The 

cell pellet was then washed with phosphate buffer saline of pH 7.4 for three consecutive times, 

and finally re-suspended in the same buffer. Peptide solutions of different concentrations were 

incubated with 10% of the blood cells for a period of 1 hr. Untreated blood cells were taken as 

the negative control, while the blood cells treated with 1% of Triton X was taken to be the 

positive control. Finally, the blood cells incubated with the peptides of various concentrations 

and 1% Triton X and the untreated cells were centrifuged post incubation period. The OD 

values of the supernatant obtained were measured at 540 nm. The untreated cells or the negative 

control was considered to have no hemolysis, while those treated with 1% of Triton X or the 

positive control was considered to have 100% haemolysis. The haemolytic percentages of the 

peptides at various concentrations, were determined from their respective OD values relative 

to the OD values obtained for the negative control and that of for the positive control. 

Experiment was performed in a set of triplicates. 

4.2.16. Resistance development Assay 

10 µL from overnight grown culture of MRSA (108 CFU/mL) was incubated with sub-MIC 

concentration of P18 (1.25 µM) in 6 mL of BHI media for 12 h at 37°C under shaking 

condition. This was repeated for 5 days. MIC99% determination was done using the broth 

dilution method, as described earlier, at every 24 h time interval to check the development of 

resistance. MIC99% was plotted as a function of number of generations of MRSA.36 b 

The number of generations was calculated from the doubling time measurements,36 c which is 

discussed below: 
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Doubling Time 

MRSA was grown in BHI media. Overnight grown culture was taken and 167 µl of 108 

CFU/mL cells was sub-cultured in 100 mL (10 µL/6 mL) of BHI media. OD was monitored at 

every 2 h and plotted as a function of time (Appendix, Fig. A4.19) 

Doubling time calculations: 

µ = (ln[X2]-ln[X1])/(T2-T1); (µ = Specific Growth rate of cells) 

µ = ln(0.587)- ln(0.1254)/(20-4) 

µ = -0.532+2.07/16 

µ = 0.096 h-1 

Doubling time (td)= ln2/ µ 

td= 0.693/0.096 

td= 7.2 h 

Generation time calculations 

Total growth cycle= 12 h 

No. of generations (ng)= Total growth cycle/Doubling time 

Ng= 12/7.2 

Ng= 1.6 generations or 3.2 generations/day 

4.2.17. Proteolytic stability assay  

4.2.17.1. HPLC Experiment 

To check the proteolytic stability, Proteinase K (0.1 mg/mL, 3.46 μM) was added to P16 and 

P18 (4 mM), and kept incubated at 37 °C for different time intervals between 30 min and 6 h. 

Post incubation, 50 μL of the reaction solution was quenched with 50 μL of acetonitrile and 

1% TFA (at 4 °C, 15 min).36 20 μL was injected into the C18 reverse-phase column (Thermo-

scientific, Biobasic-18, dimension: 250 X 4.6, particle size: 5 µ) for HPLC analysis. Samples 

were eluted by a linear gradient of 5–100% CH3CN/H2O in 0.1% TFA at a flow rate of 1 
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mL/min. The eluted peptides/fragments were detected at 214 nm. All the traces were acquired 

using an Agilent 1260 Infinity II analytic HPLC system (Agilent Technologies). 

4.2.17.2. Mass spectrometry 

In order to determine the chemical integrity of P16 and P18 upon protease degradation, a 

MALDI-TOF mass spectrometric analysis of the peptide-enzyme reaction mixture was carried 

out using MALDI-TOF spectrometer using Bruker Daltonics flex analysis.  

4.3. Results and discussion 

4.3.1. Rational design of lipopeptides 

As lipidation is one of the strategies used to enhance the protease resistance of peptides, we 

based our design of effective antimicrobials on lipopeptides. We designed six cationic 

lipopeptides (P8, P10, P12, P14, P16 and P18) in this study (Fig. 4.1 a) and Table 4.1) and 

named them depending on the length of the fatty acyl chain present in them. The designed 

lipopeptides were amphiphilic in nature containing a positively charged C-terminal 

pentapeptide unit, ARKVR, and an N-terminal hydrophobic fatty acyl chain. The RKVR 

peptide motif was derived from the human lactoferrin protein, which is an iron-binding 

glycoprotein and important innate defense molecule with antimicrobial properties against a 

wide range of microbes.37-38 The length of the fatty acyl chain was varied from C8 to C18, while 

keeping the peptide element of the lipopeptides unchanged. Thus, in going from P8 to P18, 

though the charge of the peptides remained the same (+3), the hydrophobicities increased 

proportionately with the length of the fatty acyl chain. This was evident from the increase in 

the retention times, observed for the lipopeptides in the analytical HPLC (Table 4.1). This 

systematically changed the hydrophobic-hydrophilic ratio of the lipopeptides. We explored 

various properties of these peptides, like self-assembly and the biological potency (salt 

tolerance of antimicrobial activity, cytotoxicity, protease resistance, etc.), and established a 
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direct link to their respective hydrophobic-hydrophilic ratios. All the designed peptides were 

synthesized, purified and characterized by analytical HPLC (Appendix, Fig. A4.1-A4.6) 

MALDI-MS (Appendix, Fig. A4.7-A4.12.) and 1H NMR (Appendix, Fig. A4.13-A4.18). 

4.3.2. Gelation studies 

Amphiphilic lipopeptides are known to form hydrogels.39a Thus, we investigated the gelation 

property of our designed lipopeptides in water and buffer-based solvents. P16 and P18 formed 

homogeneous translucent hydrogels in a phosphate buffer system at pH 7.4 upon standing for 

24 h (Fig. 4.1 b). The hydrogelation of P16 and P18 was tested using a simple vial inversion 

test. The minimum gelation concentrations of P16 and P18 were estimated to be 2 mg/ ml. The 

thermal stability of the hydrogels was determined using Tgel, which was estimated to be ~42 

°C and ~46 °C for P16 and P18 hydrogels, respectively (Table 4.1). This suggested that the 

P18 hydrogel was slightly more thermally stable than the P16 hydrogel. This might be  

 
Fig. 4.1. a) Chemical structures of the lipopeptides designed in this study. Designed 

lipopeptides are amphiphilic molecules containing a hydrophobic fatty acyl chain (of variable 

lengths, C8-C18) and a hydrophilic cationic peptide part. The peptide names indicate the length 

of the fatty acyl chains that they contain. b) Vial inversion test showing the hydrogelation 

ability of the lipopeptides. Of all the lipopeptides, only P16 and P18 formed hydrogels at 10 

mM, phosphate buffer system, pH 7.4. 
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Table 4.1. Physico-chemical and gelation properties of the designed lipopeptides (P8-P18). 

 

attributed to the larger fatty acyl chain length of P18 compared to P16. None of the other 

lipopeptides with shorter fatty acyl chains formed hydrogels under the experimental conditions 

tested. Thus, the length of the fatty acyl chain, or in other words, the hydrophobic-hydrophilic 

balance of the lipopeptides, was a crucial determining factor in the gelation ability and stability 

of the hydrogels. 

4.3.3. Secondary structure of the lipopeptides  

The secondary structure of the lipopeptides was studied by FT-IR spectroscopy. The 

characteristic amide I band in the range of 1620-1630 cm-1 accompanied by the second peak at 

1670-1680 cm-1 suggested the β-sheet conformational39 b, c preference for all the lipopeptides 

in general (Fig. 4.2).  

Peptides Sequence Charge Gel/CMC/(%

w/v) 

Tgel 

(oC) 

Molecular 

weight 

calculated/ 

observed 

(M+H)+(Da) 

Retentio

n time 

(min) 

P8 C8-

ARKVR-

NH2 

+3 Not formed - 754.979/ 

755.048 

12.16 

P10 C10-

ARKVR-

NH2 

+3 Not formed - 782.565/ 

783.183 

12.93 

P12 C12-

ARKVR-

NH2 

+3 Not formed - 810.596/ 

810.663 

13.63 

P14 C14-

ARKVR-

NH2 

+3 Not formed - 838.628/ 

840.262 

14.72 

P16 C16-

ARKVR-

NH2 

+3 Translucent/ 

(2 

mg/ml)/0.20 

42 867.659/ 

867.896 

14.96 

P18 C18-

ARKVR-

NH2 

+3 Translucent/ 

(2 

mg/ml)/0.20 

46 894.690/ 

895.885 

16.95 
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Fig. 4.2. FTIR spectra of P8-P18. 

 

In order to look at the secondary structure of P18 in the hydrogel, FT-IR spectroscopy was 

performed for the corresponding xerogel (Fig. 4.3 a). The presence of the characteristic peaks 

in the range of ~1629 cm-1 and ~1677 cm-1 in the P18 xerogel proved the presence of β-sheet 

structures. 

 
Fig. 4.3.  Secondary structure of P18 in solution and gel state. a) IR spectra of P18 in xerogel 

state, b) CD spectra of P18 (500 M) in 10 mM Phosphate buffer at 0 h, 24 h and 48 h of 

incubation. 
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Curious to learn about the secondary structure of P18 in the solution state, CD spectroscopy 

was performed. As the gelation required a long time, it was assumed that the fibril formation 

might be a relatively slow process for P18. To probe the time-dependent growth of the β-sheet 

structures, we performed a time-dependent CD spectroscopy experiment. Fig. 4.3 b shows the 

change in the molar ellipticity of P18 (500 µM) in the phosphate buffer, pH 7.4, upon 

incubation for 0, 24 and 48 h, respectively. P18 showed a negative cotton effect at ~202 nm at 

0 h, suggesting a random coil-like conformation at the initial time. Later, upon incubation for 

24 h, the negative cotton effect peak at 202 nm disappeared with the appearance of a new 

negative cotton effect peak at 220 nm. Peptides with the β-sheet structure give rise to a 

characteristic positive cotton effect peak at 195-200 nm and a negative peak at 220 nm.39 d, e, f 

The appearance of the negative cotton effect peak at 220 nm indicated the presence of β-sheet 

conformation of P18 upon incubation for 24 h. The absence of the positive cotton effect peak 

at 202 nm could be attributed to its cancellation with the negative cotton effect peak from the 

random coil conformation. It should be highlighted that the observed CD spectra was an 

additive spectra of various conformations present at any point of time in the solution. This 

suggested the presence of mixed populations of both random coils and β-sheets at 24 h. At 48 

h, both the positive peak at 203 nm and the negative peak at 220 nm were observed, indicating 

that the entire population of the peptide had adopted β-sheet conformation. The above-

mentioned CD study could clearly capture the time-dependent adoption of β-sheet 

conformation by P18, which led to the formation of β fibrils and its eventual hydrogelation. X-

ray diffraction studies were carried out to obtain information about the molecular packing of 

the lipopeptides in the solid state. The XRD pattern of the lipopeptides in the wide-angle 

regions is shown in Fig. 4.4. For all the lipopeptides, a peak was observed in the range of 2 = 

20-23° which corresponded to a d-spacing of about 4.7-3.8 Å. A spacing of ~4 Å is typical for 

the inter-strand distance in the β-sheet structures (Fig. 4.4 and Table 4.2). It is noteworthy that 
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the d-spacings systematically decreased from P8 to P18, i.e., with the increase in the length of 

the fatty acyl chains. However, the tendency to form a β-sheet-like molecular packing increased 

upon lengthening the fatty acyl chain. 

Fig. 4.4. PXRD spectra of P8-P18. 

 

Table 4.2. 2θ and d-spacing values from PXRD. 

 

4.3.4. Self-assembled morphology of the lipopeptides 

FESEM was performed on the hydrogels of P16 and P18 at their CGC to investigate their 

morphology (Fig. 4.5 f and h). Both P16 and P18 hydrogels formed a uniform mesh-like 

fibrillar structure. The width of the fibrils was ~119 nm and ~63 nm in P18 and P16 hydrogels, 

respectively. It was interesting to note that the morphology of P18 in solutions (Fig. 4.5 g) at 

its CGC was distinctly different from that of the hydrogel. While in the hydrogel, the fibrous 

network was dense and homogeneously present, the fibrous structure was interspersed with 

irregular formations in the solution state. Additionally, the fibrils present in the gel state were 

Peptides P8 P10 P12 P14 P16 P18 

    2θ 20.75 20.88 20.96 21.78 23.028 23.7 

d spacing (Å)  4.27 4.24 4.241 4.07 3.85 3.8 
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much more thicker (~119 nm) in contrast to the thinner fibrils (~50 nm) present in solutions. 

The morphology of P16 in solution, at its CGC (Fig. 4.5 e) and gel state, were somewhat similar 

composed of homogeneous fibrillar structures, though the hydrogel network contained thicker 

fibrils (~63 nm) in comparison to the fibrils present in solutions (~45 nm). It was also 

interesting to note that the fibrils present in the P18 hydrogel were thicker than those present 

in the P16 hydrogel. None of the other lipopeptides showed the presence of regular fibrillar 

structures and were mostly composed of irregular morphologies (Fig. 4.5 a-d). This clearly 

suggested that the hydrogel formation was directly dependent on the ability of the lipopeptides 

to form fibrils, and that the length of the fatty acyl chain determined the quality of the fibrils 

formed. In short, the self-assembling ability of the lipopeptides was directly related to their 

hydrophobic-hydrophilic balance. 

 
Fig. 4.5. FESEM images of solutions 0.2 % (w/v) of lipopeptides, a) P8 (2.65 mM), b) P10 

(2.5 mM), c) P12 (2.47 mM), d) P14 (2.38 mM), e) P16 (2.3 mM) and g) P18 (2.23 mM). 

FESEM images of 0.2 % (w/v) hydrogels of f) P16 and h) P18 obtained from 10 mM phosphate 

buffer system 7.4. The arrows were pointing to the width of the fibrils.

 

4.3.5. Viscoelastic properties of the P16 and P18 hydrogels 

The mechanical strength and stability of P16 and P18 hydrogels were studied by rheology. The 

storage modulus (G´) and loss modulus (G´´) were measured as a function of different 

parameters such as angular frequency and strain sweep. Gels formed from P16 and P18 at their 

respective CGC, in a 10 mM phosphate buffer system, pH 7.4, were used in this study. In the 
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angular frequency sweep experiment performed at a constant strain of 0.1% at 25 °C, G´ was 

found to be dominating over G´´ till about 100 rad/s (Fig. 4.6 a and d), for both the gels. 

Moreover, G´ and G´´ were found to be independent of angular frequency, in the region 1–100 

rad/s, which indicated the formation of stable hydrogels. The storage moduli of both the 

hydrogels were of the order of ~102-103 Pa, in the frequency sweep experiment, which 

indicated a moderate mechanical strength for both the hydrogels. In a strain sweep experiment, 

where the storage moduli (G´) and the loss moduli (G´´) for both the hydrogels were plotted as 

a function of % strain (0.1-1000%) (Fig. 4.6 b and e), it was found that G´ was higher than G´´ 

(of the order of 102 Pa) till a particular strain (linear viscoelastic region (LVR), g = 0.1–0.5%) 

for P16 and P18 hydrogels. Next, in order to examine the thixotropicity of the hydrogels, a 

time-dependent step-strain rheological experiment was performed. First, when a low constant 

strain (g = 0.1%) was applied to the 0.20% (w/v) hydrogel, the G´ value was greater than G´´ 

value. This was followed by suddenly applying a higher strain ( = 100%) (Fig. 4.6 c and f). 

This led to an increase in the G´´ value over the storage modulus G´. Such cycles of alternate 

reduced and increased strains were applied in a cyclic fashion for several times. In every cycle, 

upon increasing the strain, G´´ increased over G´, indicating a loss of the gel property, while 

the reduction in the strain led to an increase in G´ over G´´, indicating the restoration of the gel 

nature. The experiment was repeated over 5 cycles with 100% recovery of the gel property in 

each cycle. This experiment proved the thixotropic behaviour of both P16 and P18 hydrogels.  
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Fig. 4.6. Viscoelastic properties of P16 and P18 hydrogels. a, d) Frequency sweep rheology 

study, b, e) Strain sweep rheology study, and c, f) Step strain rheology study for 0.2% w/v 

P16 and P18 hydrogels, respectively.  

 

4.3.6. Investigations of the fibril formation using ThT fluorescence 

With the intention of probing the self-assembly process of P16 and P18 at the molecular level, 

we performed fluorescence experiments using the dye Thioflavin T (ThT). ThT is a 

nonfluorescent molecule in the free state, and it binds to -sheet structures selectively, 

whereupon its fluorescence increases greatly. This enhancement in ThT fluorescence intensity 

is used to quantitate the extent of β-sheet formation. Fig. 4.7 a shows the increase in the 

fluorescence intensity of the dye upon incubation with different concentrations (10-140 µM) 

of various lipopeptides. An appreciable increase in the fluorescence intensity of ThT was 

observed upon incubation with P18 and P16 beyond 100 µM, though, to a comparably lesser 

extent for the later. This suggested that the β-sheet formation in these peptides started from 

around 100 µM concentration (Fig. 4.7 a and b). However, no increase in the fluorescence 

intensity was observed in the case of the other lipopeptides till 140 µM. This showed that P18 

with the longest fatty acyl chain length had the greatest tendency of self-assembling to form β-

TH-3440_176122039



Effect of Hydrophilic-Hydrophobic Balance of Peptide on its Properties 

170 | P a g e                                                  C h a p t e r  4  
 

sheet structures followed by P16. Thus, it may be concluded that the self-assembling ability of 

the lipopeptides was related to their -sheet forming abilities, which in turn depended on the 

length of the fatty acyl chain or on their hydrophobic-hydrophilic balance.  

 
Fig. 4.7. ThT binding fluorescence studies: a) Plot of ThT fluorescence intensity as a function 

of the concentration of different lipopeptides at 485 nm. b) ThT fluorescence intensity at 

different concentrations of P18 in Phosphate buffer, pH 7.4. c) Time-dependent change in the 

fluorescence intensity of ThT, upon binding to P18 (100 µM). d) FESEM image of P18 at 100 

µM concentration at 0 hr and 24 h. The arrows were pointing to the width of the fibrils.

 

4.3.7. Time-dependent growth of -sheet fibrils 

P18 required a significant time for gelation. In order to study the kinetics of β-sheet formation 

that subsequently led to the fibril formation at 100 µM, we monitored the ThT fluorescence as 

a function of time (Fig. 4.7 c). A significant increase in the ThT fluorescence intensity was 

observed after 8 h, suggesting a growth in the -sheet formation after the said time point. This 

observation was also corroborated by the time-dependent CD spectroscopy experiments 
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described earlier, which clearly showed the slow development of fibrils over the time. Time-

dependent change in the morphology of P18, at ~100 µM, where the β-sheet fibril formation 

just started, was studied by performing FESEM at 0 h and 24 h (Fig. 4.7 d). P18 adopted fibrillar 

network morphology at 100 M, which corroborated the presence of β-sheet structures, as 

detected from the ThT fluorescence studies. The aging of the sample for 24 h did not show any 

change in the morphology, suggesting that this self-assembly was thermodynamically 

governed. The fibrils were ~44 nm in width at time zero and became ~49 nm upon aging for 

24 h, supporting the growth of β-sheet structures with time. 

4.3.8. Mechanism of the self-assembly of lipopeptides  

Of the different lipopeptides designed, only P16 and P18 were capable of forming hydrogels. 

The hydrogels were formed from the fibrillar network that was constituted by β-sheet-like 

structures. The length of the fatty acyl chain, or in other words, the hydrophobic–hydrophilic 

balance determined the β-sheet formation ability of the lipopeptides. P18 had the best β-sheet 

formation ability among all the lipopeptides and, hence, gave rise to gels composed of the 

sturdier fibrils in comparison to the P16 hydrogel. The P18 hydrogel had slightly greater 

thermal stability, as shown earlier. Gelation of P16 and P18 was driven by hydrogen bonding 

in between the peptide segments of the molecule and hydrophobic interaction between the 

hydrophobic fatty acyl chains (Fig. 4.8). As the peptides were positively charged, the self-

assembly was not possible in water, owing to the electrostatic repulsion between the individual 

peptide molecules. In the presence of PBS buffer (pH = 7.4), the counter anions helped in 

neutralizing the repulsion between the positive charges, thereby promoting the self-assembly 

process. The growth of the self-assembled structures was hierarchical and relatively slow. This 

led to a longer gelation time for both P18 and P16. Initially formed thinner fibrils subsequently 

led to the formation of thicker fibrils that finally gave rise to the hydrogels. 
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Fig. 4.8. Mechanism of hydrogelation in the AMP P18: time-dependent growth of dense 

fibrillar hydrogel network driven by hydrogen bonding and hydrophobic interactions in the 

presence of salt.  

 

4.3.9. Antimicrobial properties of lipopeptides  

The antimicrobial activities of all the designed lipopeptides were tested against Gram-positive 

(S. aureus) and Gram-negative (P. aeruginosa and K. pneumoniae) ESKAPE pathogens (Table 

4.3 and Fig. 4.9). Peptide P18 showed very good activity against both the Gram-positive and 

Gram-negative bacterial strains, while P16 and P14 showed a better activity towards Gram-

negative strains than that of the Gram-positive strain. Gram-positive bacteria are easier to kill 

than the Gram-negative bacteria, due to the presence of the protective outer covering of the 

later.  

Table 4.3. MIC99% values for the lipopeptides in µM concentration against a) P. aeruginosa, 

K. pneumoniae and S. aureus in the presence and absence of salt. ND = Not done (we did not 

perform antimicrobial activity tests in the presence of salts for all the lipopeptides; we only 

considered the most potent ones, specifically P18 and P16). 
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Microbes P. aeruginosa 

(MIC99%) (µM) 

K. pneumoniae 

(MIC99%) (µM) 

S. aureus 

(MIC99%) (µM) 

Peptides Absence 

of salts 

Presence 

of salts 

Absence 

of salts 

Presence 

of salts 

Absence 

of salts 

Presence 

of salts 

Polymyxin B 

(positive control) 

10 10 10 10 10 10 

P8 >200 ND >200 ND >200 ND 

P10 100 ND >200 ND 60 ND 

P12 80 ND 200 ND 20 ND 

P14 10 ND 10 ND 20 ND 

P16 10 10 10 20 20 20 

P18 10 10 10 20 10 10 

 

P18 showed remarkable activity against P. aeruginosa, a nosocomial bacterial pathogen that 

has extracellular alginate capsules on its outer membrane preventing the entry of 

antimicrobials, thus making them ineffective.40 P18 also showed a very good activity against 

opportunistic Gram-negative pathogen K. pneumonia, that is known to cause lethal infections 

including pneumonia, bloodstream infections and meningitis. P12 was selectively active 

against Gram-positive S. aureus, while P10 and P8 showed no activity against any of the tested 

pathogens (Fig. 4.9 and Table 4.3). In short, lipopeptides containing longer fatty acyl chains 

possessed higher antimicrobial potency, which diminished proportionately with the decrease 

in the length of the fatty acyl chain. Or in other words, an optimum hydrophobic–hydrophilic 

balance was crucial for good antimicrobial activity. The most potent peptide P18 had 

comparable potency to the standard antibiotic Polymixin B, used as a positive control. It was 

interesting to note that P18 lost its activity partially at higher concentrations (~100–200 µM). 

This might be attributed to the self-assembly of P18 at higher concentrations (Fig. 4.9).  
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Fig. 4.9. MIC99% of P8-P18 against a) P. aeruginosa, b) K. pneumonia, c) S. aureus in the 

absence of salt by Micro broth dilution assay. 10 M Polymixin B and buffer were taken as 

positive and negative controls respectively. The data represents the mean of N=3 experiments 

(*p< 0.05, **p< 0.01, ***p< 0.001, ****p< 0.0001) via two-way analysis of variance 

(ANOVA) with and Turkey’s multiple comparison test). 

 

The molecular association of P18 led to a decrease in the concentration of the free molecular 

form of the peptide responsible for its antimicrobial potency, thereby decreasing the activity at 

higher concentrations. 

4.3.10. Salt tolerance of antimicrobial properties 

Most of the AMPs are rendered inactive at physiological salt concentrations and this is one of 

the major drawbacks that limit the therapeutic potential of the AMPs. Though the reason for 

this inactivation is not understood properly in detail, it is grossly attributed to the electrostatic 

reasons. Several strategies such as increasing the tryptophan content, changing the 

stereochemistry of amino acid residues, use of bulky unnatural amino acid residues and 

dimerization have been adopted to impart salt sensitivity to synthetic AMPs.41 Thus, we wanted 

to study the salt tolerance of our most active lipopeptides (P16 and P18) at physiological 

concentrations of salt. Both P16 and P18 showed remarkable salt tolerance of their activity 

against P. aeruginosa and S. aureus (Fig. 4.10 and Table 4.3). The activity of both P16 and 

P18 was slightly compromised against K. pneumonia in the presence of salt. 
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Fig. 4.10. MIC99% of P16 and P18 against a) P. aeruginosa, b) K. pneumonia, c) S. aureus in 

the presence of salt by Micro broth dilution assay. 10 M polymixin B  and buffer were taken 

as positive and negative controls respectively. The data represents the mean of N=3 

experiments (*p< 0.05, **p< 0.01, ***p< 0.001, ****p< 0.0001) via two-way analysis of 

variance (ANOVA) with and Turkey’s multiple comparison test). 

 

4.3.11. Activity against Methicillin-resistant S. aureus (MRSA)  

The activities of P16 and P18 were tested against Methicillin-resistant S. aureus (MRSA) 

obtained from clinical isolates, both in the absence and in the presence of salts. Both the 

peptides showed high salt-tolerant antimicrobial activity (MIC99% ~10 µM) (Fig. 4.11 a and b). 

Fig. 4.11. MIC99% of P16 and P18 against Methicillin-Resistant S. aureus (MRSA) in the a) 

absence and b) presence of physiological concentration (150 mM) of NaCl, estimated by Micro 

broth dilution assay. The data represents the mean of N=3 experiments (*p< 0.05, **p< 0.01, 

***p< 0.001, ****p< 0.0001) via two-way analysis of variance (ANOVA) with and Turkey’s 

multiple comparison test). 
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4.3.12. Time kinetics of the bactericidal activity of P16 and P18 

To determine the time needed by P16 and P18 to express their bactericidal activity against P. 

aeruginosa at their respective MIC99%, a time-course experiment was performed (Fig. 4.12). 

Cells incubated with the standard antibiotic Polymixin B (10 µM) (positive control), P16 and 

P18 at their respective MIC99% for different time spans, were spread onto NB agar plates. 

 

Fig. 4.12. Time kinetics of the bactericidal activity of P16 and P18 at their respective MIC99% 

against P. aeruginosa cells. P. aeruginosa cells were treated with P16 and P18 for different 

time intervals and cells were spread on NA plate for CFU count after overnight incubation at 

37 °C. Bacterial killing percentage was calculated from CFU count of the plate in comparison 

to the control plate. (a) Negative control plate(no peptides added), (b) positive control plate (10 

μM Polymyxin B treated cells), (c) plates treated with P16 at time points 3, 10, 15 and 20 min, 

respectively and (d) plates treated with P18 at time points 3, 10, 15 and 20 min, respectively. 

 

After overnight incubation of the agar plate, the number of viable cells was calculated through 

CFU counting. There was a considerable decrease in the colony count at 10 min for both the 
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peptides, with almost complete killing of P. aeruginosa cells within 15 min for P18 (Fig. 4.12. 

c) and within 20 min for P16 (Fig. 4.12 b). Upon plotting the CFU counts as a function of time 

(Fig. 4.13 a), P18 evidently showed a faster bactericidal effect than P16 against P. aeruginosa. 

Both P16 and P18 were faster acting than the conventional antibiotic Polymixin B, which took 

around 45 min for complete killing of the P. aeruginosa cells. 

Fig. 4.13. Plot of a) percentage killing of P. aeruginosa at different time points, plotted from 

the CFU count for P16 and P18, b) MIC99% of P18 against MRSA plotted as a function of the 

number of generations, showing no development of resistance in MRSA against P18. 

 

4.3.13. Resistance development against P18 in MRSA 

Rapid resistance development in microbes against antibiotics is one of their major 

shortcomings. We investigated if AMP P18 induced resistance against itself in MRSA. MRSA 

cells were treated with sub-MIC concentrations of AMP and allowed overnight growth at 37 

°C with constant shaking. The OD was monitored regularly and the MIC99% value calculated 

after every 24 h. The MIC99% value remained constant at 10 µM over 7 days or ~16 generations. 

Thus, it may be concluded that there was no development of resistance against P18 in the 

MRSA cells till 16 generations (Fig. 4.13 b). 
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4.3.14. Cytotoxicity 

For being a good therapeutic agent, the AMPs must be non-cytotoxic towards the mammalian 

cells. It is reported in some studies in the literature that increasing the length of the fatty acyl 

chain, increases the cytotoxicity of the peptides.42-44 Some other studies report that the 

cytotoxicity depends on the peptide sequence as well and not on the length of the fatty acyl 

chain alone.45a As our lead active peptides contained long fatty acyl chains of C18 and C16,  

 

 

 
Fig. 4.14. MTT assay of P16 and P18 on a) HEK 293 and b) HDF cells. Cell were treated with 

increasing concentrations of peptides and their viability was measured by monitoring the 

absorbance at 570 nm. All the experiments were performed in triplicates. The data represents 

the mean of N=3 experiments (*p< 0.05, **p< 0.01, ***p< 0.001, ****p< 0.0001) via two way 

analysis of variance (ANOVA) with and Turkey’s multiple comparison test). 

 

we wanted to investigate their cytotoxicity towards mammalian cells. MTT assay was 

performed to investigate the cytotoxicity of P16 and P18 on HEK 293 cells (Fig. 4.14 a), and 

on Human Dermal Fibroblast (HDF) cells (Fig. 4.14 b). As evident from Fig. 4.14, both P16  

and P18 exhibited cell viability of 90%  against both HEK 293 and HDF cells till 40 µM 

concentration, which was much higher than their biologically active concentration (10-20 
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µM). The microscopy images (Fig. 4.15) of lipopeptide treated HEK 293 cells attested the MTT 

results.   

 

Fig. 4.15. Microscopy images of HEK 293 cells treated with incremental concentrations (0-

160 µM) of different lipopeptides P8-P18 (Scale bar: 100 µm). 

 

HEK 293 cells maintained their regular morphology and were viable up to a concentration of 

40 µM for both P16 and P18 lipopeptides. P8-P14 were all non-cytotoxic (viability  90%) 

against HEK293 cells, till 160 M, the highest concentration tested. P16 and more prominently 

P18 became relatively cytotoxic at higher concentrations of 160 M and 80 M respectively. 

This suggested that the cytotoxicity of the lipopeptides against HEK 293 cells increased with 
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the increasing hydrophobicity of the peptides, accompanied by the increasing length of the fatty 

acyl chain.  The cytotoxicity was tested against HDF, only for P16 and P18. Against HDF cells, 

both P16 and P18 remained non-cytotoxic even till 160 M concentration. Thus, the 

cytotoxicity of the lipidated peptides, not only depended on the length of the fatty acyl chain 

and the peptide sequence in question, but also on the cell lines that were used in the experiment. 

MTT assay was performed to investigate the cytotoxicity of other designed lipopeptides on 

HEK 293 cells (Fig. 4.16 a), showing non-cytoxic nature. P16 and P18 had no striking 

anticancer activity as seen from the cell viability against the HeLa cells (Fig. 4.16. b). 

 

Fig. 4.16. MTT assay of a) P8, P10, P12 and P14 on HEK293 cell line and b) P16 and P18 on 

HeLa cell line. Cells were treated with increasing concentrations of peptides and their viability 
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was measured by monitoring the absorbance at 570 nm. All the experiments were performed 

in triplicates. The data represents the mean of N=3 experiments (*p< 0.05, **p< 0.01, ***p< 

0.001, ****p< 0.0001) via two way analysis of variance (ANOVA) with and Turkey’s multiple 

comparison test). 

 

4.3.15. Haemolytic activity 

The haemolytic ability of P16 and P18 were determined both qualitatively and quantitatively 

(Fig. 4.17). First, 1% RBCs were incubated with different concentrations of peptides for an h. 

Post centrifugation, percentage hemolysis was checked by measuring the absorbance of the 

supernatant at 414 nm and comparing the values with the untreated and 1% Triton-X treated 

cells. Both the peptides were almost non-haemolytic (≤2%) at their biologically relevant 

concentrations (10 µM), as shown in Fig. 4.17. Both P16 and P18 became haemolytic at higher 

concentrations, with the effect more pronounced for the later. Thus, it may be concluded that 

the haemolytic ability of the lipopeptides was also connected to their hydrophobic-hydrophilic 

balance. 

 

Fig. 4.17. a) Digital images represent haemolytic assay for P16 and P18 against human RBC 

at different peptide concentrations (5, 10, 25, 50, 100, 200 μM), b) Bar diagram showing the 

% haemolysis for P16 and P18 against different concentrations of the peptides. Buffer and 

Triton-X 100 treated as negative and positive control. 

 

 However, hemolytic assay is a very tricky assay because there are several limitations linked 

up with this hemolytic assay due to various factors that can create the possibility of showing 
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false results. Therefore, addressing those limitations is very crucial for a clean hemolytic assay 

and results with high accuracy. Reports available in the literature revealed that the species 

origin of blood used for hemolysis assays could influence the hemolytic response to a 

considerable degree. Therefore, this assay necessitates multiple blood samples from different 

healthy humans to perform the same experiment to avoid possible errors.45b Also, including 

distilled water is important for this assay as it causes hemolysis through osmotic shock and is 

often used as the positive control in hemolysis assays.45c,d Additionally, the effect of tested 

samples on the hemolysis of erythrocytes depends strongly on the osmolarity of the solution, 

which demands this assay to be performed in different solutions like hypotonic, isotonic, and 

hypertonic with different osmotic pressures.45e Moreover, other factors like erythrocyte 

concentration, sample transport and/or storage type of detergent and concentration used for 

positive controls, and incubation time also have the ability to affect the calculated hemolysis 

ratios.45f,b Therefore, it is very important to consider all the key parameters while performing a 

hemolytic assay for proper results. In our study also, we have got this result by performing it 

in a regular simple method; however, to be more precise and sure about this data, we would 

like to say that this experiment may be explored further by considering all possible factors as 

they affect the hemolytic assay and may give a false result.  

4.3.16. Protease resistance 

Another great challenge that limits the commercialization of the AMPs is their short systemic 

half-life, owing to their protease degradability. To investigate if our lead lipopeptides P16 and 

P18 were resistant to protease degradation, we monitored their chemical integrity upon 

incubation with proteinase K, by analytical HPLC (Fig. 4.18) and MALDI-MS (Fig. 4.19 and 

4.20). P16 remained protease resistant until an h of incubation with the enzyme, after which it 

started degrading, as evidenced by the appearance of several new peaks in the chromatogram 

(Fig. 4.18 a-d).  
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Fig. 4.18. Protease resistance of P16 and P18. Analytical HPLC traces of P16 (left panel) and 

P18 (right panel), after incubation with enzyme proteinase K for different time intervals. 

Chromatogram of P16 and P18: (a) and (e) in the absence of enzymes and in the presence of 

enzyme after (b), (f) 1 h, (c), (g) 3 h and (d) and (h) 6 h of incubation with proteinase K. 

 

However, P18 maintained its retention time when injected into the analytical HPLC, even after 

incubation with enzyme proteinase K till 6 h, suggesting its robustness to the protease 

degradation (Fig. 4.18 e-h). MALDI-MS analysis of the reaction mixtures post incubation with 

the enzyme corroborated the analytical HPLC results. The MALDI-MS spectra contained only 

intact P18 (differently ionized, Fig. 4.20) peaks in contrast to a mixture of intact and truncated 

peptides for P16 (Fig. 4.19).  
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Fig. 4.19 MALDI-TOF mass spectra for studying enzymatic action on P16.  a) Untreated P16 

Calc. (M+H)+ = 867.6589 Da; Obs. (M+H)+ = 867.840 Da. b) P16 in presence of proteinase K 

at 1 h. Calc. (M+H)+  = 867.6589 Da; Obs. (M+H)+ = 867.874 Da. m/z 484.357 corresponds to 

(M+2H+) of the fragment C16-AR. c) P16 in presence proteinase K at 3 h. Calc. (M+H)+   = 

867.6589 Da; Obs. (M+H)+ = 867.884 Da. m/z 484.347 corresponds to (M+2H+) of the 

fragment C16-AR. d) P16 in presence of proteinase K at 6 h. Calc. (M+H)+ = 867.6589 Da; Obs. 

(M+H)+ = 867.886 Da. m/z = 484.357 corresponds to (M+2H+) of the fragment C16-AR. 
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Fig. 4.20. MALDI-TOF mass spectra for studying enzymatic action on P18.  a) untreated P18 

for enzymatic action study. Calc. (M+2H)+ = 895.6902 Da; Obs. (M+2H)+ = 895.915 Da. b) 

MALDI-TOF mass spectra of P18 in presence of proteinase K at 1 h. Calc. (M+2H)+  = 

895.6902 Da; Obs. (M+2H)+ = 895.917 Da. c) MALDI-TOF mass spectra of P18 in presence 

of proteinase K at 3 h. Calc. (M+2H)+ = 895.6902 Da; Obs. (M+2H)+ = 895.912 Da. d) MALDI-

TOF mass spectra of P18 in presence of proteinase K at 6 h. Calc. (M+2H)+   = 895.6902 Da; 

Obs. (M+2H)+ = 895.929 Da. 

 

The above-mentioned results conclusively proved better resistance of P18 towards enzymatic 

degradation, than P16, which might be related to the difference in their constituent fatty acyl 

chain lengths. Thus, the hydrophobic-hydrophilic balance also played a crucial role in 

conferring protease resistance to the lipopeptides. This made P18 a better choice as an 

antimicrobial therapeutic peptide than P16. 
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4.3.17. Mechanism of action 

Cationic AMPs are generally known to be membrane-active molecules manifesting their 

activity through membrane lysis.3 In order to visualize the effect of cationic AMPs P16 and 

P18 on the membrane integrity and morphology of live P. aeruginosa cells, we performed 

FESEM. Live cells were incubated with P18 at its 1× and 2× MIC concentrations. While the  

 

Fig. 4.21. Field Emission Scanning Electron Microscopic (FESEM) images of P. aeruginosa 

cells in the absence and presence of P16 and P18. a) Negative control and d) positive control 

in presence of Polymyxin B. Considerable deformation in cellular morphology was observed 

upon incubation of cells with (b, e) 1X MIC and (c, f) 2X MIC of P16 and P18, respectively.  

 

Cells treated with Triton X (positive control) for 4 h showed complete disruption of the cellular 

morphology and the presence of cell debris, untreated cells retained their healthy morphology 

with a smooth outer membrane (Fig. 4.21 d and a). Upon addition of 1× and 2× MIC 

concentrations of P16 and P18 to the P. aeruginosa cells, cellular morphology was severely 

deformed, accompanied by the disruption of the cell membrane46 (Fig. 4.21 b, c, e, and f). This 

conclusively proved that P16 and P18 had membranolytic mode of action. 

4.4. Conclusions  

We have designed a library of lipopeptides varying in their hydrophobic-hydrophilic balance 

in a quest to develop antimicrobial peptides with enhanced therapeutic potentials. On the one 
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hand, we have established that important properties of the peptides such as secondary structure, 

self-assembly (morphology, kinetics, stability), antimicrobial properties (potency, killing 

kinetics, salt tolerance of the antimicrobial activity) and protease resistance depend on their 

hydrophobic-hydrophilic balance, while on the other hand, we have developed an extremely 

potent, non-cytotoxic, salt-tolerant and protease-resistant AMP P18, against ESKAPE 

pathogens such as P. aeruginosa, K. pneumonia, S. aureus and MRSA. Our study established 

the fact that the properties of peptides might be tuned to suit any desired function, by 

controlling the hydrophobic-hydrophilic balance. This fundamental know-how might be 

exploited for the directed design of custom-made functional peptides in the future. 

However, despite the excellent outcomes of our designed lipopeptide P18, in vivo studies are 

essential for real-world applicability. Additionally, some other factors need to be explored, 

such as the stability of peptides in the presence of other proteolytic enzymes, their activity 

against various bacterial as well as fungal strains, including clinically isolated variants, and 

long-term resistance development studies.  Our long-term goal will be to conduct animal model 

studies and work on the scalability of P18 for its industrial translation. 
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5.1. Introduction 

The emergence of antimicrobial resistance has obstructed treatments offered by several 

therapeutic antibiotics against bacterial infections, entailing severe threats to human society.1 

Most conventional antibiotics work on the intracellular targets of the bacterial pathogens, 

which can be modified over time by the bacteria themselves through spontaneous mutation.2-3 

Such target modifications are one of the leading causes of microbial resistance. This has been 

further fuelled by overuse, clinical misuse, poor quality, and ease of availability of antibiotics.4 

Staphylococcus aureus is a Gram-positive bacteria, linked to a plethora of clinical infections 

such as endocarditis, blood-stream infections, pulmonary infections like pneumonia, bone and 

joint infections, skin and soft-tissue infections, and device-related infections.5-6 Rapid increase 

in the development of antibiotic resistance in this microbe has seen the rise of the Methicilin-

resistant Staphylococcus aureus (MRSA) in epidemic proportions, resulting in a high rate of 

morbidity and mortality.7-9a Also, the development of resistance in MRSA involves various 

mechanisms including production of penicillin binding protein, PBP 2, an enzyme that has low 

affinity for beta-lactam antibiotics or efflux pumps that antibiotics out of the bacterial cell.9b It 

has emerged as one of the unavoidable causes for both community and hospital-acquired 

infections, mostly connected with soft tissue infections and osteomyelitis.10-11 Moreover, the 

development of inflammatory injuries due to immune response against MRSA infections,  

results in the tissue necrosis and slow healing rates.12-13 Studies revealed that MRSA can 

survive on dry surfaces for months.14 Besides, their ability to form biofilm has further 

exacerbated the microbial infection-related complications.15-16 A biofilm is an assemblage of 

bacterial communities that affix to a living or non-living surface,  including living tissues, 

indwelling medical devices, industrial or potable water system piping, or natural aquatic 

systems in which the cells are covered by a protective matrix comprising of extra-cellular 

polymeric substance (EPS) and other macro molecules like DNA, proteins, and 
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polysaccharides.17-20 The matrix not only protects the bacterial cells from the host-immune 

response but also make them less susceptible to antibiotics.21-23 MRSA is also known to 

develop resistance against a number of known antibiotics, including all available penicillins 

and most of the β-lactam drugs.1, 24 Thus, there is a pressing need to develop new classes of 

therapeutic molecules to deal with the situation. Among many others,25-27 antimicrobial 

peptides (AMP) have been found to be one of the most promising choices in the race for 

antimicrobial agents against both Gram-positive and Gram-negative bacteria as well as fungi.28-

29 Delayed resistance development and low immunogenicity make AMPs potential alternate 

therapeutics.30-32 Synthetic approaches have led to the development of salt-resistant and 

protease-stable AMPs with better therapeutic potentials.33 AMPs are capable of not only 

combating the planktonic microbes, but also mitigating their biofilms.34-35 AMPs also act as 

adjuvants in restoring the lost activity of several antibiotics against the resistant microbial 

strains,36 in the combination therapy. AMPs, in combination with the conventional antibiotics 

are known to inhibit the MRSA biofilms.37 Some AMPs can form supramolecular hydrogels, 

through various non-covalent interactions, and retain their antimicrobial activity.38-39 

Biocompatibility, responsiveness, and controllability are the attributes that make antimicrobial 

hydrogels unique and prominent biomaterials. Interestingly, antimicrobial hydrogels loaded 

with antibiotics or other molecules, possessing a precise and controllable release of either of 

the components, have been found to be more effective due to synergistic effects.40-42 

5.2. Experimental section 

5.2.1. Materials procured 

Materials Procured: Rink Amide MBHA resin (loading 0.7 mmol/g), all 

fluorenylmethyloxycarbonyl (Fmoc)-protected amino acids, hydroxybenzotriazole (HOBt), 

and benzotriazole-1-yl-oxy-tris-pyrrolidino-phosphonium hexafluorophosphate (PyBOP) were 

purchased from G.L. Biochem. Piperidine, N, N′ diisopropylethylamine (DIPEA), diethyl ether 
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and pyridine were purchased from Merck. HPLC-grade acetonitrile and dimethylformamide 

(DMF), dichloromethane (DCM) were obtained from Finar. Acetic anhydride was provided by 

the Department of Chemistry, IIT Guwahati. ciprofloxacin, vancomyacin and BHI media were 

obtained from HiMedia.  Crystal violet was purchased from spectrochem. 

Bacterial strains: Common laboratory strains of P. aeruginosa (ATCC 27853) was obtained 

either from the American Type Tissue Culture Collection or the Microbial Type Tissue Culture 

Collection. MRSA strain was provided by Prof. Benu Dhawan, AIIMS, New Delhi and Prof. 

Kasturi Mukhopadhyay, JNU, New Delhi. 

5.2.2. Synthesis and purification 

P18 peptide was synthesized using a standard solid-phase peptide synthesis protocol with Fmoc 

Chemistry on rink amide MBHA resin (0.1 mM scale). Purification and characterization were 

carried out following the protocol described earlier (see section 4.2.2 of chapter 4).  

5.2.3. Formation of co-assembled hydrogel(s) 

1 mg of P18 peptide was taken in (0.2% w/v, 2.23 mM) phosphate buffer saline (PBS) 

(pH=7.4), CP was added to the solution, and the final volume was made up to 500 µl. The 

solution was then kept undisturbed overnight at room temperature (RT). This resulted in the 

formation of hydrogel, which was stable to the inversion of the glass vial. Co-assembled 

hydrogels with different compositions of CP were prepared by varying the concentrations of 

CP in P18 solutions of PBS 7.4 (1mg/500 µl, 2.23 mM). 

5.2.4. Field emission scanning electron microscopy (FESEM) 

To capture the FESEM image of P18-CP(50) hydrogel,  a drop of the solution of CP (50 µM) 

and peptide at its CGC concentration (1 mg/500 µl) in 10 mM PBS (7.4) buffer, was cast on a 

silicon wafer immediately after making solution. Hydrogel formed on the wafer was dried 

under vacuum before imaging.  
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Samples for bacterial cell imaging were made by using the protocol described earlier (Chapter 

4). All the samples were next air-dried, followed by gold coating and subsequently observed 

under the FESEM (Zeiss, Model: Gemini). 

5.2.5. Rheology 

To investigate the viscoelastic properties of the co-assembled P18-CP(50) hydrogel, 

rheological experiments were performed using the methods reported in section 4.2.6 of chapter 

4. 

5.2.6. Drug release study  

The CP release efficiency of the co-assembled P18-CP(50) hydrogel was studied by monitoring 

the UV absorbance of the release medium at 272 nm.  500 µl of PBS solution (as a release 

medium) was added to the preformed co-assembled hydrogel. The absorbance of the 

supernatant solution was measured at different time intervals up to 96 h. The concentration of 

the drug released was determined from a standard curve (Appendix, Fig. A5.1) obtained from 

the known concentrations of CP alone in PBS. CP release was studied by the same strategy for 

all the different composition hydrogels. The amount of drug released from the co-assembled 

hydrogels was calculated from the below-mentioned formula 

release (%) = (released concentration/ loaded concentration) ×100 

5.2.7. Antimicrobial activity of P18 hydrogel/CP co-assembled gels against MRSA  

The mid-log-phase cultures of MRSA were obtained from overnight-grown cultures. The cell 

suspensions were centrifuged at 6000 rpm for 6 min. Cell pellets were washed thrice with 10 

mM phosphate buffer (pH 7.4). Thereafter, the cell pellets were re-suspended in the same 

buffers to obtain a cell suspension of 106 CFU/ml. The reaction was performed in a 96-well 

plate, where 50 µl of the cell suspension was incubated with several doses of P18 hydrogel/co-

assembled hydrogel. The final cell count was maintained at 105 CFU/ml. The reaction was 
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incubated at 310 K for 4 h. A negative control containing only cell suspension and a positive 

control containing 10 µM Vancomycin with cell suspensions were maintained. Next, a 

sufficient volume of BHI medium was added to each well to make a final volume of 200 µl, 

and the reaction was incubated overnight with constant shaking at 310 K temperature. The 

absorbance of the culture was monitored at 630 nm to monitor microbial growth. The well 

where bacterial growth was inhibited served as MIC of hydrogel. For determining the activity 

of P18 hydrogel against a high number of cell counts, the same protocol was used by 

maintaining final cell counts of 106 CFU/ml and 107 CFU/ml. 

The MIC experiment was performed in two ways. The 5 L of  the gel that was  used  for 

accessing the activity was either formed at a different place and injected into the 96 well plate 

with  a micropipette or the gel was casted in the 96 well plate itself.43 a, b, c Appendix, Fig. A5.2 

shows that the antimicrobial activity of the gel is independent of the way in which the gel is 

taken for the experiment.   

5.2.8. MRSA biofilm inhibition by P18 Hydrogel / CP Co-assembled gels 

The biofilm formation assay was performed as described for the MIC assay with some 

alterations.43 d, e  Plates containing hydrogels (preformed) and bacteria were incubated for 48 h 

at 37 °C without agitation, to allow biofilm formation. Unattached bacteria were then washed 

from plates, and the plates stained with 0.1% CV. This was followed by absorbance 

measurements at OD590 using a microplate auto reader. Data are presented as a percentage of 

the biofilm biomass compared to biofilm formed by untreated bacteria.  

5.2.9. Cell viability assay 

In order to study the bio-compatibility of our hydrogel, co-assembled hydrogels, we performed 

an MTT assay. Briefly, HT22 and KB cells were cultured in DMEM media supplemented with 

10% fetal bovine serum (FBS) and 1% penicillin-streptomycin antibiotic in a humidified 
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atmosphere (37°C) and 5% CO2. Next, cells were sub-cultured in 24 well cell culture plates 

overnight. The next day, samples were treated to the cells and were incubated for 24 h. Next, 

cells were washed with fresh PBS buffer, followed by the addition of fresh DMEM. Finally, 

cell viability was observed using an MTT assay. Formation of violet-coloured formazan crystal 

was observed. These crystals were dissolved in SDS solution (1:1 water-DMF). The 

absorbance of the solutions was taken at 570 nm. Cells without any sample treatment were 

considered to be 100% viable.43 f 

5.2.10. Time kill kinetics of the hydrogels 

MRSA cells at 105 CFU/ml were incubated with P18 and P18-CP(50) hydrogels at their MIC 

in a 96-well plate. A 10µl aliquot from the solution was taken at different intervals of time (5 

min, 15 min, 45 min, 60 min) and spread on NB agar plates. The plates were left to incubate 

for 24 h and colony counting was done. Untreated cells and Vancomycin-treated cells were 

treated as negative and positive controls.  

5.2.11. Resistance development 

The MIC of P18 and P18-CP(50) hydrogels were determined against 105 CFU/ml MRSA cells 

using the broth dilution method. Ciprofloxacin was used as a control. Bacterial samples from 

the well at sub-MIC of the hydrogels were withdrawn to make a bacterial dilution for 

subsequent testing. These bacterial solutions were then transferred to a fresh 96-well plate with 

new dilutions of the hydrogels and the control. Following an overnight incubation at 37°C, any 

variation in MIC values was assessed. This cycle was repeated daily for a total of 48 

generations (15 days). 
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5.3. Results and discussion 

5.3.1. Antimicrobial activity of P18 hydrogel 

In the present work, we have employed a lipopeptide hydrogel (P18 hydrogel, Fig. 5.1) and its 

ciprofloxacin (CP) co-assembled analog (P18-CP hydrogel) in the inhibition of planktonic 

MRSA and MRSA biofilms. 

 

Fig. 5.1. Chemical structure of the hydrogelator AMP P18. 

 

In the previous study from our group (Chapter 4), we reported a cationic non-cytotoxic and 

protease stable lipopeptide P18, that possessed high salt-tolerant antimicrobial activity against 

several ESKAPE pathogens (Gram-negative bacteria P. aeruginosa, K. pneumoniae and Gram-

positive bacteria S. aureus, Methicillin-resistant S. aureus (MRSA), along with the ability to 

self-assemble and form the hydrogel. The ability of P18 to form gel at pH 7.4, in addition to its 

excellent antimicrobial potency, tempted us to test the antimicrobial potency of the P18 

hydrogel.   

As seen from Fig. 5.2 a, P18 hydrogel (5 l, 0.2 % wt/vol) retained almost 95% of P18’s (in 

solution) activity against 105 cells of MRSA and P. aeruginosa, respectively. Since, P18 

hydrogel was very effective against MRSA; thus, we decided to continue our further studies 

with P18 hydrogel, against MRSA.  P18 hydrogel (5 l, 0.2% wt/vol) retained about 75% and 

60% of its activity against a final concentration of 106 and 107 MRSA cells (Fig. 5.2 b). 
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Fig. 5.2. Antimicrobial potency of a) P18 (in solution with 10 M concentration and as a 

hydrogel) against Methicillin-resistant S. aureus (MRSA; vancomycin as control for MRSA) 

and P. aeruginosa (PA; polymixin B as control for PA); b) P18 hydrogel against different cell 

counts of MRSA as studied from micro broth dilution assay. The data represents the mean of 

N=3 experiments (*p< 0.05, **p< 0.01, ***p< 0.001, ****p< 0.0001) via two way analysis of 

variance (ANOVA) with Sidak’s multiple comparison test for plot a) and Turkey’s multiple 

comparision test for plot b). 

 

10 µM vancomycin which was used as a positive control against 105 MRSA cells, also lost 

20% of its activity against 106 cells and almost complete activity against 107 MRSA cells, 

respectively. Thus, P18 hydrogel was a stronger antimicrobial agent with respect to 

vancomycin (10 µM) against 107 MRSA cells. MRSA has been reported to have developed 

antimicrobial resistance against several standard antibiotics. There are studies in the literature 

of combination therapy of antibiotics and AMPs, leading to very efficient potency against the 

microbes at their respective synergistic combinations.42 AMPs have also been employed in the 

potentiation of antibiotics against resistant microbes.44 We tested the activity of antibiotic CP 

against the MRSA strain (Fig. 5.3) to find that 85% of 105 cells, 50% of 106 of cells and 

only 5% of 107 cells of MRSA, were killed by 200 M CP.  
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Fig. 5.3. Antimicrobial activity of CP against 105, 106 and 107 no. of MRSA cells. 

 

5.3.2. Formation of co-assembled hydrogel and characterization 

With the intention of investigating if the activity of CP against the MRSA could be improved 

in combination with the P18 hydrogel, we prepared co-assembled hydrogels of CP and P18. 50 

µM CP readily formed a translucent hydrogel, P18-CP(50), with P18, as confirmed from the 

vial inversion test (Fig. 5.4 a and b). FESEM investigations of P18-CP(50) revealed the co-

existence of two distinct fibre-like and mesh-like morphologies, suggesting a plausible 

orthogonal mechanism of co-assembly (Fig. 5.4 c). 
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Fig. 5.4. Co-assembled hydrogel P18-CP(50). a), b) Formation and gel inversion test of P18-

CP(50). c) Morphological behaviour, d), e) rheological profile as a function of strain and 

angular frequency and f) step-strain rheological analysis of P18-CP(50). 

 

Viscoelastic properties of the gel were investigated via rheological studies. The co- assembled 

hydrogel was subjected to an oscillatory frequency sweep and strain dependence experiment. 

In the strain sweep experiment, G′ was found higher than G′′ till a particular strain, beyond 

which the two crossed each other indicating destabilization of the gel state (Fig. 5.4 d). In an 

angular frequency sweep experiment, at a constant strain, the G′ was found to be greater than 

G′′ till about 100 rad/s (Fig. 5.4 e), indicating a considerable mechanical strength of co-

assembled P18-CP(50) hydrogel. A time-dependent step-strain experiment was performed by 

varying the applied strains, keeping angular frequency constant at 1 rad/s, to evaluate the 

thixotropicity of P18-CP(50) hydrogel. Fig. 5.4 f confirmed that P18-CP(50) retained its gel 

nature at lower strain (γ = 0.1%), where the G′ value was greater than G′′, and lost its gel 

property at higher strain (γ = 100%), where the G′′ value was greater than G′. The gel state was 

restored upon lowering the applied strain. This cyclic interconversion in between the gel and 

the sol state, in response to the changing strain, established the thixotropicity of P18-CP(50).  
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5.3.3. Antibiotic release study from the co-assembled hydrogel 

The release ability of the antibiotic CP from the co-assembled gel was studied by monitoring 

the absorbance of the supernatant release medium over time (Fig. 5.5 a). About 80% of CP was 

released steadily over a span of 72 h from P18-CP(50) hydrogel.  

 

Fig. 5.5. a) Release study of CP from the various co-assembled hydrogels at different time 

intervals at pH 7.4, b) MALDI-TOF analysis of the release media of co-assembled hydrogel 

P18-CP(50) for release of CP and AMP P18. Antimicrobial potency of P18 hydrogel and co-

assembled hydrogel against Methicillin-resistant S. aureus (MRSA); c) Planktonic cells with 

105, 106 and 107 no. of MRSA cells; d) Inhibition of biofilm formation. The data represents the 

mean of N=3 experiments (*p< 0.05, **p< 0.01, ***p< 0.001, ****p< 0.0001) two-way 

analysis of variance (ANOVA) via Turkey’s multiple comparison test for plot c) and Welch 

analysis of variance (ANOVA) with Brown-Forsyth test for plot d). 

 

To check the loading ability of P18 hydrogel with CP, different concentrations of CP were co-

assembled with P18 to generate a host of various compositions of P18-CP hydrogels (Table 
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5.1). Though CP could be released from all the co-assembled hydrogels, the greatest % 

efficiency (95%) of release was obtained from the P18-CP(50) hydrogel (Fig. 5.5 a, Table 5.1) 

over 96 h. The % release efficiency of the antibiotic decreased with the increase of the 

concentration of the co-assembled antibiotic in the gels. Greatest amount (in wt.) of CP was 

released from the P18-CP(1000) hydrogel, though the % release of the drug was the most 

inefficient in this case (Table 5.1). For combination therapy, the release of P18 molecules from 

the co-assembled hydrogel, was of utmost importance. To investigate if the P18 was also 

released alongside the antibiotic, we performed a MALDI analysis of the supernatant release 

media. Fig. 5.5 b shows the MALDI spectra of the release media, which confirmed the presence 

of both P18 and the antibiotic in it. 

 

Table 5.1. Drug released from co-assembled hydrogels of different composition, at different 

time intervals (numbers in parentheses in the names of the gels indicate the final 

concentrations of the CP in μM).  

 

 

Hydrogels  P18-

CP 

(40) 

P18-

CP 

(50) 

P18-

CP 

(60) 

P18-

CP 

(70) 

P18-

CP 

(80) 

P18-

CP 

(90) 

P18-

CP 

(120) 

P18-

CP 

(1000) 

Conc. of 

CP (μM)  

40 50 60 70 80 100 120 1000 

Amount of 

CP (μg) 

7.7 9.62 11.55 13.47 15.4 19.25 23.1 192.5 

% Drug 

release (96 

h) 

79 96.2 83.1 75.0 82.1 49.8 57.4 27.2 

Amount of 

drug 

released 

(96 h,  μg )  

6.08 9.26 9.6 10.10 12.65 9.60 13.26 52.39 
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5.3.4. Investigation of antimicrobial potency of co-assemble hydrogels 

After having developed the co-assembled hydrogels, we decided to check their antimicrobial 

activity against 105, 106 and 107 planktonic MRSA cells and their efficiency in the inhibition 

of MRSA biofilms. We chose to study the activities of two compositions of co-assembled 

hydrogels: a) the P18-CP(50) with the highest % release of CP and b) the P18-CP(1000) 

hydrogel with the greatest quantity of CP release. Fig. 5.5 c represents the percentage growth 

of MRSA cells in the presence of P18 hydrogel and the co-assembled P18 hydrogels. While 

P18 hydrogel and both the co-assembled P18-CP hydrogels were capable of substantially 

preventing the growth of 105 MRSA cells, activity of the co-assembled gels were clearly better 

than the P18 hydrogel against greater number of cells (106 and 107). Thus, while P18 hydrogel 

prevented  80% and 60% of cell growth for 106 and 107 cells, P18-CP(50) prevented 85% 

and 75% of cell growth and P18-CP(1000) hydrogels prevented 95% of cell growth for both 

106 and 107 MRSA cells. 50 M CP prevented 75%, 40% and 5% cell growth and 1 mM CP 

prevented 95%, 82% and 35% cell growth for 105, 106 and 107 cells, respectively. Thus, 

the improved activity of the co-assembled hydrogel might be attributed to the combination 

effect of AMP P18 and antibiotic CP. As mentioned earlier, inhibition of biofilms of MRSA is 

far more challenging than the prevention of the planktonic cells. P18 hydrogel inhibited biofilm 

growth by 80%, while P18-CP(50) and P18-CP(1000) inhibited biofilm growth to a greater 

extent of 88% and99%, respectively (Fig. 5.5 d). 50 M CP and 1mM CP inhibited only 

6-8% and 20% of MRSA biofilms, respectively. Thus, the enhanced activity of the co-

assembled gels could only be accounted for by the combination effect of the AMP and CP. 

5.3.5. Cytotoxicity 

To utilize P18 hydrogel and co-assembled hydrogels for therapeutic purposes, it was important 

for them to be non-cytotoxic in nature. To investigate this, we performed an MTT assay against 
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two mammalian cell lines, HT22 and KB. (Fig. 5.6) Results suggested that P18 hydrogel and 

P18-CP(50) hydrogel have a non-cytotoxic effect on HT22 and KB cell lines with more than 

90% viable cells at their active concentrations, suggesting biocompatibility towards 

mammalian cells. On the other hand, P18-CP(1000) co-assembled hydrogel was found to be 

slightly cytotoxic compared to P18 hydrogel and P18-CP(50) hydrogel, which limited its 

applicability despite having very good activity against both planktonic MRSA with high cell 

counts and biofilm formation. 

Fig. 5.6. MTT assay of the hydrogels in mammalian cells; a) HT22 cells and b) KB cells. 

Control indicates cells without any sample treatment. The data represents the mean of N=3 

experiments (*p< 0.05, **p< 0.01, ***p< 0.001, ****p< 0.0001) via two-way analysis of 

variance (ANOVA) with Turkey’s multiple comparison test). 

 

5.3.6. Time kill kinetics and resistance development experiment 

Further, to evaluate the amount of time required to exhibit the bactericidal activity, bacterial 

killing kinetics was performed for both P18 hydrogel and P18-CP(50) hydrogels. MRSA 

bacterial cells (105 CFU/ml) were incubated with both the hydrogels at their respective MIC 

concentrations for 0, 5, 15, 15, and 60 min and then cultured on NB agar plates (Fig. 5.7). 
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Fig. 5.7. Time kinetics of the bactericidal activity of P18 hydrogel and P18-CP(50) hydrogel  

against MRSA cells. MRSA cells were treated with hydrogels for different time intervals and 

cells were spread on Agar plate for CFU count after overnight incubation at 37 °C. Bacterial 

killing percentage was calculated from CFU count of the plate in comparison to the control 

plate. (a) Negative control (untreated cells) plate and positive control plate (10 μM vancomycin 

treated cells). Plates treated with (b) P18 hydrogel and (c) P18-CP(50) hydrogel at time points 

3, 10, 15 and 20 min, respectively. 

 

Plotting of CFU counts as a function of time (Fig. 5.8 a) evidenced that P18 hydrogel required 

almost 45 min to show the complete killing activity, while P18-CP(50) needed 15 min to kill 

the microbes. This result proved the enhancement of the antimicrobial activity and the faster 

bactericidal effect of drug-loaded P18-CP(50) hydrogel compared to P18 hydrogel. Next, we 

examined the resistance development ability of the MRSA bacteria against P18 hydrogel and 

co-assembled P18-CP(50) hydrogel along with CP. Fig. 5.8 b demonstrated that the bacteria 

developed no resistance against P18 hydrogel and co-assembled P18-CP(50) hydrogel till 48 

generations. But, at the same time, multiple folds of increment in the MIC of CP were observed.  
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Fig. 5.8. a) Plot of percentage killing of MRSA at different time points, plotted from the CFU 

count, for P18 hydrogel and P18-CP(50) hydrogel; b) Change in MIC of P18 hydrogel, P18-

CP(50) hydrogel and CP against MRSA plotted as a function of the number of generations, 

showing no development of resistance in MRSA against hydrogels; FESEM images of MRSA 

cells in the absence and presence of hydrogels: c) negative control, d) P18 hydrogel and e) P18-

CP(50) hydrogel showing considerable deformation in cellular morphology. 

 

5.3.7. Effect of hydrogels on bacterial cell morphology 

A FESEM experiment was also conducted to visualize the effect of the P18 hydrogel and drug-

loaded P18-CP(50) hydrogel on the morphology of MRSA cells (106 CFU/ml). The control 

untreated cells showed the distinct spherical shape of MRSA bacterial cells with intact 

morphology (Fig. 5.8 c). In contrast, the bacterial cells treated with P18 hydrogel and P18-

CP(50) hydrogel (Fig. 5.8 d and e) displayed visible deformations of the membrane, implying 

a membranolytic mode of action. 

5.4. Conclusion 

In this study, we have been able to develop antimicrobial hydrogels effective in combating 

MRSA both in its planktonic and biofilms forms. Antibiotic co-assembled antimicrobial 

hydrogels (AMP P18+CP) were more effective than the AMP hydrogel P18. Of the different 
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compositions of antibiotic-loaded antimicrobial hydrogels studied here, P18-CP(1000) was the 

most effective and could completely prevent MRSA (105, 106, and 107) cell growth and biofilm 

formation, but showed slight cytotoxicity. P18-CP(50) hydrogel was the best overall 

therapeutic material developed in this study with enhanced antimicrobial efficacy and faster 

killing kinetics against MRSA, inhibitory activity towards MRSA biofilm formation, non-

cytotoxicity against mammalian cells and no development of antibiotic resistance against 

MRSA upto 48 generations. Such antimicrobial hydrogels are extremely promising therapeutic 

biomaterials that might help in combating MRSA biofilm related complications in the future. 

Overall, this study introduced combinatorial antimicrobial hydrogels of P18 and CP, 

demonstrating excellent results against MRSA, The present study only involves a single 

antibiotic and its efficacy against a single microbe. This study can be  taken ahead in the future 

by testing combinations of P18 with various other antibiotics as well as different microbial 

strains (Bacterial and fungal). Moreover, in vivo studies are crucial for real life applications. 

Our future studies will be directed towards animal model studies and development of non-

cytotoxic synergistic combinations.” 
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6.1. Thesis Overview 

In this thesis, we have designed a library of low molecular weight peptide-based gelator 

molecules capable of forming organogels/hydrogels under the influence of non-covalent 

interactions, and explored some of their possible applications in both biomedical and non-

biomedical fields of research. We have also investigated their self-assembly mechanism to 

understand the gelation process with the help of several experimental techniques. Chapter 2 

detailed the development of phase-selective, thermo-reversible, mechanically robust 

organogels formed by low molecular weight dipeptides that were rich in aromatic moieties 

through aromatic π-π stacking and hydrophobic interactions. Their phase-selective gelation 

ability rendered them as potential materials for controlling marine oil spills. Also, they were 

found to be useful as excellent dye absorbents in water purification and matrices for making 

conducting hybrid material by incorporation of RGO into them. 

In Chapter 3, a series of FF dipeptide analogs, FLF, FLLF, and FLLLF, was studied by 

incorporating a variable number of leucine amino acid residues as spacers in between the two 

Phe residues. With the help of extensive experimental investigations, we have conclusively 

established that distance in between the Phe residues, had no effect on the gelation properties 

of these peptides. All the peptides with variable length of the spacers were found to be equally 

efficient in gelation, and had similar mechanical strength and morphologies. Further, these 

organogels were utilized in the encapsulation of green and red core/core-ZnS shell CdSe QDs 

into their gel matrix with both retention and stabilization of their photo-physical properties, by 

the prevention of aerial oxidation.  

Chapter 4 dealt with a library of lipopeptides, varying in their hydrophobic-hydrophilic 

balance. We established that hydrophobic-hydrophilic balance of the peptides was pivotal in 

controlling several properties like secondary structure, self-assembly (morphology, kinetics, 

stability), antimicrobial properties (potency, killing kinetics, salt tolerance of the antimicrobial 
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activity) and protease resistance. Based on that, we have developed an extremely potent, non-

cytotoxic, salt tolerant and protease resistant AMP P18, against ESKAPE pathogens like P. 

aeruginosa, K. pneumonia, S. aureus and MRSA.  

In Chapter 5, P18 hydrogel was further explored for the development of hybrid antimicrobial 

hydrogels effective in combating MRSA both in its planktonic and biofilm forms by using the 

idea of combination therapy. Our study revealed that the new co-assembled hybrid 

antimicrobial hydrogels (AMP P18-CP(X)) were more effective with faster bactericidal effect 

against MRSA (105, 106 and 107) cell growth and the biofilm formation than the AMP hydrogel 

P18 and the antibiotic alone. Moreover, MRSA microbes were found to develop no resistance 

against these antimicrobial hydrogels, unlike ciprofloxacin. Such antimicrobial hydrogels are 

extremely promising therapeutic biomaterials that might help in combating MRSA biofilm-

related complications. 

 

6.2. Future Prospects 

Peptide-based supramolecular gels emerge as one of the most fascinating soft materials with 

diverse applications in biomedical and non-biomedical research. We believe that the insights 

gained from our studies will guide us to design peptides rationally and to understand the role 

of various driving forces along with other stimuli that are involved in gelation for the 

development of advanced peptide biomaterials with specific functions. However, we 

understand the practical applicability of any material necessitates addressing several factors 

like large manufacturing, greener synthesis methods with environmental sustainability, and 

real-world testing outside the laboratory. For industrial translation, it is essential to develop 

environmentally friendly synthesis procedures with high yield, using greener coupling reagents 

and replacing DMF with less hazardous solvents. Additionally, ensuring the efficiency of these 

materials for large-scale use is crucial. In the future, we aim to develop peptide gel-based 
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biomaterials by addressing the limitations of our current methods, thereby improving their 

quality and applicability. 

Some other approaches for betterment of our systems are underway. We are working on the 

improvement of the viscoelastic properties of the gels by introducing covalent cross-linkings 

and controlling the gelation rates. Stimuli responsiveness is another attractive property of gel 

materials, which we are trying to introduce into our systems. 

Apart from that, we also want to develop therapeutically important AMP-based materials with 

high potency, salt tolerance of antimicrobial activity, protease resistance, and non-cytotoxicity. 

Though our AMPs and their gels are very potent against both Gram-positive and Gram-

negative microbes, further in vivo studies involving animal models are necessary to establish 

their practical efficiency. Additionally, though we have incorporated combinatorial therapy in 

our studies, its full potential remains unexplored. Due to time constraints and limited 

availability of the facility, we could only perform combination therapy for only one antibiotic 

and against a single microbial strain. We intend to explore combination therapy with other 

available antibiotics to get improved potency against multi-drug resistant superbugs in both 

planktonic state and biofilm forms. Finally, we plan to apply our developed combination 

therapy in the in vivo animal infection models and wound healing models, which would provide 

them a possibility for pharmaceutical applications. Therefore, we look forward to introducing 

the above-mentioned features to our gels to create more advanced and tunable soft materials. 
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CHAPTER 2: APPENDIX 

 

 

Fig. A2.1. Analytical HPLC trace of the peptides P1. 

 

 

Fig. A2.2. Analytical HPLC trace of the peptides P2.
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Fig. A2.3. Analytical HPLC trace of the peptides P3. 

 

 

Fig. A2.4. Analytical HPLC trace of the peptides P4
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Fig. A2.5. ESI-MS of P1. Mass calc. for P1: (M+H)+ =438.208 Da; Mass Obs.: (M+H)+=438.2092 

Da. 

 

 

Fig. A2.6. ESI-MS of P2. Mass calc. for P2: (M+H)+ =413.208 Da; Mass Obs.: (M+H)+=413.2020 

Da.
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Fig. A2.7. ESI-MS of P3. Mass calc. for P3: (M+H)+ =385.178 Da; Mass Obs.: (M+H)+=385.1934 

Da. 

 

 

Fig. A2.8. ESI-MS of P4. Mass calc. for P4: (M+H)+ =399.188 Da; Mass Obs.: (M+H)+=399.1927 

Da. 
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Fig. A2.9. 400 MHz 1H NMR spectra of P1 recorded in DMSO-d6 at room temperature. (400 MHz, 

DMSO-d6) δ 10.82 (s, 1H, NH of indole ring), 10.40 (s, 1H, NH of backbone), 7.92 (d, J = 8.5 Hz, 

2H, Aromatic ring Hs), 7.75 (d, J = 8.6 Hz, 2H, Aromatic ring Hs), 7.65 (d, J = 7.9 Hz, 1H, 

Aromatic ring H),7.32 (d, J = 8.1 Hz, 1H, NH of Boc group), 7.18 (s, 1H, H of Aromatc ring),7.05 

(t, J = 7.7 Hz, 2H, Aromatic ring Hs), 6.97 (t, J = 7.4 Hz, 1H, H of Aromatic ring), 4.39 (d, J = 6.7 

Hz, 1H, H of alpha -CH), 3.82 (s, 3H, Hs of -CH3 group), 3.12 (dd, J = 14.6, 5.3 Hz, 1H, H of beta 

-CH2), 3.00 (dd, J = 14.5, 9.0 Hz, 1H, H of beta -CH2), 1.33 (s, 9H, Hs of Boc group). 
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Fig. A2.10. 400 MHz 1H NMR spectra of P2 recorded in DMSO-d6 at room temperature. 1H NMR 

(600 MHz, DMSO-d6) δ 10.36 (s, 1H, NH of backbone), 7.93 – 7.89 (m, 2H, Hs of Aromatic ring), 

7.74 (d, J = 8.8 Hz, 2H, Hs of Aromatic ring), 7.32 (d, J = 7.6 Hz, 1H, NH of Boc group), 7.27 (t, 

J = 7.5 Hz, 2H, Hs of Aromatic ring), 7.24 – 7.19 (m, 2H, Hs of Aromatic ring), 7.19 – 7.15 (m, 

1H, H of Aromatic ring), 4.10 (ddd, J = 9.5, 7.5, 4.7 Hz, 1H, H of alpha -CH group), 3.82 (s, 3H, 

Hs of -CH3 group), 2.71 (ddd, J = 13.3, 10.8, 5.0 Hz, 1H, H of beta -CH2 group), 2.58 (ddd, J = 

13.5, 10.8, 5.9 Hz, 1H, H of beta CH2), 1.97 – 1.83 (m, 2H, Hs of gamma -CH2 group), 1.40 (s, 

9H, Hs of Boc group). 

 

TH-3440_176122039



 

230 | P a g e  
 

 

Fig. A2.11. 400 MHz 1H NMR spectra of P3 recorded in DMSO-d6 recorded at room temperature. 
1H NMR (400 MHz, DMSO-d6) δ 10.57 (s, 1H, H of backbone NH), 7.93 – 7.88 (m, 2H, Hs of 

Aromatic ring), 7.74 – 7.68 (m, 2H, Hs Of Aromatic ring), 7.59 (d, J = 8.1 Hz, 1H, NH of Boc 

group), 7.52 – 7.47 (m, 2H, Hs of Aromatic ring), 7.38 – 7.27 (m, 3H, Hs of Aromatic ring), 5.36 

(d, J = 8.1 Hz, 1H, H of alpha -CH), 3.81 (s, 3H, Hs of -CH3), 1.39 (s, 9H, Hs of Boc group). 
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Fig. A2.12. 400 MHz 1H NMR spectra of P4 recorded in DMSO-d6 at room temperature. 1H NMR 

(400 MHz, DMSO-d6) δ 10.39 (s, 1H, NH of backbone), 7.96 – 7.90 (m, 2H, Hs of Aromatic ring), 

7.77 – 7.69 (m, 2H, Hs of Aromatic ring), 7.29 (dt, J = 14.8, 7.5 Hz, 4H, Hs of Aromatic ring and 

NH of Boc group), 7.20 (d, J = 7.7 Hz, 2H, Hs of Aromatc ring), 4.44 – 4.16 (m, 1H, H of alpha -

CH ), 3.82 (s, 3H, Hs of -CH3 group), 2.99 (dd, J = 13.7, 4.7 Hz, 1H, H of beta -CH2), 2.84 (dd, J 

= 13.7, 10.1 Hz, 1H, H of beta -CH2), 1.32 (s, 9H, Hs of Boc group).

 

 
Fig. A2.13. Calibration curve for a) CV and b) RB. 
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Fig. A2.14.  PXRD of a) graphene oxide and b) RGO incorporated into the hybrid organogels. a) 

TEM of RGO and b) Raman spectroscopy of GO and RGO. 

 

 

Fig. A2.15.  a) Raman spectra of GO and RGO. b) TEM image of RGO.(Raman analysis of GO 

and RGO was done by using a laser micro-raman (Horiba Jobin Vvon LabRam HR) with 514 nm 

laser excitation).
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Fig. A2.16. a) EDX analysis of GO and b) EDX analysis of RGO.(EDX analysis of graphene oxide 

and reduced graphene oxide has been done to estimate the wt% of Carbon and oxygen in the 

samples. While the C and O % were 64.07%. and 35.93% for graphene oxide, it was 82.02% and 

17.98% for RGO). 
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CHAPTER 3: APPENDIX 

 

 

Fig. A3.1. Analytical HPLC trace of Boc-FF-OMe in ACN/H2O. 

 

 

Fig. A3.2. Analytical HPLC trace of Boc-FLF-OMe in ACN/H2O.
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Fig. A3.3. Analytical HPLC trace of Boc-FLLF-OMe in ACN/H2O. 

 

 

Fig. A3.4. Analytical HPLC trace of Boc-FLLLF-OMe in ACN/H2O. 
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Fig. A3.5. ESI-MS (m/z) of Boc-FF-OMe. Calc. for (M+H)+ C24H30N2O5  = 427.2188 Da; Obs. 

for (M+H)+  = 427.2228 Da, (M+Na)+ = 449.2057 Da, (2M+Na)+ = 875.4211 Da.
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Fig. A3.6. ESI-MS (m/z) of Boc-FLF-OMe. Calc. for (M+H)+ C30H41N3O6  = 540.3029 Da; Obs. 

for (M+H)+  = 540.3068 Da, (M+Na)+ = 562.2896, (2M+Na)+ = 1102.5932 Da.
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Fig. A3.7. ESI-MS (m/z) of Boc-FLLF-OMe. Calc. for (M+Na)+ C36H52N4O7  = 675.3734 Da; 

Obs. for (M+Na)+ = 675.3726, (2M+Na)+ = 1327.7546 Da.
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Fig. A3.8. ESI-MS (m/z) of Boc-FLLLF-OMe. Calc. for (M+H)+ C42H63N5O8  = 766.4710 

Da; Obs. for (M+H)+  = 766.4755 Da, (M+Na)+ = 788.4584 Da. 
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Fig. A3.9. 600 MHz 1H NMR spectrum of Boc-FF-OMe recorded at 5 mM concentration in CDCl3 

at at room temperature. 1H NMR (600 MHz, Chloroform-d) (Figure S9): 1H NMR (600 MHz, 

Chloroform-d) δ 7.30 – 7.17 (m, 8H), 7.04 – 6.93 (m, 2H), 6.29 (b, 1H), 4.94 (b, 1H), 4.84 – 4.73 

(m, 1H), 4.33 (b, 1H), 3.67 (s, 3H), 3.13 – 2.94 (m, 4H), 1.40 (s, 9H).  
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Fig. A3.10. 600 MHz 1H NMR spectrum of Boc-FLF-OMe recorded at 5 mM concentration in 

CDCl3 at at room temperature. 1H NMR (600 MHz, Chloroform-d) (Figure S10): δ 7.34 – 7.22 (m, 

8H), 7.11 (t, J = 9.3 Hz, 2H), 6.50 (s, 1H), 6.36 (s, 1H), 4.84 – 4.72 (m, 1H), 4.45 – 4.31 (m, 1H), 

4.30 – 4.01 (m, 2H), 3.71 (d, J = 3.0 Hz, 3H), 3.18 – 2.96 (m, 3H), 2.59 (s, 1H), 1.87 (dd, J = 14.1, 

6.8 Hz, 2H), 1.42 (dd, J = 15.0, 2.9 Hz, 10H), 0.95 – 0.89 (m, 6H). 

 

 

 

 

 

 

 

 

 

TH-3440_176122039



 

242 | P a g e  
 

 

Fig. A3.11. 600 MHz 1H NMR spectrum of Boc-FLLF-OMe recorded at 5 mM concentration in 

CDCl3 at at room temperature.  1H NMR (600 MHz, Chloroform-d) (Figure S11): δ 7.33 – 7.27 

(m, J = 7.1 Hz, 3H), 7.26 – 7.24 (m, 2H), 7.23 – 7.11 (m, 5H), 6.76 (b, 1H), 6.60 (b, 1H), 6.35 (d, 

J = 8.1 Hz, 1H), 5.29 (d, J = 6.9 Hz, 1H), 4.84 (q, J = 7.0 Hz, 1H), 4.37 – 4.31 (m, 2H), 4.25 (q, J 

= 7.5 Hz, 1H), 3.71 (s, 3H), 3.16 (dd, J = 13.9, 5.8 Hz, 1H), 3.09 (ddd, J = 21.4, 13.9, 7.1 Hz, 2H), 

2.89 – 2.82 (m, 1H), 1.71 – 1.60 (m, 4H), 1.46 – 1.42 (m, 1H), 1.41 – 1.25 (m, 10H), 0.99 – 0.75 

(m, 12H). 
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Fig. A3.12. 600 MHz 1H NMR spectrum of Boc-FLLLF-OMe recorded at 5 mM concentration in 

CDCl3 at room temperature. 1H NMR (600 MHz, Chloroform-d) (Figure S12): δ 7.40 – 7.27 (m, 

5H), 7.26 – 7.18 (m, 5H), 6.97 (b, 3H), 6.30 (d, J = 5.4 Hz, 1H), 4.88 (s, 1H), 4.80 (q, J = 7.4 Hz, 

1H), 4.44 – 4.36 (m, 2H), 4.22 – 4.14 (m, 2H), 3.69 (s, 3H), 3.20 – 3.00 (m, 4H), 1.82 (s, 1H), 1.70 

– 1.60 (m, J = 5.0 Hz, 6H), 1.42 (s, 9H), 1.33 – 1.28 (m, 2H), 0.97 – 0.74 (m, 15H).  
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CHAPTER 4: APPENDIX 

 

Fig. A4.1. Analytical HPLC trace for P8. 

 

Fig. A4.2. Analytical HPLC trace for P1
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Fig. A4.3. Analytical HPLC trace for P12. 

 

Fig. A4.4. Analytical HPLC trace for P14
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Fig. A4.5. Analytical HPLC trace for P16. 

 

Fig. A4.6. Analytical HPLC trace for P18
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Fig. A4.7. MALDI-TOF mass spectra of P8. Calc. (M+H)+ = 754.9793 Da; Obs. (M+H)+ = 

755.048 Da.
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Fig. A4.8. MALDI-TOF mass spectra of P10. Calc. (M+H)+ = 782.5650 Da; Obs. (M+H)+ = 

783.188 Da, (M+Na)+ =805.295 Da.
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Fig. A4.9. MALDI-TOF mass spectra of P12. Calc. (M+H)+= 810.5963 Da; Obs. (M+H)+ 

=810.663 Da.

TH-3440_176122039



 

250 | P a g e  
 

 
Fig. A4.10. MALDI-TOF mass spectra of P14. Calc. (M+H)+ = 838.6276 Da; Obs. (M+2H)+ 

=840.262 Da, (M+Na) + =861.392 Da.
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Fig. A4.11. MALDI-TOF mass spectra of P16. Calc. (M+H)+ = 867.6589 Da; Obs. (M+H)+ = 

867.896 Da.
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Fig. A4.12. MALDI-TOF mass spectra of P18. Calc. (M+H)+ = 894.6902 Da; Obs. (M+2H)+ = 

895.885 Da.
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Fig. A4.13. 600 MHz 1H NMR of P8  recorded in D2O at room temperature. 1H NMR (600 MHz, 

D2O).  0.79-0.90 (9Hs: 3Hs from long-chain -CH3 and 6Hs from two -CH3 of Val), 1.2-1.4 (13 Hs: 

10Hs from long-chain, 3Hs from -CH3 of Ala), 1.6-1.8 (14 Hs: 8Hs from Arg, 4Hs from Lys, 2H 

from long-chain), 2.05-2.2 (3Hs: 1Hs from Val, 2Hs from K), 2.9-3.1 (6Hs: 4Hs from Arg, 2Hs 

from Lys), 4.06-4.2 (5Hs, 5 αH).
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Fig. A4.14. 600 MHz 1H NMR of P10 recorded in D2O at room temperature. 1H NMR (600 MHz, 

D2O).  0.8-0.89 (9Hs: 3Hs from long-chain -CH3 and 6Hs from two -CH3 of Val), 1.2-1.4 (17 Hs: 

14Hs from long-chain, 3Hs from -CH3 of Ala), 1.6-1.8 (14 Hs: 8Hs from Arg, 4Hs from Lys, 2H 

from long-chain), 2.06-2.2 (3Hs: 1Hs from Val, 2Hs from K), 2.9-3.1 (6Hs: 4Hs from Arg, 2Hs 

from Lys), 4.07-4.2 (5Hs, 5 αH).
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Fig. A4.15. 600 MHz 1H NMR of P12 recorded in D2O at room temperature. 1H NMR (600 MHz, 

D2O).  0.8-0.92 (9Hs: 3Hs from long-chain -CH3 and 6Hs from two -CH3 of Val), 1.2-1.4 (21 Hs: 

18Hs from long-chain, 3Hs from -CH3 of Ala), 1.7 (14 Hs: 8Hs from Arg, 4Hs from Lys, 2H from 

long-chain), 2.05-2.2 (3Hs: 1Hs from Val, 2Hs from K), 2.9-3.1 (6Hs: 4Hs from Arg, 2Hs from 

Lys), 4.06-4.2 (5Hs, 5 αH).
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Fig. A4.16. 600 MHz 1H NMR of P14 recorded in D2O at room temperature. 1H NMR (600 MHz, 

D2O).  0.83-0.93 (9Hs: 3Hs from long-chain -CH3 and 6Hs from two -CH3 of Val), 1.2-1.4 (27 Hs: 

24Hs from long-chain, 3Hs from -CH3 of Ala), 1.7 (13 Hs: 8Hs from Arg, 4Hs from Lys, 1H from 

Val,), 2.05-2.2 (2Hs: 2Hs from K), 2.9-3.1 (6Hs: 4Hs from Arg, 2Hs from Lys), 4.1-4.3 (5Hs, 5 

αH).
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Fig. A4.17. 600 MHz 1H NMR of P16 in D2O at room temperature. 1H NMR (600 MHz, D2O).  

0.79-0.89 (9Hs: 3Hs from long-chain -CH3 and 6Hs from two -CH3 of Val), 1.22-1.3 (29 Hs: 26Hs 

from long-chain, 3Hs from -CH3 of Ala), 1.6-1.8 (14 Hs: 8Hs from Arg, 4Hs from Lys, 2H from 

long-chain), 2.06-2.25 (3Hs: 1Hs from Val, 2Hs from K), 2.9-3.18 (6Hs: 4Hs from Arg, 2Hs from 

Lys), 4.1-4.3 (5Hs, 5 αH).
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Fig. A4.18. 600 MHz 1H NMR of P18 recorded in D2O at room temperature. 1H NMR (600 MHz, 

D2O).  0.83-0.93 (9Hs: 3Hs from long-chain -CH3 and 6Hs from two -CH3 of Val), 1.25-1.3 (33 

Hs: 30Hs from long-chain, 3Hs from -CH3 of Ala), 1.8 (14 Hs: 8Hs from Arg, 4Hs from Lys, 2H 

from long-chain), 2.07-2.2 (3Hs: 1Hs from Val, 2Hs from K), 2.9-3.2 (6Hs: 4Hs from Arg, 2Hs 

from Lys), 4.1-4.3 (5Hs, 5 αH).
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Fig. A.4.19. Growth curve of MRSA bacterial strain 
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CHAPTER 5: APPENDIX 

 

  

Fig. A5.1. Antimicrobial potency of P18 hydrogel. Microbial cell viability (in % growth) of 

Methicillin-resistant S. aureus (MRSA) with 105 CFU/ml cell counts. 

 

 

Fig. A5.2. Calibration curve of ciprofloxacin
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