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ABSTRACT 

 

Natural biomolecular assemblies commonly involve non-covalent interactions among the 

specific building blocks, which can also be replicated in an artificial setup to fabricate the 

next-generation materials. In this direction, self-assembly of short peptides into a well-

ordered supramolecular structure has gained immense interest for developing advanced 

materials at the nano dimension. In particular, differential supramolecular assemblies by 

modulating the self-assembling pathways can be achieved from a single type of building 

block, which responds differentially towards different cell types. In this context, we have 

designed oppositely charged collagen inspired shortest bioactive pentapeptide sequence as 

a minimalistic building block for development of next-generation biomaterials. Our 

rational design involves synthesis of two pentapeptides, where the fundamental molecular 

motif of collagen, that is Gly-X-Y has been mutated at the central position with positively 

charged, lysine, and negatively charged, aspartate residues, respectively to create ionic 

complementary peptides. Interestingly, simple mixing of the two peptides was found to 

induce the co-assembly of these designed peptides, which drives the formation of self-

supporting hydrogel at physiological pH and thus enhanced the potential of exploring these 

peptides for biomedical applications. Furthermore, our approach was focused on 

mimicking the diverse biomolecular entities present in the native extracellular matrix 

(ECM) to create a closer mimic of the similar domain. In this direction, we have developed 

a conjugated hydrogel consisting of nanocellulose and collagen inspired complementary 

ionic peptides. Further, these biomolecular hydrogel constructs were explored towards 

cellular studies in order to develop a superior biomaterial, which represents an ideal replica 

of native ECM. Interestingly, these combined scaffolds supported cellular behaviour of 

both fibroblast as well as neural cells, highlighting the diversities of these conjugate 

hydrogels. Furthermore, we have attempted to overcome the limitations of negatively 

charged collagen inspired peptide to self-assemble at physiological pH along with the 

decreased cellular viability owing to the surface charge of the peptide by introducing the 

metal ions in the ensemble state. In this direction, we have explored the cooperative effect 

of the divalent metal ions to promote hydrogelation in the short collagen inspired peptide 

for developing advanced biomaterials. The presence of metal ions showed a distinct shift 
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in its equilibrium point of gelation and demonstrated the conversion from sol to gel at 

physiological pH and thus enabling the scope of fabricating an advanced biomaterial for 

controlling cellular behaviour. In similar direction, we have demonstrated the process of 

biomineralization in collagen inspired peptide and growth of Ca/P crystals on the peptide 

fiber. Furthermore, the peptide hydrogel scaffold exhibited good biocompatibility and 

supported adhesion of osteoblast cells. To this end, we have also quantified the biochemical 

marker (ALP) for determining the characteristic features of osteoblast cells. In this context, 

we have utilized the positively charged collagen inspired peptide to construct the spherical 

nanoparticles encapsulating an antimicrobial agent, ferulic acid. Interestingly, the 

nanoparticles demonstrated a dynamic shape transition into nanofibers when exposed to 

the basic environment of chronic wound, hence releasing the encapsulated ferulic acid. 

Furthermore, the collagen functionality induced biocompatibility and fast growth of the 

fibroblast cells on the surface. Thus, the bio-nano construct provided a dual functionality 

and environmental tunability, and offering advancement in the wound healing applications. 
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SYNOPSIS 

 

Bioinspired nanoarchitecture has lately gained attention as a versatile method for bridging 

the gap between fundamental biology and nanotechnology. Amidst several of these 

biomolecular entities, peptides are one of the essential components of proteins, which have 

emerged as the versatile candidate for the creating these nanomaterials. The utilization of 

short peptides as a building block has received a lot of interest because of their unique 

physical, chemical, and biocompatible attributes, which can be used in a variety of 

biomedical and nanotechnological applications related to biomedicine. Peptides have the 

unique advantage of offering variations in their sequence through variable side chains, 

which allows further modifications for necessary attachment of other biomolecular 

functionalities. This unique feature can lead to the variable molecular packing of these 

peptide monomers at the nanoscale, and thus resulting in a diverse range of hierarchical 

supramolecular structures. Ultrashort peptides are an important group of building blocks, 

which can manufacture and regulate the de novo design of self-assembled materials in a 

modular manner because of their diversity, flexibility, and ease of synthesis. These 

bioinspired short peptides follow a fascinating bottom-up approach called molecular self-

assembly to produce these hydrogel scaffolds. Furthermore, the peptide hydrogels 

produced by simple non-covalent interactions are distinctive from the polymeric cross-

linked hydrogels in terms of their inherent stimuli responsive nature under simple 

environmental changes. In particular, these biomaterials are extremely responsive towards 

external stimuli, which provides the unique property of displaying stimuli responsiveness 

to harness differential supramolecular structures based on a single gelator molecular 

structure. In this thesis, we have attempted to mimic one of the most abundant proteins of 

extracellular matrix (ECM), i.e., collagen and studied the effect of differential stimuli in 

producing diverse nanostructures from our minimalist peptide design that can control 

biochemical properties of the designer bioinspired scaffolds for fabrication of next 

generation biomaterials. 

In particular, a single building block can attain differential supramolecular nanostructures 

by modulating their assembling pathways, which responds differentially towards different 

cell types. These peptide-based nanostructures offer extensive advantages in field of 



x 

 

biomedicine owing to their biocompatible nature and easy synthetic strategies. Further, we 

were interested in developing a bioactive peptide scaffold as a synthetic mimic of the 

natural extracellular matrix. Several of the macromolecules are responsible for regulating 

the functional processes of the ECM, out of which, collagen has been represented as the 

most abundant protein that plays a crucial role in cellular adhesion and proliferation. 

Recent developments in collagen inspired peptides were inclined toward the minimalist 

approach, which focusses on production of self-assembling short peptides capable of 

mimicking complex higher order structures with tunable mechanical properties. We have 

designed oppositely charged collagen inspired shortest bioactive pentapeptide sequences, 

as a minimalistic building block for the development of next-generation biomaterials. In 

particular we have rationally designed two collagen inspired short peptides with the 

oppositely charged amino acids such as lysine and aspartic acid. Depending on their overall 

surface charge, these individual peptides showed high propensity to form self-supporting 

hydrogel either at acidic or basic pH, which limits their biomedical applications. The 

differential surface charge of these peptide offers specific site for salt bridge interactions 

to induce the self-assembly within these peptides at the physiological pH. Such coulombic 

interactions further trigger the formation of the self-assembled hydrogels at physiological 

pH, which allows the possibility to explore these peptidic nanostructures towards 

biomedical applications. Very interestingly, a simple and facile strategy was utilized to 

maximize this attractive interaction by simply mixing the two components at a certain ratio 

and switching the pH of the medium to the physiological pH. The self-supporting co-

assembled hydrogel enhanced the potential of exploring these peptides for biomedical 

purposes. This co-assembly of ionic peptides was further accompanied by the enhancement 

in the mechanical stiffness of the gels and reduction in overall zeta potential of the 

combined hydrogel, which provides the evidence for additional electrostatic interactions 

during salt-bridge formation other than π-π interactions and hydrogen bonding at the 

nanoscale. Furthermore, the thixotropic nature of these gels offers an additional advantage 

of exploring these designer biomaterials as injectable gels. The nanofibers of co-assembled 

hydrogel were found to be highly biocompatible to the fibroblast cells compared to the 

individual peptides, which was evident from their cytotoxicity studies. We anticipate that 

our rational design of ECM protein mimics in the form of short bioactive peptides will 
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contribute significantly to the development of novel biomaterials and may open up a new 

avenue in the field of tissue engineering and regenerative medicines. 

In this context, it is worth mentioning that the native ECM is composed of several 

macromolecules like, adhesion proteins, enzymes, minerals along with carbohydrate, 

glycosaminoglycans etc. that provide structural support and biochemical signalling for 

cellular adhesion and migration. Hence, it will be very interesting to see the effect of 

conjugating a sugar moiety to these collagen inspired peptides, which will provide the extra 

structural stability to the synthetic scaffold and will represent a closer mimic of the native 

ECM. To this end, protein and polysaccharides-based hydrogels have gained tremendous 

impetus in the field of tissue regeneration and other healthcare applications. Since, these 

novel biomaterials present a more realistic model for biological environment in the cellular 

neighbourhood, we have developed a new class of conjugated hydrogel based on 

carbohydrate polymer, that has been fabricated from biomass derived nanocellulose and 

collagen inspired complementary ionic peptides. Interestingly, these conjugate hydrogels 

were constructed via simple non-covalent interactions. The synthetic strategy utilized 

TEMPO oxidized cellulose nanofibers, which presented the anionic surface charge, and 

thus offer the scope of electrostatic interactions with the oppositely charged moieties of 

ionic peptides. Conjugate hydrogels developed from nanofibrillar cellulose and collagen 

inspired peptides showed enhanced mechanical strength as compared to the native peptide 

hydrogel. Further, these biomolecular hydrogel constructs were explored towards cellular 

studies in order to develop a superior replica of native extracellular matrix. Interestingly, 

differential cellular response could be induced in such novel biopolymeric matrix by 

judicious tuning of the intermolecular interactions to fabricate suitable matrix with variable 

physical properties, like, porosity, mechanical stiffness etc. Tunable porous network of 

these conjugated biopolymeric hydrogels stabilized by combination of CH/π, as well as 

hydrogen bonding interactions along with electrostatic interactions between the cellulose 

and collagen inspired peptides present a scaffold that successfully mimic the merits of the 

native extracellular matrix by combining peptide and sugar leading to significant cellular 

adhesion, growth, and proliferation. Interestingly, these combined scaffolds supported 

cellular behaviour of both fibroblast as well as neural cells, highlighting the diversities of 

these conjugate hydrogel. 



xii 

 

Further in this direction, it is worth mentioning that several metal ions play crucial role in 

cellular functions. In order to mimic these metal coordinated biological nanostructures, the 

short peptide gelator was explored to show their differential interaction in presence of metal 

ions, which promote the hydrogelation in the short collagen inspired self-assembling 

peptides for developing advanced biomaterials. Introduction of the biologically relevant 

metal ions (Ca2+/Mg2+) to the negatively charged peptide surpasses its limitation to self-

assemble into a multi-scale structure at physiological pH. In particular, the negatively 

charged peptide NapFFGDO has demonstrated its ability to self-assemble at pH 5.0 but 

failed to self-assemble at physiological pH and remained as solution. Interestingly, the 

negatively charged moiety present at the surface of these nanofibers offers an additional 

advantage to undergo metal ion interaction to induce the hydrogelation among these short 

peptides. In presence of metal ions, the negatively charged peptide showed a distinct shift 

in its equilibrium point of gelation and demonstrated conversion from sol to gel at the 

physiological pH and thus enabling the scope of fabricating an advanced biomaterial for 

controlling cellular behaviour. Thus, with the addition of divalent metal salts to the 

NapFFGDO peptide, a threefold advantage has been achieved at the molecular domain that 

includes: 1) successful gelation at physiological pH as well as 2) lowering of the minimum 

gelation concentration, and thus facilitating the self-assembly of the peptide monomers and 

3) an improvement in the physical properties like mechanical strength was achieved with 

an exceptional improvement biological response. More importantly, the metal coordinated 

peptide hydrogels were found to overcome the limitations of the negatively charged 

peptides and promoted biocompatibility and cellular proliferation at physiological pH. 

Thus, this study emphasizes the importance of incorporating metal ions as a simplistic 

approach for fine tuning of the structural and functional property of the synthetic matrix. 

Such an approach of cooperative self-assembly enhances the scope or these biomaterials, 

which can be applied in developing extracellular matrix mimics for futuristic applications. 

Further, as these peptide amphiphiles are known to attain diverse nanostructures when 

exposed to differential external stimuli or environmental conditions. We were keen to 

explore their potential for other therapeutic applications. In this direction, we have 

developed peptide-based nanoparticles, which encapsulate ferulic acid for its applications 

as efficient antimicrobial. Peptide-based supramolecular nano-assemblies have received 
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much attention due to their importance in drug delivery, therapeutics, and tissue 

regeneration owing to their stimuli responsive behaviour and biological relevance. Recent 

developments in dynamic self-assembly have shifted the emphasis towards producing 

novel nanostructures with stimuli-responsive assembly behaviour. We have developed a 

bio-nano construct with dual functionality and environmental tunability, offering 

advancements in the wound healing applications. In particular, we have utilized a collagen 

inspired peptide amphiphile to fabricate spherical nanoparticles via nanoprecipitation, and 

explored its unique intrinsic stimuli-responsive self-assembling property to encapsulate 

and release the hydrophobic drug, ferulic acid. The peptide-based spherical nanoparticles 

demonstrated a dynamic behaviour and a shape transition into nanofibers when exposed to 

the basic environment of a chronic wound, and triggering the release of the encapsulated 

ferulic acid. The structural transformation of the nanoparticles into the nanofibers provided 

an advanced synthetic scaffold for wound regeneration while the released ferulic acid 

provided assistance in combating microbial infection to offer a dual advantage of the nano-

construct. Interestingly, the novel nanocarrier demonstrated an enhanced efficacy in the 

bactericidal effect offered by ferulic acid. Such transmorphic behaviour of the peptide 

could be used for constructing stimuli-responsive nano-assemblies for overcoming the 

limitations of the hydrophobic drugs in therapeutics. 

We further explored the mineralization capability of these collagen inspired peptides to 

grow hydroxyapatite crystals on these peptide nanofibers. Collagen plays a crucial role in 

mineralizing several of the bone tissues while working with some of the non-collagenous 

proteins. These non-collagenous proteins are rich in acidic amino acid, which in principle, 

provide the nucleation sites for the hydroxyapatite growth. Inspired from this natural 

phenomenon, we have demonstrated the nucleation and growth of the hydroxyapatite 

crystals on these short collagen inspired peptide derived nanofibers. AFM studies revealed 

the slow growth of the hydroxyapatite crystal on these peptide fibers. Interestingly, these 

mineralized fibers have demonstrated enhancement in the young’s modulus value of the 

individual fiber via peak force quantitative nano-mechanics. Furthermore, the mineralized 

collagen fibers have showed compatibility with the osteoblast cells up to 15 days of 

incubation. Upregulation of ALP expression and increased calcium content in the 

osteoblast cells showed the effectiveness of the mineralized peptide. These results 
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suggested that these short bioactive peptides can be exploited for a range of biomedical 

strategies in developing grafts for bone tissue regeneration. 

Thus, the work in this thesis demonstrated the importance of external stimuli or 

environmental conditions in developing differential nanostructures with differential 

functions from a single peptide monomer. The research findings represent the electrostatic 

interactions among the oppositely charged peptides inspired from the single tripeptide unit 

of collagen molecule to develop a more biocompatible co-assembled system. The studies 

further demonstrated the benefits of conjugating carbohydrate polymer into these short 

peptides in developing a tunable synthetic scaffold. Furthermore, the thesis also 

demonstrates the cooperative effect of adding simple metal ions to promote hydrogelation 

and access superior physical properties and enhanced cellular compatibility. The studies 

further highlight the stimuli responsive shape transformable behaviour of these peptide 

nanostructures to encapsulate and release the hydrophobic drug molecules, serving a dual 

function of antibacterial agents and providing synthetic scaffold for the wound site. This 

thesis also demonstrated the controlled growth of hydroxyapatite crystals on these collagen 

fibers, which may display potential applications in bone tissue regeneration. Furthermore, 

by controlling the suitable parameters a single gelator molecule can lead to the fabrication 

of diverse nanostructures, which may serve significant potential in differential biomedical 

and tissue engineering applications. The non-conventional approach utilized for generating 

the diverse nanostructures from a collagen inspired peptide to develop synthetic scaffold 

holds great potential to create advanced nanomaterials for future biomedicine. 
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Designing novel short self-assembling peptide amphiphiles inspired from native 

ECM derived collagen triple helix to fabricate diverse nanoscale structure to 

access diverse functions for wide range of biomedical applications, like drug 

delivery, antimicrobials as well as advanced tissue scaffolds.  
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1. Introduction 

“I would like to describe a field, in which little has been done, but in which an enormous 

amount can be done in principle. This field is not quite the same as the others in that it 

will not tell us much of fundamental physics, but it is more like solid-state physics in 

the sense that it might tell us much of great interest about the strange phenomena that 

occur in complex situations.” 

-Richard Feynman 

In 1959, Richard Feynman gave a classic talk entitled “There is Plenty of Room at the 

bottom” in an Annual meeting of American Physical Society at Caltech and the 

transcript was published in Caltech’s Engineering and Science.  

Over the last two decades, the world has witnessed a tremendous advancement in the 

nanotechnology brings hope for the improvement in the field of healthcare and 

medicines.1, 2 The current healthcare system is facing a huge challenge in the form of 

tissue injuries and degenerative disorders. The development of innovative functional 

treatments that may effectively repair and functionally regenerate tissue after injury or 

degeneration is becoming increasingly important.3, 4 Tissue grafts (autografts, 

allografts, and xenografts) are commonly employed in this approach and are usually 

regarded the gold standard in clinical research.5 However, their restricted availability, 

negative immunological responses, poor biological response, and insufficient stability 

have long cast doubt on their suitability for sophisticated biomedical applications. 

These limitations have initiated the new discoveries that paved the way for the evolution 

of the contemporary study of "Biomaterials Science." The area of biomaterials research 

has progressed from the early 1970s, with the usage of "inert" and non-interactive 

materials to the current concept of producing cell instructive scaffolds that may drive 

live tissue regeneration by modifying cellular pathways at the molecular level.6, 7 A 

wide range of materials have been invented towards the creation of sophisticated tissue 

mimics in this unique branch of science. Because of their inherent abundance in the 

native extracellular matrix (ECM), peptides and sugars are receiving emerging attention 

as they offer of attractive prospects in the field of biomaterial creation. They also fit 

perfectly into the contemporary frontier of biomaterial design, which is founded on the 

revolutionary idea of biomimicry. Advancement in field of tissue engineering inspires 

the use of close mimic of biological macromolecules to produce highly complex 
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extracellular matrix composition and architecture similar to that of native ECM.8-10 The 

success of these synthetic biomaterials relies on the fact that it should match the 

necessary requirements of providing bioactive signals to modify cellular activity and 

aid tissue regeneration. It is also well documented that mechanical properties, such as 

matrix stiffness, topography, and porosity can significantly influence important cellular 

processes like adhesion, growth, proliferation, migration, and differentiation through 

sending necessary biophysical cues to the cells. Thus, effective repair and regeneration 

need a recapitulation of the native tissue's biophysical features. Because of the 

biocompatibility, biodegradability, and flexibility to achieve desired tunable 

modifications, the construction of cell instructive scaffolds from these bioactive 

peptides inspired from the natural ECM might be an attractive approach to develop 

advanced strategy in tissue regeneration. Furthermore, peptide possess inherent bio-

functionality, which results in more biocompatibility in comparison to the synthetic 

polymeric scaffolds.11-14 The peptide-based biomaterials can therefore offer important 

biological signals to control cellular destiny and functions and thus represents 

themselves as more appropriate biomaterial. These bioactive peptides with functional 

epitopes may self-assemble at physiological pH to produce a variety of supramolecular 

structures to stimulate several important biological pathways that govern cellular 

activity. Furthermore, a diverse functionality of the amino acids constituting the peptide 

backbone allows the production of a wide range of physicochemical responsive 

materials in order to manufacture ECM-mimetic hierarchically structured complex 

biomaterials from these monomeric units.15, 16 Furthermore, exploration of bio-inspired 

sugar-peptide interactions to produce biomolecular scaffolds is another emerging 

method in this field, which has a lot of potential in the creation of next-generation 

biomaterials. Such multiscale assembly is expected to fabricate advanced functional 

material to solve various healthcare issues. 

In this thesis, we have tried to explore molecular self-assembly of a collagen inspired 

pentapeptide to produce differential nanostructures that offer different biomedical 

applications. In principle, the newly developed biomaterials work by exploring the 

minimalistic design principle along with the bioinspired approach towards mimicking 

the complexity of the native ECM, which may offer significant translational potential 

in future.  
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1.1 Molecular self-assembly 

Molecular self-assembly is the spontaneous arrangement of molecules into stable, 

structurally well-defined aggregates through non-covalent bonding and under 

equilibrium conditions.17 The field of molecular self-assembly has captured tremendous 

attention in the broad area of material science as a bottom up approach as it provides 

the facile production of materials from simple building blocks with tailored properties 

and performances.18, 19 A multitude of diverse functional nanostructures generated by 

this elegant molecular self-assembly strategy are common in nature.20, 21 The relevance 

of molecular complementarity and compatibility in the construction of these 

spontaneous self-assembled structures is also reflected in the development of suitable 

functional biomaterial. Over the years of molecular selection and evolution, Nature has 

mastered the skill of selecting chemically compatible and structurally sustainable 

ingredients for molecule self-assembly.22-24 These self-assembled structures are 

necessary for life because they ensure the precise operational activities of each and 

every live cell in biology.  

 

Figure 1.1 World of peptide amphiphile with their potential applications in the field of 

biomedicine and healthcare. 

Complex structures created by molecular self-assembly include lipid bilayers and 

vesicles as barriers or containers for subcellular organelles, highly organized polymeric 
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nucleic acids (DNA) as genetic information carriers, 3D polypeptides and proteins as 

ion pumps, cytoskeleton, and action executors.25, 26 The functions of these 

macromolecules are determined by the arrangement of their primary building blocks at 

nanometer scale. Through these unique architectural wonders of biological world, 

Nature inspires us to design, produce, and manufacture superior and useful biomaterials 

by employing the fundamental knowledge acquired from its native molecular structural 

arrangements. 

As described, molecular self-assembly is inherent in biological world and can be seen 

in several of the biological processes: microtubule formation, cytoplasmic membrane, 

DNA double helix formation, multicomponent protein molecule.27, 28 All these 

macromolecules are in their self-assembled state, where in case of microtubule 

formation, polymerization of two globular proteins (alpha and beta tubulin) occurs to 

form protofilament leading to the formation of hollow tube-like structure called 

microtubule.29 Similarly, well-ordered arrangement of the polar head molecules in the 

phospholipid bilayer and the nonpolar ends of the fatty acid chains leads to the 

formation of plasma membrane. Its stability is mostly due to the hydrophobic contact. 

This membrane is stable enough to act as a barrier to the transit of water-soluble ions 

(Na+, K+, and Ca2+) and molecules to carry out crucial life processes. More importantly, 

DNA is another important self-assembled structure. This configuration of the building 

blocks induces non-covalent interactions such as hydrogen bonding and π-π interactions 

between its nucleotide base pairs.30, 31 The nucleotide is a monomeric unit of DNA that 

consists of a 5-carbon sugar (deoxyribose), and nitrogen-containing base (adenine (A), 

cytosine (C), guanine (G), and thymine (T), and a phosphate group connected to the 

sugar. To this direction, proteins present a classic illustration of the unique creation of 

the self-assembly process with utmost precision through specific spatiotemporal 

control. Protein folding, a self-assembly process that includes noncovalent interactions 

in the peptide sequence of proteins in water solution, produces the final protein structure 

in its native form.32, 33 The main structure of a protein is a polypeptide sequence 

(primary structure) made up of 20 amino acids that connect via hydrogen bonding to 

generate secondary structure, such as α-helices or β-sheets. Secondary structures further 

interact through H-bonding, hydrophobic interactions to develop tertiary structure and 

further hierarchical arrangement of the subunits leads to the formation of quaternary 

structure of protein molecule. Since last two decades, many research group focused on 
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the design and development of synthetic biomaterials using these small building blocks, 

inspired from natural biomacromolecules.  

1.2 Native extracellular matrix- an inspiration for advanced material 

The extracellular matrix (ECM) functions as a natural biological framework, providing 

numerous structural and biochemical signals to the cells for optimal organ function.34 

The ECM is known to play important role in cell adhesion, proliferation, differentiation, 

morphogenesis, and tissue regeneration following damage.35, 36 ECM interacts with 

cells through a variety of proteins and glycosaminoglycans, and these interactions are 

very important for maintaining the tissue's normal physiological condition.37-39 Native 

ECM is made up of structural proteins (collagen, elastin), functional proteins (laminin, 

fibronectin, tenascins), glycoproteins, proteoglycans, and glycosaminoglycans, and 

different glycoproteins, proteoglycans, and glycosaminoglycans etc.36, 40-42 

Furthermore, depending on the physiological requirements of the organ, the 

composition and mechanical characteristics of the ECM vary dramatically across the 

body.40 Native ECM also serves as a reservoir for the growth factors and signaling 

molecules, preserving their bioactivity while effectively displaying these functional 

cues to cell surface receptors for synergistic binding.43, 44 Importantly, collagen has 

been identified as the most prevalent structural protein in the ECM, and it gives the 

tissue tensile strength, governs cell adhesion, and regulates migration.40, 42 Stromal 

fibroblasts produce the majority of interstitial collagen.45  

Collagens self-assemble into unique supramolecular structures in vivo, which are 

responsible for extracellular matrix' structure and function.46 The collagen triple helix, 

which has a repeating unit (Gly-X-Y)n structure with X and Y being proline and 

hydroxyproline respectively, distinguishes the domains of the collagen molecule.47, 48 

Collagen is well recognized as the most abundant protein in ECM, which provides 

tensile strength in vertebrate tissues including tendon, cartilage, bone, and skin, where 

it is found as elongated fibrils.49 Collagen also acts as a biochemical cue towards 

influencing morphogenesis and tissue development in vivo by regulating cellular 

adhesion, proliferation, chemotaxis, and migration.50 Collagen has traditionally been a 

popular biomaterial for the production of tissue scaffolds since it is an essential 

component of the ECM in terms of its role in maintaining the structure and function. 

To this direction, another protein, elastin has also received attention as it was found to 
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be an integral part of the extracellular matrix and found in soft elastic tissues, such as 

skin, lungs, ligament, and blood vessels.51 Other crucial members of natural ECM  

protein family constitutes fibronectin, proteoglycans, glycosaminoglycans (GAGs), 

hyaluronan (HA) etc.52-54  

 

Figure 1.2 Schematic representation of extracellular matrix with various component 

required for cellular attachment and growth. 

Fibronectins are known to interact with high molecular weight proteins to provide 

structural and functional integrity to modulate cellular adhesion, growth, and 

proliferation.55, 56 Several of the proteoglycans act as biological glue for maintaining 

the interaction among different macromolecules.57 They are also known to have a 

function in morphogen gradient production during developmental processes including 

morphogenesis and tissue regeneration.42 Dermatan and chondroitin sulfate-containing 

proteoglycans are predominant in the extracellular matrix, where they are involved in 

providing viscoelastic characteristics, water retention, and maintaining osmotic 

pressure.58 Complex ECMs of cartilage, intervertebral discs, brain, tendons, and 

corneas include these proteoglycans as important structural elements. GAGs are 

negatively charged polysaccharides that are linear and sulfated. They are split into two 

types: sulfated GAGs, which include chondroitin sulphate (CS), dermatan sulphate 

(DS), keratan sulphate (KS), heparin, and heparan sulphate (HS), and non-sulfated 

GAGs, which include hyaluronan.58 All these biomacromolecules have been 

extensively studied for their ability to function as synthetic scaffold for tissue 

regeneration.59-61 
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1.3 Peptide-based self-assembled systems- A minimalistic approach to mimic 

natural macromolecules 

Peptides-based self-assembled systems offer a number of benefits over other 

physiologically relevant counter components, which makes them a good candidate for 

acting as building blocks for fabrication of ordered nanomaterials targeted for 

biomedical and nanotechnological applications.62, 63 Amino acids are the fundamental 

building blocks of peptides. Interestingly, a wide variation in property can be attained 

in the new biomaterials via chemical diversity of the peptide chains, biomolecular 

chirality, and ionization ability of the building blocks (amino acids). In particular, 20 

natural amino acids provide the necessary chemical diversity to the peptide chain while 

the stereoisomers provide the required chirality to the peptide chain and further, the 

charged amino acids (Asp, Glu, Lys, Arg, Ser, Cys) provide the ionizable functionality 

to the peptide chain. Peptide self-assembled systems are mainly stabilized via non-

covalent interactions, which make them easy to fabricate and also tunable.  

 

 

Figure 1.3 Structural representation of 20 amino acids with variable side chain and 

schematic representation of the peptide bond formation among them. 
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These benefits have made them appealing candidates for drug delivery, tissue 

engineering, diagnostics, biosensing, and drug development applications.64-66 Short 

bioactive peptides have been discovered to self-assemble into ordered nanostructures 

such as nanospheres, nanotubes, nanosheets, micelles, and fibrillar gels in recent years, 

making this field even more active and exciting.67-70 

1.3.1 Non-covalent interactions driving the peptide self-assembly 

The development of ordered nanostructures is aided by the synergistic impact of non-

covalent interactions between the designed molecules during the self-assembly 

process.21 These non-covalent interactions serve an important role in determining the 

structure that is thermodynamically stable. To comprehend and manage peptide self-

assembly, we must first understand the several types of non-covalent interactions 

involved in the process, such as H-bond, π–π stacking, electrostatic, hydrophobic, and 

van der Waals interactions. 

1.3.1.1 Hydrogen bonding 

Hydrogen bond involves the interaction between a donor oxygen atom and an acceptor 

hydrogen molecule, which is weaker than ionic or covalent bond but stronger than van 

der Waals forces.71 The approximate strength of a hydrogen bond is around 10-40 kJ 

mol-1 at room temperature.72 In case of peptide, hydrogen bond occurs between the 

amide of one peptide chain with the amine or carboxyl group of the adjacent peptide 

chain.   

 

Figure 1.4 Schematic representation of hydrogen bonding in amino acids, resulting in 

the formation of peptide bond. 
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Hydrogen bond is an important driving force for the production of peptide architectures, 

and plays a crucial role in the folding and stabilization process of the peptide’s 

secondary structure.72 The interaction is totally dependent on the geometry and the 

distance between the interacting molecule in stabilizing the secondary structures of the 

proteins/short peptides, which provides the directionality and structural support in the 

formation of peptide nanostructures.73 The H-bond interaction is different among the 

different secondary structures of the proteins and the interactions among the amino 

acids are the major forces driving the formation of different secondary structures. 

Moreover, the selectivity and directionality govern the conversion of short peptide into 

1D, 2D, and 3D nanostructures.74, 75   

1.3.1.2 Hydrophobic interactions 

Hydrophobic interactions are the well-established driving force in the peptide self-

assembled systems. A dominant hydrophobic interaction among the short peptide 

monomers leads to the formation of micellar like structures, while the dominant 

hydrogen bonding leads to the aggregated amyloid like structures.76 The monomeric 

units of peptide amphiphiles are unable to interact constructively with water molecules 

at lower concentration.77 However, as the amphiphile concentration increases, the 

hydrophobic part of the molecule undergoes aggregation to minimize the contact with 

water molecule and exposed hydrophilic moieties at the surface.78 The hydrophobic 

interactions in peptide amphiphiles can be modulated by incorporating aryl or acyl 

group in the peptide chain. In the well-known amyloidogenic diphenylalanine (Fmoc-

FF) sequence the aromatic moieties play a crucial role through hydrophobic or π-π 

interactions in stabilizing the peptide nanostructure.79 Hydrophobic interactions 

generally lead to the disordered organization of the peptide amphiphiles, while π-π 

interaction or cation-π interactions lead to the formation of well-ordered and organized 

structures.80, 81 

1.3.1.3 π-π interactions 

The directional peptide growth induced via ordered π-π stacking among the aromatic 

amino acids (phenylalanine or tyrosine) drives the self-assembly among short 

peptides.82 Due to the robust nature of π-π stacking, limited solubility and degradability 

was observed in aqueous environment. The strong nature of π-π interaction induces the 

directional growth of the self-assembled structure.83 The π-π interaction among the 
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aromatic moieties originate from the quadrupole-quadrupole interactions between 

delocalized electrons in the p-orbitals.84 Nowadays, the significance of these 

interactions can be seen in the case of aromatic group capped peptide amphiphiles, 

where π-π stacking interactions, in conjunction with H-bonding interactions, drive the 

self-assembly of these minimalist peptide building blocks to produce a variety of 

supramolecular structures.85 Furthermore, adding a cationic residue at the N-terminus 

and an aromatic residue at the C-terminus to a collagen-related peptide can cause "head-

to-tail" assembly.86, 87 Similar to π-π interactions in peptide self-assembly, such cation-

π interactions can promote the self-assembly of collagen triple helices into higher-order 

structures.88, 89 Furthermore, the strength of the aforementioned non-covalent 

interactions is extremely sensitive to the self-environmental assembly's conditions. For 

example, the strength of ionic interactions is affected by the solvent's dielectric constant 

and the presence of a counter ion.90, 91 

 

Figure 1.5 Schematic representation of π-π interaction among the aromatic moieties 

stabilizing the peptide nanostructures. 

1.3.1.4 Electrostatic interactions 

Another prevalent intermolecular interaction presents in the peptide self-assembly is 

the electrostatic interactions, which is one of the key players towards stabilizing the 

nanoscale architecture. Electrostatic interactions are coulombic interactions between 

oppositely charged ions that result in the formation of ion pairs. The dielectric solvent 

and the presence of mobile ions influence the strength of an ionic bond. The strength 

of an ionic bond lies in the range of 500 kJ mol-1 comparatively much higher than H-

bond.92 The stronger ionic interaction also have longer range than hydrogen bond, but 

the ionic interaction at longer range are weaker than hydrogen bond.93 These 
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interactions are strongly dependent on the dielectric constant of the solvent.83 In 

contrast to hydrogen bonding and hydrophobic interactions, these interactions play an 

important role in providing structural specificity to charged peptides.72 pH responsive 

biomaterial can be generated by employing the ionic interaction among charged peptide 

monomers. The significance of various electrostatic interactions in the formation of 

peptide nanostructures has been critically examined.93, 94 Ionic interactions have been 

studied widely in peptide self-assembly, which leads to the formation of hierarchical 

structure of the native protein molecule. O’Leary et.al., designed two charge 

complementary peptides that form salt-bridge hydrogen bond between lysine and 

aspartate to stabilize the triple helix in a sticky ended assembly of collagen mimetic 

peptide.95 The salt bridge interaction among charged peptides transformed into 

nanofibers with characteristic triple helical packing, which later combined to form 

hydrogel.95 Recently, our group has reported a short ionic complementary sequence , 

which can self-assemble at wide pH range.96 The short ionic complementary peptides 

generates tunable hydrogels with differential biological activities. 

 

Figure 1.6 Schematic representation of electrostatic interaction among the oppositely 

charge amino acids stabilizing the self-assembled nano-structure. 

1.3.1.5 van der Waal interactions 

van der Waal interaction is non-selective, non-directional, non-additive and is also of 

comparable strength to hydrogen bond (5kJ).93 In a peptide based self-assembled 

system, van der Waal force represents the main contributing force between the aliphatic 

chain of the peptide amphiphiles.97 These interactions are caused by fluctuations in the 

electron distributions of the two closely spaced molecules and are classified as 

instantaneous electrostatic interactions. There are only few reports in the literature, 
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suggesting van der Waal as the major force for stabilization of the self-assembled 

structures.98, 99 

Moreover, the bond strength of this particular non-covalent interaction is extremely 

sensitive to the environmental conditions during self-assembly. For example, 

hydrophobic interaction gets enhanced at higher temperature whereas H-bond get 

weakened at higher temperature.100 H-bond and π-π interactions show their maximum 

strength in aqueous environment as compared to the organic environment. Similarly, 

the ionic bond strength is dependent on the dielectric constant of the solvent, presence 

of counter ion and also show the sensitivity towards the pH of the solution. So, by 

tuning the environmental conditions from increasing the solubility of peptide 

amphiphile (disfavoring self-assembly) to decreasing the solubility (favoring self-

assembly), this variation in the strength of non-covalent interactions at different 

environmental conditions can be used to trigger self-assembly of peptides.101 

Furthermore, the overall hydropathy index of the peptide plays a significant role in 

determining the peptide's proclivity to self-assemble. A highly hydrophobic peptide 

will precipitate in water, whereas a highly hydrophilic peptide will dissolve completely, 

reducing the intermolecular interaction required for self-assembly. As a result, it is 

critical to rationally design peptide building blocks by balancing both the hydrophobic 

and hydrophilic nature of the final hydrogelator, which renders most of the gelator 

design as amphiphilic. As previously stated, environmental conditions can also play a 

significant role in tuning the self-assembling proclivity of peptides by directly 

influencing non-covalent interactions at the molecular level, this strategy of modulating 

nanostructure formation by exploring different self-assembly pathways is now widely 

used to fabricate diverse supramolecular structures within a single gelator domain. This 

strategy drives the formation of the nanoscale structure that are away from equilibrium. 

This pathway dependent self-assembly strategy is discussed in more detail in the 

following section. 

1.3.2 Peptide amphiphiles 

Self-assembling peptide amphiphiles have proven their tremendous application in the 

field of scaffold development for tissue engineering.102-106 A peptide amphiphile is 

generally composed of a polar amino acid head and a non-polar hydrophobic tail, which 

have the ability to form β-sheet like structure.107 The charged amino acid sequences 
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provide the solubility to the peptide and the hydrophobic moiety stabilizes the core of 

the nanostructure.108 Various bioactive sequences generated from ECM proteins can 

also be covalently linked to the charged residues to provide bioactivity to these 

scaffolds. The hydrophobic interactions among the alkyl chains, as well as the 

development of β-sheet like structures, induce the self-assembly of peptide 

amphiphiles, resulting in the formation of high aspect ratio long nanofibers.109 In a 

peptide amphiphile, the bio-functional motifs are present on the surface of the peptide 

nanofibers, which are accessible to cells for adherence and proliferation.  

 

Figure 1.7 Schematic representation of peptide amphiphile with polar head and 

hydrophobic tail. 

These nanostructures are useful for a variety of biological applications because they 

have a high density of bio-functional epitopes on their surface that cells can perceive 

and respond to the biological signals.110, 111 Furthermore, these designer sequences were 

shown to be biocompatible and biodegradable.112, 113 Stupp and coworkers provided the 

first example of a peptide amphiphile molecule in 2001, when they used nanofibers to 

nucleate apatite crystals and produce hydroxyapatite.114 Following this seminal work, 

the stupp laboratory has continued to investigate these nanostructures for a variety of 

biomedical applications.114, 115 These peptide amphiphiles were found to self-assemble 

into a range of nanostructures, including ribbons, twisted structures or aggregates, 

cylinders, and several other structures at the nanoscale. The impact of changing their 

molecular structure, such as alkyl chain length or β-sheet character was investigated to 

understand structure-function relationship in terms of the surface chemistry, as well as 

morphology, and bioactivity.116, 117 These peptide amphiphiles are now being explored 



16 
 

for their diverse applications in the field of wound healing, cancer therapy, 

antiangiogenic properties, drug delivery, tissue engineering etc.118-120 

1.3.3 Aromatic peptide amphiphiles 

With the increasing demand for the fabrication of short peptide design to develop 

advanced tissue mimics, a new class of aromatic peptide has been evolved as a potential 

candidate.121 These short peptide amphiphiles are composed of aromatic group attached 

to the N-terminal, which provides necessary hydrophobicity to the peptide for the self-

assembly.122  Fluorenyl methoxycarbonyl (Fmoc), naphthalene, and naphthoxyacetic 

acid are some of the examples which are used as the peptide modifier, which are termed 

as structure directing unit.123 The most challenging factor of a short peptide amphiphile 

mimicking the nature protein is achieving the hierarchical assembly of the 

macromolecules. Short peptide amphiphiles fail to attain the similar structural property 

to the native macromolecular assemblies and could not form a stable highly complex 

nanoscale structure.124 This might be owing to their shorter sequence length, which 

results in the lack of sufficient intermolecular interactions necessary for higher order 

structure leading to the sustained gel formation. In this context, the conjugation of 

hydrophobic moieties to the short bioactive peptide induces hydrogelation in the non-

gelator peptides. These N-terminal modifications generally leads to the π-π interactions 

among the aromatic groups, which further enhances the intermolecular interaction 

among the peptides and hence, induces the hydrogelation at physiological conditions.125 

These peptide hydrogels have been widely used for numerous cell culture applications 

because of the presence of bioactive motifs on the peptide nanofibrous structures. The 

capacity of aromatic group capped peptide amphiphiles to assist cellular adhesion, 

growth, and proliferation has been proven in the literature by several research groups.126 

An example of Fmoc based self-assembling peptide was reported with laminin and 

fibronectin sequence targeting the neural tissue engineering applications. The proposed 

peptide amphiphile formed hydrogel at physiological pH and were used to promote the 

adhesion and proliferation of neural progenitor cells at the injury site. The hydrogels 

were shown to be extremely biocompatible, allowing for cellular survival and tissue 

restoration. The relevance of developing tissue-specific bioactive scaffolds for directing 

cellular behaviour was clearly demonstrated by these findings. Recently, our group has 

reported laminin and cadherin derived bioactive sequences, which upon conjugating 

with the hydrophobic moiety mimics the structural and functional benefits of native 
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molecules.127, 128 Therefore, introduction of hydrophobic moieties at the N-terminal of 

a bioactive peptide amphiphile produces a superior class of biomaterials with tunable 

physiochemical characteristics, resulting in the development of varied supramolecular 

structures for various applications in regenerative medicine. 

1.3.4 Ionic complementary peptides 

Electrostatic interactions are one of the most common interactions that exists in 

biological systems, such as DNA-protein binding, ligand-substrate interactions etc. and 

are primarily responsible for providing the structural stability to the interacting 

molecules.129 Various peptide inspired from natural proteins were designed and 

developed with potential ionic interacting groups. The first reported ionic peptide was 

inspired from Z-DNA binding protein i.e., EAK-16, which was known to undergo β-

sheet conformation.130 In a similar line, a well-known and extensively studied ionic 

peptide sequence RADA-16 has structural similarity with the EAK-16 peptide and 

forms peptide hydrogels.131 The RADA-16 hydrogels have shown its neuronal 

attachment and differentiation ability. The ionic sequence has also been used as a carrier 

for anticancer drug in several studies.132 Similarly, various other ionic complementary 

peptides (IEIK13, KLD12, FEFK) were reported to promote and enhance the cellular 

proliferation. They share a common structural aspect of alternating positively and 

negatively charged amino acid residues, which are flanked by a short spacer amino acid. 

These sequences may undergo spontaneous electrostatic interactions to construct 

hierarchical structure leading to gel formation. However, though all these ionic 

sequences are containing the repetitive unit of ionic complementary amino acids 

throughout the peptide backbone inducing stable salt bridge formation, but all of them 

are longer sequences, which may face synthetic challenges in large scale production. 

Hence, minimalistic peptides nanotechnology is an alternative approach to overcome 

this limitation, owing to its various advantages like ease of synthesis and purification 

process, which further enhances the scope of its application.     

1.4 Stimuli responsive peptide self-assembly as controlled by self-assembly 

pathways 

As mentioned in the previous section, non-covalent interactions play a crucial role in 

the peptides self-assembly, which leads to the formation of multiscale hierarchical 

nano-structure. There are several reports where different environmental stimuli have 
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been used to modulate these non-covalent interactions and induce the self-assembly 

among these short peptides.21, 133, 134 The proper amphiphilicity or the balance of 

hydrophobic and hydrophilic moieties of the peptide is required in order to induce the 

self-assembly among peptides to form the hydrogel. Here we attempted to discuss use 

of some of the most commonly used stimuli to induce hydrogelation among these short 

peptide amphiphiles: pH switch, metal coordination, solvent-switch, temperature, 

enzyme, light, sonication etc. 

1.4.1 pH triggered hydrogelation 

pH switch is among the most commonly used method of hydrogelation of peptide 

amphiphiles as this versatile methodology provide the ability to peptide to exist in 

different ionic forms at different pH, which induces differential solubility to the peptide 

at different pH.135 In this method, particularly the designed peptide bearing ionizable 

functionality is first solubilized by gradually increasing the pH, and then the pH has 

been gradually decreased to achieve optimum hydrophobic-hydrophilic balance, and 

thus triggering self-association of the peptide molecules to form self-assembled 

nanostructures. As the pH rises, the carboxyl group at the C-terminus or the acidic or 

basic groups in the side chains of the amino acids gets deprotonated, allowing the 

peptide molecule to dissolve. A decrease in pH causes deprotonation, which reduces 

the solubility of the peptide monomers, resulting in a greater degree of intermolecular 

association. Using this methodology, several groups have reported the formation of 

self-supporting gels.135 Xu and coworkers utilized this classical method to induce the 

self-assembly of various naphthyl conjugate short peptide amphiphiles.136 Ulijn lab has 

also investigated pH-based gelation of various Fmoc-conjugated short peptide 

amphiphiles and formed self-supporting hydrogels for 3-D cell culture applications.85 

We have also utilized this similar approach towards fabricating supramolecular 

hydrogels. In particular, we have used pH-induced hydrogelation of collagen-inspired 

bioactive peptides. It was indeed evident that the advantages offered by this simple and 

elegant strategy to tune the ionic state of the peptides, make this methodology of 

gelation as the preferred strategy for inducing self-assembly of ionic peptides. Because 

the pH switch employs mineral acids and necessitates frequent vortexing and sonication 

to achieve uniform pH, and these physical factors are also known to have a significant 

impact on hydrogel properties. To this end, Adams and coworkers developed a more 

reliable method by utilizing the hydrolysis of glucono-d-lactone (GdL) to gluconic acid. 
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GdL dissolves quickly in water, with hydrolysis taking place over a longer timescale, 

allowing minimization of any detrimental effect from vortexing and mixing. The 

resulting hydrogels demonstrated improved and reproducible mechanical properties.137 

1.4.2 Metal ion induced hydrogelation 

Recently, it was observed that the self-assembling pathway of peptide building blocks 

can be modulated by the addition of simple metal salts.135 Metal salts are essential in a 

variety of physiological and pathophysiological conditions. They can interact with 

various functional groups on peptides, either inhibiting or accelerating the formation of 

supramolecular structures by controlling non-covalent interactions.138 Furthermore, 

certain amino acids with ionizable groups in their side chains, such as aspartic acid, 

glutamic acid, histidine, and others, can interact with different cations and form 

different structures in the presence of metal salts. In particular, in the case of acidic 

amino acids, the presence of metal salts has been shown to significantly alter the 

gelation pH. In this thesis, we report the formation of differential supramolecular 

structures at physiological pH in the presence of divalent metal ions.139
  

 

Figure 1.8 Schematic representation of self-assembly via different physicochemical 

stimuli. 
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Furthermore, several short peptides have also been reported based on the natural 

metallopeptides, which can interact with metal ions through their surface functionality. 

Our group has recently demonstrated a unique strategy for the controlled self-assembly 

pathway to create supramolecular hydrogel from a single dipeptide gelator by 

modulating the specific anions and transition metal salts.140 Furthermore, Adams and 

co-workers demonstrated the structural transition from worm-like micellar structure of 

a functional dipeptide molecule upon adding calcium salt, which triggered the phase 

transition from sol to gel-like material.141, 142 Additionally, another report by Parmar et 

al. explored the metal-binding site of the collagen triple helix to stabilize the CMP 

molecule. Both homo and heterotrimeric structures were stabilized by the addition of 

zinc (II) and other metal ions.143 Another report demonstrated metal ion-assisted micro-

collagen assembly, in which the heterotrimeric triple helix structure of collagen 

mimetic can be stabilized in the presence of metal ions.144Traditional approaches would 

make it impossible to obtain such unprecedented control over construction of 

supramolecular structure. 

1.4.3 Biocatalytic self-assembly 

The approaches discussed so far, for inducing self-assembly have been classified as 

bulk environmental stimuli. These stimuli induce self-assembly by triggering changes 

in the bulk conditions around the peptide amphiphiles.67 Another set of stimuli, on the 

other hand, operates under constant ambient circumstances but directly targets the 

peptide amphiphile to cause self-assembly. When paired with the specificity and 

selectivity of the enzyme catalyzed processes, this latter technique allows improved 

spatial and temporal control over self-assembly.145 The generation of self-assembling 

building blocks from a non-assembling precursor is referred to as enzyme-triggered 

self-assembly.146 This method of directing the synthesis of self-assembled 

nanostructures has a wide range of applications in biomedicine, including biosensing, 

controlled release, and the development of 3-D scaffolds, etc. Hydrolases, namely 

protease, phosphatase, esterase, and other enzymes have been used to create enzyme 

sensitive peptide amphiphiles.147-149 Protease, phosphatase, esterase, and other enzymes 

have been used to develop enzyme responsive peptide amphiphiles.145 Using enzyme 

catalyzed self-assembly to create enzyme responsive biomaterials necessitates specific 

components within a single precursor molecule: 1) an enzyme-sensitive component, 2) 

a self-assembly directing component, and 3) a molecular switch component that only 
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allows self-assembly when enzyme activation is initiated. All of these structural 

functionalities should be present in a single system without impacting the functionality 

each of these structural units.145 The first example of enzyme-assisted self-assembly 

was reported by Xu and colleagues, where they used a phosphatase/kinase combination 

to de-phosphorylate Fmoc-tyrosine to induce gelation.150 They went on to show that by 

altering the enzyme dosage, the final rheological features of the hydrogels can be easily 

modified.151 This method of producing variations in the physical characteristics of the 

hydrogel within a single gelator domain is also recommended for building various 

scaffolds to influence stem-cell behaviour.145 Furthermore, Xu and colleagues have 

demonstrated various examples of how his concept might be applied in biology. They 

have discovered a gelator, which showed a unique feature. For example, the peptide 

derivative when activated by enzymes, forms a hydrogel inside malignant cells, causing 

cell death.152 Other studies of this research group also demonstrated that this method 

may be used to prevent bacterial colonization by employing an enzyme that is 

overexpressed in bacteria as a switch to produce nanofibers inside the bacterium, 

resulting in cell death.153 Ulijn and co-workers have shown another pioneering example 

in this area of exploring enzyme assisted self-assembly of peptides. This classical study 

used this strategy to control supramolecular structure formation and accessed 

kinetically trapped structures that would otherwise be difficult to form using other 

synthetic pathways.154 Biocatalytic self-assembly has now been used for a variety of 

applications, including wound healing, antibacterial drug synthesis, and molecular 

imaging, due to the improved control over structure evolution and selectivity.145, 153, 155, 

156  

1.4.4 Light triggered self-assembly 

Another localized stimulus commonly employed to either activate or control the self-

assembly of peptide-based supramolecular structures is light.157 It interacts directly 

with the substance rather than physically perturbing the solution.157 Various photo-

responsive groups change their conformation and hence their optical characteristics in 

reaction to a specific wavelength of light, which may cause changes in their 

intermolecular interactions, resulting in differential self-assembling behaviour. Photo 

cleavable groups, such as nitro benzyl, and conformational changeable groups, such as 

azobenzene, are representing two types of these photo-responsive groups.158 Ionization 

or isomerization occurs when these groups are irradiated with light of a certain 
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wavelength, changing the polarity and hydrophilicity of the molecule. To produce 

photo-responsive control over the material properties of the peptide hydrogels, these 

groups are rationally inserted into the peptide amphiphile design. Stupp's group first 

reported light-triggered self-assembly in seminal research in which they demonstrated 

the hydrogel production of a peptide amphiphile bearing a photocleavable group, i.e., 

nitro-benzyl group, in response to light stimulation.159 By irradiating the gel with UV 

light, Adams and coworkers were able to modulate the material quality of the coumarin-

based peptide hydrogelator after gelation.160 In the presence of a photoacid generator, 

Raeburn et al. demonstrated UV light-induced gelation of a sequence of aromatic 

peptide compounds.161 Similarly, Huang et al. demonstrated the photo-responsive 

behaviour of azobenzene conjugated short peptide sequence hydrogels. The sol to gel 

transition arises from the conformational shift of the azobenzene when exposed to UV 

radiation, which is appropriate for a variety of applications.162 Lim and colleagues 

created an IR-responsive hybrid material made up of self-assembling peptides and 

carbon nanotubes.163 This biomaterial was also used to stimulate the regeneration of 

functioning brain tissue.163 

1.4.5 Temperature induced hydrogelation 

In the case of short peptide amphiphiles, modulation of the temperature is also a popular 

way of gelation. The solution is heated first to solubilize the gelator molecules, then 

cooled to stimulate self-assembly.164 Because of the presence of weak connections that 

can develop and break as a function of temperature, supramolecular hydrogels are 

predicted to be thermos-reversible.165 Heating, in particular, improves the solubility of 

peptide amphiphiles by reducing hydrogen bonding connections between them. 

Following that, in the cooling phase, when the temperature drops, the solubility of the 

peptides in the solvent decreases, locking them into a self-assembled configuration at a 

certain temperature and attain either kinetically trapped structure or thermodynamically 

stable configuration.166 The absolute duration and temperature of heating and cooling 

are significant factors that determine the material characteristics of the 

hydrogels.167 Our laboratory has also recently documented the differential construction 

of supramolecular structures from a short aromatic peptide amphiphile using sonication 

and the heat cool technique.168 In comparison to short twisted ribbons created using 

simply sonication, hydrogels formed using the heat-cool approach indicated the 

existence of a dense nanofibrous network. The rationale in this strategy relies on the 
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differential energy input into the system that drives the self-assembly in differential 

states. The shape of the nanostructures varied, which resulted in various biological 

responses.168 Ulijn and co-workers have proved the importance of temperature in 

driving the nanostructures assemblies from peptide amphiphiles by meticulously 

managing the balance between hydrogen bonding and π-π interactions.169 Further they 

demonstrated the generation of differential supramolecular structures with varied gel 

strength and degradability from a single gelator molecule by merely varying the thermal 

history of the gelation.169 

1.4.6 Self-assembly induced by molecular recognition 

A unique relationship between molecules that display molecular complementarity 

based on their size, shape, or intermolecular interactions is termed as molecular 

recognition.170 Molecular recognition is one of the fundamental strategy adopted in 

biological systems because it regulates the particular connections between 

biomolecules that allow them to perform desired activities like enzyme catalysis and 

DNA replication.171 This interaction acts as a local stimulus and has been proven to 

influence and guide supramolecular structure formation.172-175 This method has recently 

been used to create a variety of supramolecular structures using peptide-based building 

components.173-175 Joseph et. al., demonstrated the host-guest interaction between the 

coumarin-conjugated peptide and β-cyclodextrin resulted in the structural 

transformation of peptide nanoparticles to 2-D sheet-like structures.172 By manipulating 

the host-guest interactions, they were able to achieve great control over the shape and 

size of the nanostructures generated by peptide amphiphiles.176, 177 In a similar line, it 

was shown that in the presence of light, host-guest chemistry between β-cyclodextrin 

and azobenzene coupled to a cationic peptide controlled the shape and surface charge 

of the nanostructures generated.172 This variant was also used to illustrate the 

differential antibacterial activity.  Another classical study by Mata and colleagues, 

demonstrated the use of host-guest interactions between adamantane and β-

cyclodextrin to create non-covalently crosslinked nanofibrous networks with highly 

adjustable mechanical characteristics and degradation profiles, while maintaining the 

scaffold's biocompatibility.174 Molecular recognition can thus be used as an emergent 

technique for fabricating sophisticated biomaterials with dynamic spatiotemporal 

activity. 
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1.4.7 Solvent induced hydrogelation 

Short peptide amphiphiles' self-assembly is strongly reliant on the hydrophilic-

lipophilic balance in their structure, which further balances numerous non-covalent 

interactions required for the formation of organized nanostructures.84 Similarly, 

changing the solvent environment surrounding the gelator molecules may change the 

solvent-gelator and gelator-gelator interactions, which provide direct control over the 

viscoelastic behaviour and mechanical characteristics of the final gel phase material.178 

Because of the changing solvent-gelator interactions, peptide amphiphiles have varying 

solubility in different solvents and co-solvent systems, which might be used as a non-

conventional technique to create distinct supramolecular structures from a single kind 

of gelator.179 To use the solvent switch approach to promote self-assembly, the 

hydrophobic gelator molecules are first solubilized in an organic solvent (DMSO, 

ACN, methanol, DMF, acetone, HFIP, etc.) that is less polar than water.180-182 In 

addition, water is added to the soluble gelator in an organic solvent, causing the gelator's 

solubility to change from highly soluble to weakly soluble.179 During the switch, the 

intermolecular interactions between the gelator molecules are enhanced, resulting in the 

creation of supramolecular structures. Several studies in the literature have looked at 

the role of solvent-mediated gelation in influencing the material properties and shape 

of peptide nanostructures.180-182 A hydrogel with differential microstructure, gel 

strength and their extent of recovery under shear stress from Fmoc-FF hydrogelator by 

merely varying the solvent type had been obtained.181 This study also demonstrated that 

the organic solvents may be removed via a solvent exchange process, allowing these 

hydrogels to be used for a variety of biomedical purposes.181 Verma and colleagues 

demonstrated that the shape of nanostructures generated by a peptide conjugate, which 

range from spheres to nanofibers, is determined by solvent interactions.180 Our 

laboratory has also conducted a systematic investigation to modify the gelation 

behaviour of ECM derived laminin mimetic short peptides in the presence of various 

cosolvents to access diverse nanoscale structure. Interestingly, changing the solvent 

polarity from aqueous-organic combination to simply water resulted in substantial 

differences in the nanofibrous shape and gel stiffness of the proposed peptides.179 This 

elegant approach is also intended to provide information on how to use solvents 

prudently when fabricating soft nano-biomaterials with regulated physiochemical 

characteristics. All these differential approaches of self-assembly leads to the formation 
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of peptide nanostructures, which relate to the secondary confirmation of protein 

molecule. 

1.5 Differential secondary structures formed by designer peptides 

Peptides have been found to self-assemble into a variety of secondary structures 

depending on the size of the peptide chain and their organization, which will undergo 

intermolecular interactions to create differential secondary structures of the peptides at 

the nanoscale: These structures include 1) α-helix or coiled coil, 2) β-sheet, and 3) β-

hairpins, which are the examples of secondary structures that have been studied 

extensively in the field of peptide self-assembly. 

1.5.1 α-helix or coiled coil 

The α-helix is a typical secondary structural motif in proteins, consisting of a right-

handed helix with a 3.6-amino-acid repetition per helical turn. Pauling, Corey, and 

Crick were the first to characterize the α-helix structure of protein molecule.183 Every 

two turns of a helix have seven residues labelled "a" through "g." The ith residue's 

carbonyl forms a hydrogen bond with the amide of the i + 4 in the helix (Figure 1.9). 

Heptad repetitions of hydrophobic and charged amino acid residues are seen in coiled-

coils. The Woolfson group used "sticky end" assembly to present an extensively 

researched design of a fibrous coiled-coil based system.184, 185 A non-covalently 

exchange of one structural domain of a peptide with another develops a new method to 

make fibrous structures. The structure can be designed in a way so that the third helix 

is not absorbed into the coiled-coil and creates a "sticky end," preventing the formation 

of the three-helix bundle.183 A helix from another peptide must be added to reassemble 

the three helices bundle, allowing for the development of dimeric structures or fibers. 

Coiled coils allow for the creation of peptide-based nanofibrous structures that follow 

a set of well-established design criteria drawn from natural systems.183 "Sticky-ends" 

and domain switching provide you a lot of control over supramolecular behaviour, 

whereas rational amino acid inclusion gives researchers the predictable structural 

alterations.183 

1.5.2 β-sheet 

β-sheets are the most common and well-studied self-assembling domains in proteins 

and peptides. β-sheets are made up of alternating hydrophobic and hydrophilic amino 
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acid sequences. Each peptide sequence is referred to as β-strand.186 The alignment of 

the strands determines whether the sheets are parallel or anti-parallel.187 In parallel β-

sheets, all the β-strands are oriented in the same way, such as N- to C- terminal and 

when the strands are organized in the opposite direction, it leads to the formation of 

antiparallel β-sheets.187 The β-sheet structures are also known to be stabilized via 

electrostatic interactions between the alternating charged residues on the two strands.188 

Zhang et al. gave the first proof of synthetic peptides' ability to build nanofibrous 

structures containing β-sheets secondary structures.130, 188 They created a library of 

oligopeptides with alternating hydrophobic and hydrophilic amino acid residues that 

self-assemble to generate β-sheet rich nanofibers in aqueous environment. The peptide 

sequence AEK-16 is made up of complimentary ionic residues that have a high 

inclination to interact with one another and create β-sheet-like structures.130 

Importantly, the peptide-based hydrogels made from these ionic-complementary 

peptides were shown to be extremely biocompatible, allowing mammalian cells to 

adhere, proliferate, migrate, and differentiate.189 

 

Figure 1.9 Schematic representation of secondary structures attained by the short 

peptide amphiphiles. 

1.5.3 β-hairpin 

β-hairpins are a kind of peptide secondary structure made up of two strands of β-sheets 

that are orientated in opposing directions and joined by 2-4 amino acids. β-turns are the 

connecting loops between two strands.121 Since, the structure resembles a hairpin and 

is made up of β-strands, they are termed as β-hairpins. The self-assembly of β-hairpin 

forming peptides has been widely explored by Pochan and Schneider.190-192 They 

originally discovered the MAX1 peptide in 2002, which had repeating units of valine 

(V) and lysine (K) residues as well as intermittent tetrapeptides (-VDPPT-). This 
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designer sequence has been demonstrated to create type II-turns, with DP denoting the 

D isomer of proline.193 When dissolved in water, this peptide tends to form random 

coils, but when present in Dulbecco's modified Eagle's medium (DMEM), a cell culture 

medium, it folds into a β-hairpin structure. Salts or a higher pH diminish electrostatic 

repulsion between lysine residues, allowing intermolecular hydrogen bonds between 

the two peptide arms to form more easily.194 Since then, several additional MAX1 

variations have been discovered, demonstrating the impact of hydrophobic and 

hydrophilic residue substitution on the self-assembly of these proteins.195 MAX8, for 

example, is designed by replacing one lysine residue with glutamate, and it self-

assembles quicker at lower pH than MAX1 peptides due to fewer repulsive positive 

charges.195 Both MAX1 and MAX8 peptides have the ability to create hydrogels in the 

presence of cell culture medium, suggesting that they may offer potential applications 

in biomedicine.196 

1.6 Peptide polymer bioconjugate- A better structural and bio-functional mimic 

of the native ECM 

As previously stated, tissue-specific scaffold design and manufacturing are incredibly 

valuable in regenerative medicine.197 To offer appropriate biochemical, mechanical, 

and topographical signals to the cells for their growth and proliferation, the scaffold 

should match the structural and functional hierarchy of the ECM.198 In this context, 

fabricating a scaffold with all of the desirable properties using only a single component 

of the native ECM is extremely difficult; for example, proteins and peptides represent 

only a single class of molecules present in the native ECM; thus, replicating the 

complete biochemical and biophysical microenvironment of the ECM using only 

peptide-based biomaterials is extremely difficult and far from an ideal mimic.199 

Multicomponent self-assembly is getting a lot of impetus in this approach for the 

construction of improved tissue scaffolds for tissue engineering.199, 200 The most 

difficult aspect of building these scaffolds, however, is combining the adaptability of 

biologically sophisticated architecture with precise functionality in a system that is 

simple, safe, cost-effective, resilient, and reproducible. Exploring simple mixing of 

complex biomolecular building blocks of life to explore the possibility of biomolecular 

interactions to generate an ECM-mimetic composite biomaterial might be an emerging 

technique for synthetic scaffold development.9 To this direction, sugar and peptide 

molecules make up the majority of the mammalian ECM, and they play an important 
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role in the biological signaling pathways that regulate cellular behaviour. Hence, 

developing a composite matrix bearing both the essential components of native ECM 

would be an elegant and facile approach, which may offer versatility in terms of its 

potential application in biomedicine. Furthermore, glycosylation of proteins and 

peptides is common in nature, where it is required for precise protein targeting. ECM-

derived biomaterials have been proven to give crucial biochemical functionality to 

cells; nevertheless, these biomaterials are subject to batch-to-batch variance due to their 

animal origin and non-standardized extraction techniques.201 Furthermore, controlling 

their physiochemical characteristics to accomplish desired function is difficult. Few 

synthetic systems have been constructed in the literature to study sugar-peptide 

interactions in order to generate improved biomaterials.202 In this respect, it has been 

shown that polymer peptide-based hydrogels have better thermostability, biostability, 

and cellular adhesion than their peptide equivalent.203 Furthermore, it was revealed that 

simple non-covalent interactions between a sugar and a designer ionic complimentary 

peptide exhibited improved physicochemical and biological features.204 Following that, 

we have reported a new class of biomaterial by non-covalently conjugating a collagen-

inspired short peptide to nanofibrillar cellulose (NFC).205 When compared to NFC 

alone, the non-covalently connected sugar-peptide combination has shown improved 

cell proliferation over a longer period of incubation.205 Recently, a multicomponent 

system made up of peptides, carbohydrates, vitamins, and proteins has been invented 

that mimicked the compositional complexity of the natural ECM.199 In order to fabricate 

innovative biomaterials with improved physical and biological characteristics, 

interactions between biopolymers and proteins have been extensively studied in the 

literature.206 However, very few report on the short peptide-polymer interaction have 

been explored to design the functional mimic of native ECM. The proposed synthetic 

scaffolds containing the polymer peptide conjugates are expected to solve challenges 

faced by the current biomaterials and also offers a better way for producing bioactive 

scaffolds with minimal synthetic challenges for tissue engineering applications. 

1.7 Recent advances in fabrication of collagen inspired peptide hydrogels 

Collagen is the most abundantly found protein in the extracellular matrix (ECM) with 

more than 28 types and comprises of about ~30% of whole-body protein in humans.207 

Among different types of collagen, type I, II, and III are the most prevalent forms as 

they are mainly present in ECM while other collagens are mostly involved in making 
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network like structure as part of the basal membrane.208 Role and architecture of these 

different types of collagen vary widely, still all of them share a common tertiary 

structure of triple helix. The structure of triple helix collagen comprises of three 

different left-handed polyproline-II-type helices, twisted in a manner with one residue 

staggered to form a right-handed helix.209 Latest analysis of human genome has 

introduced numerous new types of collagens collectively known as fibril-associated 

collagen with interrupted triple helix (FACIT).210 These newly identified collagens are 

known to attach to the surface of fibrous collagen (type II) in some specific tissue 

instead of assembling into higher ordered structures. These FACIT collagen alter the 

surface properties and assembly of fibrils, and are known to influence the fibrillar 

interaction between themselves and with other macromolecules.211 Because of its 

structural and functional characteristics that offer extensive biocompatibility, high 

porosity, ability to conjugate with other materials, collagen has gained immense 

attention of scientists and fascinated them to explore this protein in supramolecular 

chemistry, polymer chemistry, tissue engineering and regenerative medicine through 

understanding in depth structure-function relationship.212, 213 However, the structure 

and function of these collagen molecules vary widely in extracellular matrix, still all 

collagen molecules share a basic repeating sequence of Gly-X-Y (X=Proline and 

Y=Hydroxyproline) and display substantial post-translational modification 

(glycosylation and primary hydroxylation).214, 215 Characteristic domain of Gly-X-Y 

polypeptide can be recognized with two unique features: (i) Presence of Gly at every 

third position in the tripeptide sequence,216, 217 (ii) A high proportion of proline and 

hydroxyproline in the tripeptide sequence, where more than 50% of the total amino acid 

content of collagen was found to consist of hydroxyproline.218, 219  

The secondary structure of collagen (α-helix) is formed by the repetitive units of 

tripeptide linked together. Initiation of triple helix starts at the C-terminus and 

regulation of primary fibrils are involved at the N-terminus, while the non-helical 

domains are present at the end of α-chains.220, 221 All trimeric strand irrespective of 

collagen type fold into right-handed triple helix, which represents the hallmark of 

secondary structure of collagen.222 Triple helix of collagen type I is usually formed of 

heterotrimer of two identical α1 and one α2 chains containing about 1000 amino acids, 

which is of approximately 300 nm in length and 1.5 nm in diameter.223 Individually 

these α-chains form left-handed rod-like helix, where the glycine residue is localized 
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around the central axis, while the other two amino acids covers the outer positions.224-

226 The right-handed triple helix of collagen molecules are formed via interstrand H-

bonding between the α-chains. Side chain residues of amino acids present at X and Y 

positions are distributed along the strand and are accessible for the extra binding sites. 

Hydrophobic interactions induced by aromatic residues and electrostatic interactions 

between oppositely charged groups plays a major role in stabilizing the triple helix and 

during the linear and lateral alignment of collagen fiber.227-229 

Three similar α-chains forming a triple helix are referred to as a homotrimer, while 

three different α-chains form heterotrimers.  All known 28 types of collagens can form 

homotrimeric (AAA) or heterotrimeric (AAB and ABC) compositions. Some of them 

can only form AAB heterotrimer, while some form both AAB and ABC 

heterotrimers.230 The control that native collagen has on helix composition and its 

pattering has been a subject of research for a decade by mimicking the collagen 

molecule and studying their helix formation as homotrimers as well as heterotrimers.231, 

232 Many different strategies have been used by the researchers for understanding these 

different compositional packing and staggering of collagen fibrils.223 While majority of 

the research are focused on the homotrimeric species of collagen mimetic peptide, 

which has greatly enriched the knowledge of homotrimeric structure of collagen 

protein.233-235 But for the last decade the interest has been shifted towards the 

heterotrimeric structure of collagen as many of the collagen types I, IV, and VIII plays 

a crucial role in maintaining the extracellular integrity.236 Attempts have included 

engineering of the peptide motifs using the structure of native collagen molecule to 

form triple helix, which assemble into homotrimers. Several reports show the 

homotrimeric arrangement of collagen mimetic peptides to mimic the collagen 

molecule.207, 237-239 Referring to the basic structure of collagen higher ordered 

assemblies have been observed using the POG triad, suggesting the specific role of 

proline and hydroxyproline for the association of collagen triple helices into higher 

order fibers. In a study by Brodsky group, understanding the structure, stability, 

conformation, and dynamics of collagen triple helix.215, 217, 240 The sequence (GPO)10 is 

found to be the most stabilizing and common triplet in collagen, which leads to the 

formation of fibril like structure similar to the native collagen, while (PPG)10 was 

reported to undergo amorphous aggregation or form precipitation under the similar 

condition.241 Such observation suggests the specific role of proline oxidation for 
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stabilizing the higher ordered structure of collagen triple helices. Various contradictory 

studies have been reported regarding the change in melting point of GPO peptide by 

varying the chain length of the triple helices. The biologically common structural design 

of heterotrimers is more complicated and only recently have gathered attention to 

design and synthesize the more complex part. The fundamental challenge is the large 

number of competing species for forming AAB, ABB or ABC.235 Furthermore, the 

steric limitation at the glycine site compels each strand to have a single amino acid 

offset. As a result, each heterotrimer composition has numerous unique register; 

depending on whether B is the leading, middle, or following position, A2B can 

assemble as BAA, ABA, or AAB. The number of competing species grows from 8 to 

27 when three peptides are combined.242 Proline and hydroxyproline plays a crucial role 

in organizing the peptide backbone to form the triple helix conformation. The 

stereoelectronic effect causes the preorganization of helices and substitution of proline 

and hydroxyproline with any natural amino acid, this in turn reduces the organization 

and destabilizes the triple helix when compared to the canonical (POG)n repeats. Non-

canonical registrations constitute a further complication in the heterotrimer 

construction where the peptides are offset by more than one amino acid. To comply 

with such steric limitations, each cross-section of the triple helix must include at least 

one glycine. Because of lacking the inter-strand H-bond and van der Waals interactions, 

the non-canonical type melt at much lower temperature than their canonical 

counterparts and lose their stability.243 The highly cross-linked structure of collagen 

and its heterogenous existence makes it a topic of study. Hence, these structural and 

functional features inspire to design the artificial collagen in a regulated and controlled 

manner, which can mimic the hierarchical structural of natural collagen molecule. This 

thesis is focused on the design of the synthetic collagen inspired peptides (CIPs) to 

understand the hierarchical assembly of the native protein and modifications in the 

peptide sequence to attain the structural similarity at the nanoscale, with an emphasis 

on recent breakthroughs in the field of biomaterials, nanotechnology, and tissue 

engineering. To this end, literature reports reinforce the significance of the potential of 

structural mimics of natural collagen (CMPs or CIPs) developed by short peptide 

amphiphiles that can display huge applications in diverse field of biomedicine. These 

short bioactive peptide motifs inspired from collagen may have the capability to mimic 

the native ECM for the fabrication of advanced tissue mimics. We anticipate that these 
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scaffolds can provide the necessary biochemical and biomechanical cues to control the 

cellular behaviour. 

1.8 Aims and objectives 

In this thesis, our aim is to adapt a minimalistic approach design and develop penta-

peptide sequences inspired from the basic repetitive unit of a collagen triple helix. 

Keeping in mind the importance of charge pair interactions, which further lead to the 

hierarchical organization, we have designed ionic complementary peptide sequences. 

The aim of this thesis is to demonstrate the importance of external stimuli or 

environmental conditions in developing differential nanostructures to access 

differential functions from a single peptide monomer. The research work was carried 

out with following specific objectives: 

1. Exploring the electrostatic interactions among the oppositely charged peptides 

inspired from the single tripeptide unit of collagen molecule to develop a more 

biocompatible co-assembled system. 

2. The cooperative effect of adding simple divalent metal ions to promote hydrogelation 

and access superior physical properties and promote favourable cellular interactions 

with the designer matrix. 

3. Controlled growth of hydroxyapatite crystals on the collagen inspired peptide fibers 

with potential applications in bone tissue regeneration. 

4. Benefits of conjugating carbohydrate polymer into short collagen inspired peptides 

in developing a tunable synthetic scaffold for fabricating a better structural and bio-

functional mimic of the native ECM. 

5. Exploring the stimuli responsive dynamic shape transformable behaviour of these 

peptide nanostructures to encapsulate and release the hydrophobic drug molecules, 

serving a dual function as nano-vehicle to transport antibacterial agents and providing 

an advanced synthetic scaffold for the wound site. 

Furthermore, a single gelator molecule may be used to fabricate a variety of 

nanostructures by adjusting the appropriate parameters, which has considerable 

promise in biomedical and tissue engineering applications. The non-conventional 

approach used to build different nanostructures from a collagen-inspired peptide in 
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order to develop a synthetic scaffold has a lot of promise for developing advanced 

nanomaterials for future biomedicine. 
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2.1 Introduction 

In this chapter, we aim to provide the detailed list of chemicals required for the synthesis 

of the peptide and their multiscale self-assembly, instrumentation techniques required 

to characterize the self-assembled nanostructures and protocols used to carry out the 

experiments as discussed in the thesis. The experimental work that flows in all the 

projects follows a similar pattern, which can be divided as mentioned below: 

1. Design, synthesis and characterization of the bioinspired peptide building block. 

2. Self-assembly of peptide monomers in presence of external stimuli. 

3. Multiscale self-assembly strategy to create peptide-peptide or sugar-peptide 

conjugate based functional nanostructures. 

4. Spectroscopic and microscopic characterization of the self-assembled peptide 

hydrogels and their biomolecular conjugates. 

5. Assessment of biological response towards the developed matrix and their 

therapeutic applications. 

All the experiments and assays involve different instrumentations. This chapter also 

covers the basic principle of these instruments and the protocols used in order to 

characterize the structural and functional features of the developed biomaterial. 

2.2 Materials 

All the chemicals used in this research work are of high purity (>99% or more). All the 

chemicals required for solid phase peptide synthesis, that include Fmoc-protected 

amino acids, oxyma base, diisopropylcarbodiimide (DIC), Rink amide MBHA resin, 

piperazine, anisole, 1,2-ethanedithiol (EDT), thioanisole were purchased from Sigma-

Aldrich. Trifluoroacetic acid (TFA), dichloromethane (DCM), dimethylformamide 

(DMF), diethyl ether, sodium hypochlorite (14%) was purchased from Merck. Sodium 

hydroxide pellets, Magnesium sulphate (MgSO4.7H2O), Calcium chloride 

(CaCl2.2H2O), Sodium phosphate dibasic (Na2HPO4) were purchased from HiMedia. 

The soft wood cellulose pulp was procured from a sanitary napkin making private 

company (Asian Agencies [Bestie] Pvt. Ltd. Bangalore, INDIA). All the cell culture 

medium used for culturing different types of cells, Fatal Bovine Serum (FBS), Trypsin-

EDTA solution, Pen-Strep antibiotic solution, Dimethyl sulphoxide (cell culture grade), 
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1X phosphate buffered saline, formaldehyde, MTT (3-(4,5-Dimethyl-2-thiazolyl)-2,5-

diphenyltetrazolium bromide), Thioflavin T, Congo Red, Alamar Blue, DAPI (4′,6-

diamidino-2-phenylindole), FDA (fluorescein diacetate), PI (propidium iodide), 

DiOC18(3) (3,3-dipropyloxacarbocyanine iodide) were purchased from HiMedia. Live-

Dead BacLight bacterial viability kit (L13152, Thermo fisher scientific), rabbit 

monoclonal primary antibody against β-III tubulin and anti-rabbit Alexa fluor 555 

conjugates were purchased from cell signaling technology (CST). AFM tip was 

procured from Newgen Technologies and TEM grid (200 mesh, Cu) was procured from 

Ted Pella, Inc. Thiobarbituric acid (TBA), trichloroacetic acid (TCA), and 2,7 

dichlorodihydro-fluorescein diacetate (DFH-DA) were purchased from Sigma-Aldrich. 

The bacterial strains, Escherichia coli (MTCC Accession number 1610T) and 

Staphylococcus aureus (MTCC Accession number 1430T) were procured from 

Microbial Type Culture Collection (MTCC) Chandigarh, India. Mouse fibroblast cell 

line (L929), Glioma cells (C6) and neural cells (SH-SY5Y) were procured from the cell 

repository of National Centre for Cell Science (NCCS), Pune, India and osteoblasts 7F2 

(mouse bone marrow) and Saos-2 (human osteosarcoma) were procured from ATCC 

(American Type Culture Collection). 

2.3 Design and synthesis of peptide amphiphile 

In the beginning of third millennium, peptide therapeutics market crosses the multi-

billion-dollar level.1 With more than 400 peptides in clinical studies, chemical synthesis 

of peptide has gained utmost interest due to their rapid, efficient, reliable methodology.1 

For nearly a century, the sequential construction of peptides from amino acid precursors 

has been reported. The idea is simple: peptide elongation is accomplished through a 

coupling process between amino acids, followed by the removal of a reversible 

protecting group. Fischer and Fourneau reported the first peptide synthesis and are also 

responsible for giving the term “peptide”.2 Carbobenzoxy (cbz), the first reversible Nα-

protecting group was created by Bergmann and Zervas.3 Conventional approach of 

peptide synthesis or solution-phase method has a long and elegant history.4 Peptide 

synthesis in presence of a solid support linked to a resin turn out to be revolutionary in 

peptide chemistry as it simplifies the tedious purification steps and automatic synthetic 

procedure, which saves the time.4 In this thesis, we have used solid phase peptide 

synthesis for synthesizing the ionic complementary collagen inspired peptides. Our 

approach for the peptide design was focused on developing short length collagen 
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inspired peptide, which showed the property to self-assemble in three dimensional 

nanofibrous structure. Our simplistic design was focused on incorporating the classical 

amyloid fragment, diphenylalanine molecule to the N-terminal of the tripeptide (Gly-

X-Y), which was inspired from the basic repetitive unit of native collagen protein. The 

middle position of proline was further modified by two differently charged amino acids 

which would further induce interactions between the ionic complementary charge on 

the residues to create complex hierarchical structure leading to the formation of diverse 

gels.5 The acidic and basic surface charge of the individual pentapeptides resulted in 

the formation of self-assembled structure at different pH by stabilization through charge 

neutralization of the counter ions present in the solution microenvironment. 

2.3.1 Solid phase peptide synthesis (SPPS) 

Following the emergence of solid-phase technique, peptide synthesis has become a 

more realistic aspect of modern scientific research as it reduces the tedious and 

challenging purification steps involved in the liquid phase synthesis.6-8  

 

Figure 2.1 Schematic representation of the simple dipeptide synthesis via solid phase 

method. 
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In this methodology, the peptide synthesis involves the use of a solid support over 

which numerous couplings and deprotection steps were performed to synthesize the 

desired peptide. The SPPS strategy involves two different approaches for the peptide 

synthesis according to the presence of protecting groups at N-terminal as well as in the 

side chains of the corresponding amino acids within the desired sequence. The 

protecting groups include: (i) Boc/Bzl and (ii) Fmoc/tBu.4 Boc is acid labile while Fmoc 

is base labile and their side chain protecting groups were removed using TFA and the 

same cocktail solution was used to remove the peptide from resin. Each amino acid of 

the designed peptide was coupled sequentially from C-terminal to N-terminal through 

a solid support (resin) (Figure 2.1). Initially, the Fmoc-protected amino acid binds to 

the amine group of the resin and form amide linkage at the C-terminal. To further 

accommodate the upcoming amino acid, Fmoc from the first amino acid was removed 

using 10% piperazine and the next amino acid binds to the linked amino acid via same 

amide linkage, where 0.5 M N,N-diisopropylcarbodiimde (DIC) act as the activator and 

1M Oxyma act as an activator base. The same process was followed on to add several 

numbers of amino acid to synthesize a long peptide chain via SPPS. Peptide sequences 

in this thesis were synthesized using a microwave-assisted solid phase peptide 

synthesizer (Liberty Blue CEM, Mathews, NC, USA). After complete synthesis, the 

peptide was detached from the solid support (resin) using the cleavage cocktail (Anisole 

2%, EDT 3%, Thioanisole 5%, TFA 90%). During the removal of resin, the side chain 

protection also gets cleaved from the peptide. The cleaved solution was filtered and 

precipitated drop-wise in chilled ether. The synthesized peptides were further analysed 

for their purity and were characterized through mass spectrometry. 

2.3.2 Reverse Phase-High Pressure Liquid Chromatography (RP-HPLC) 

In peptide chemistry, HPLC has emerged as an important tool because of its exquisite 

sensitivity, speed and resolution.9 RP-HPLC can be used to check the purity control, 

quantitative analyses of the synthesized peptide, and it has become the analytical 

technique of choice for peptide study.10, 11 HPLC, like other chromatographic methods, 

requires the use of a stationary phase (column) and a mobile phase (liquid). The injected 

sample was passed through the stationary phase with the use of a pump. The reverse 

phase high performance liquid chromatography (HPLC) system from Waters equipped 

with a photodiode array detector (Water 2998) was used to analyze the purity of the 

synthesized peptide. 
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Figure 2.2 Schematic representation of the working principle and instrumental setup of 

the reverse phase high performance liquid chromatography. 

The affinities of the sample with the mobile and stationary phases determine how each 

molecular components within the sample are separated, which is controlled by the 

polarity of each of the components. When a component has a stronger affinity for the 

mobile phase, it will reach the detector first, rather than the component with a higher 

affinity for the stationary phase. The individual component's affinity for the stationary 

phase or the mobile phase determines the component's retention duration, which can be 

utilised to separate the components. In RP-HPLC, C-18 column is used as stationary 

phase and due to their non-polar nature, the non-polar component with the highest 

hydrophobicity has the longest retention time. Reverse phase HPLC system from 

Waters equipped with a photodiode array detector (Waters 2998) was used to analyse 

the purity of the synthesized peptides. 30 µL of the sample was injected into waters C-

18 spherisorb (4.6 x 250 mm) column having 5 µm fused silica particles at a flow rate 

of 1 mL/min. A linear gradient of acetonitrile and water was used to elute the sample 

for a run time of 30 minutes. The sample was prepared by dissolving the requisite 

quantity of peptide in 1 mL of acetonitrile-water (50:50 mixture). The intensity of the 

peak was identified at 212 nm and 310 nm by a photodiode array detector.  

2.3.3 Mass Spectroscopy (MS) 

Mass spectroscopy is a technique for analysing the organic molecules present in 

samples qualitatively.12 In general, it's used to determine the molecular weight of the 

biomolecule is in a sample. The molecule is converted into ions using an ionisation 
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method, with or without fragmentation.13 The ions were characterised by their mass to 

charge ratios and relative abundance under magnetic field after ionisation, and then 

focussed on the detector or photographic plate according to their mass and charge. 

Electrospray ionisation was utilised to ionise the peptides.13 The MS is frequently used 

in conjunction with HPLC, allowing the evaluation of the molecular mass of chemicals 

separated by HPLC. LC-MS analysis was carried out by using Acquity QDa mass 

detector equipped with RP-HPLC system (Chapter 3). 

2.3.4 Self-assembly of the designer peptides (pH-switch method)  

The synthesized ionic complementary collagen inspired peptides were studied for their 

gelation behaviour via pH switch method. As discussed in the previous chapter, the 

hydrophobic and hydrophilic balance within the monomeric molecular domain 

stabilizes the self-assembled structure to construct the nanostructures through 

hierarchical assembly, which holds the water molecule to form hydrogel. pH switch is 

the most widely used and studied method for triggering the hydrogelation among 

peptide amphiphiles.14, 15 Change in the pH of the medium allows the ionization of the 

peptide, which further leads to the dissolution of peptide in aqueous environment. Both 

the ionic complementary peptides were prepared via dissolution and the induction of 

the gelation was attempted near to their respective pKa values of the functional amino 

acids (aspartate and lysine). The requisite amount of the peptides (30mM) was 

dissolved in water in a screw-capped vial with an internal diameter of 10mm and this 

was followed by varying the pH of the solution, gelation was achieved. NapFFGKO, 

was dissolved in ultrapure water (pH 7.0), then gradually NaOH (0.1M) was added to 

increase the pH to 9.0, which resulted in gelation. In contrast, to dissolve NapFFGDO, 

pH of the solution was raised to 9.0 and after its dissolution, 0.1M HCl was used to 

lower down the pH slowly to 5.0, where it showed gelation. To prepare the combined 

gel, both peptides were dissolved and the pH was adjusted to their gelation condition 

and then mixed in the calculated ratio. The gels were used for further characterization 

after the incubation of 24hrs (discussed in chapter 3). To further evaluate the 

equivalence point of the ionic peptide, we carried out the acid-base titration.16, 17 The 

titration curve for both the collagen inspired peptides were performed on a benchtop 

pH meter (Oakton pH 550 benchtop). NapFFGKO (1mM) was dissolved in water and 

the pH was brought to 2.69 by adding 5µl of 1N HCl. Then, the solution was titrated 

with 0.1N NaOH until the solution pH reaches 12. 
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Figure 2.3 Schematic representation of pH switch gelation method: for ionic peptides 

positively charged at physiological pH repel the adjacent peptide owing to similar 

charge repulsion, while at the pKa point the peptide tend to self-assemble into 

nanostructure owing to the charge neutralization.  

As NapFFGDO is not soluble in water, 1mM of NapFFGDO was dissolved by adding 

10µl of 2N NaOH resulting in final pH of the solution nearly12. Further, 0.1N HCl was 

added gradually to decrease the pH to 2.7. The points where sudden change in pH was 

observed were marked as point of protonation and deprotonation. For the metal ion 

coordinated self-assembly, the negatively charged collagen inspired peptide remained 

in the sol state at physiological pH at its minimum gelation concentration (MGC) of 30 

mM. However, the addition of the divalent metal (Ca2+/Mg2+) ions to the system 

promotes the hydrogelation at much lower concentration. The MGC value has been 

reduced to 15mM in presence of salts as compared to the peptide monomer itself, which 

was found to be 30mM, which has been mentioned in chapter 3 and 4, respectively.5 In 

this strategy, the requisite amount of the peptide (15 mM) was dissolved by increasing 

the pH to 10.0 using 1N NaOH in a screw-capped vial with an internal diameter of 10 

mm. The dissolved peptide was brought to neutral pH slowly via the addition of 1N 

HCl and kept for incubation of 6 hours before adding salts into it. The instant addition 

of metal ions to the system leads to aggregation and precipitation of the peptide. The 

aging of 6 hours ensured the formation of short fibers, which upon interaction with 
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divalent metal ions leads to hydrogelation at physiological pH. Metal coordinated 

hydrogels were prepared by adding different concentrations of metal salts (5 mM and 

10 mM) from the stock solution of salts. All stock solutions of the salts (CaCl2.2H2O 

and MgSO4.7H20) were prepared in Milli-Q water (18.2 MΩ) at a concentration of 250 

mM. In relevance to the media composition, we have utilized the same salts as additives 

as the preferred choice to check their effect on hydrogelation resulting from differential 

intermolecular interactions leading to differential cellular response. 

2.3.5 TEMPO-oxidation of microfibrillar cellulose 

TEMPO oxidation is a method to oxidize the polysaccharide and functionalize the 

polymer with carboxylate anionic functionality on the surface along with sodium 

counter ions. TEMPO mediated oxidation of cellulose is the most promising, efficient 

and energy-saving process to convert the microfibrillar cellulose into nanofibrillar 

cellulose with functionalized carboxyl groups.18  

 

Figure 2.4 Schematic representation of conversion of hardwood cellulose into 

nanofibrous cellulose via TEMPO oxidation 
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In this thesis, we have used softwood cellulose pulp (5g), dispersed in water (500 ml) 

containing TEMPO (80mg, 0.1mM) and sodium bromide (500mg, 1mM). The pH of 

NaOCl (10-14%) solution was adjusted to achieve pH 10 by adding 0.1N HCl. 5mmol 

NaOCl per gram of cellulose was used to start the TEMPO mediated oxidation of 

cellulose, and the reaction was stirred continuously at room temperature for 10 days.19 

The pH of the mixture was maintained at 10 using 1N NaOH and was continuously 

added in short intervals until no consumption of NaOH was observed. The TEMPO-

oxidized nanofibrillar cellulose was washed thoroughly several times with distilled 

water by centrifugation at 5000 rpm for 10 min for the complete removal of remaining 

chemicals. Washed nanofibrillar cellulose was then lyophilized to obtain the dried 

cellulose, which was further used in all the experiments. 

2.3.5.1 Electric conductometric titration to calculate carboxylate content after the 

oxidation reaction 

It was essential to calculate the percentage conversion of the hydroxy group into 

carboxylate group after the TEMPO oxidation. The amount of conversion to 

carboxylate ions of the oxidized cellulose was determined by the classical method 

measuring electrical conductivity.19, 20 Lyophilized samples of cellulose (0.3g) were 

added in 50ml distilled water with 5ml of 0.01M NaCl. The solutions were kept for 

stirring to synthesize a well-dispersed slurry-like material. The pH of the mixture was 

brought to pH 2.5 with the addition of 0.1N HCl. To this solution, a 0.05N NaOH 

solution was further added maintaining a constant rate of 100µl/min till the pH of the 

solution attained a final pH of pH 11 as indicated by a pH meter. A plot was generated 

with conductivity and pH to determine the extent of conversion of carboxyl group. 

2.3.5.2 Method of hydrogelation to construct nanofibrillar cellulose peptide 

conjugate 

Hydrogelation of the nanofibrillar cellulose and peptide was further attempted by 

preparing the aqueous suspension of nanofibrillar cellulose (NFC) and keeping it at 4℃ 

for 2hrs to allow the swelling of cellulose fibers. For dissolution of cellulose, 20mg 

NaOH was used (per 100mg of cellulose), which was kept for stirring for 5-6hrs at 4℃ 

followed by keeping it at -2℃ for overnight. The peptide hydrogel was added to the 

dissolved cellulose just before keeping it at -2℃ for overnight. The prepared hydrogel 

was allowed to thaw at ambient condition for few minutes and then it was washed with 
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the distilled water via diffusion or solvent exchange methodologies for several times to 

remove the excess NaOH present in the hydrogel. In this process, the final pH of the 

system was maintained at physiological pH.21 

2.3.5.3 Surface hydrophobicity measurement via drop shape analyser 

The surface hydrophobicity of the cellulose and cellulose-peptide conjugates were 

measured through contact angle using Drop shape analyser (DSA25E, Kruss). 

Measurements were performed in the absence of the solvent. A thin film of cellulose 

gels was made on the top of a glass slide and kept for air drying. A water drop was 

dropped on the surface of the dried sample and the angle between surface and water 

droplet was measured via drop shape analyser.22 Similarly, the conjugate gels were also 

investigated to analyze the extent of modifications in surface hydrophobicity. 

 

Figure 2.5 Schematic representation of contact angle measurement through drop shape 

analyser. 

2.3.6 Zeta potential measurement 

Peptide solutions at 10mM concentrations were used for measurement of zeta potential 

using Malvern Zeta Sizer Nano (ZSP). Both the ionic complementary peptides were 

titrated against each other to attain the neutral charge, which gives the calculated value 

by mixing both the peptides (chapter 3).23 Zeta potential of the peptide nanoparticles 

were also monitored via same protocol and instrument (chapter 7). 

2.3.7 Dynamic Light Scattering 

Dynamic Light Scattering (DLS) follows the Brownian motion of the dispersed particle 

in liquid. The particles in liquid move in all directions and collide each other, which 

causes the production of energy and further induces the particle movement.24 As the 
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transferred energy is not constant, smaller particles tend to move faster than bigger 

particles.24 The speed of the particle movement and other parameters like viscosity, 

temperature, Boltzmann constant can be used to calculate the hydrodynamic radii of the 

particle.  

                    ……………..(Eq. 2.1) 

(Stokes-Einstein equation) 

Where, D is translational diffusion coefficient (m2/s), kB is Boltzmann constant, T is 

temperature (K), η is viscosity (Pa.s), RH is hydrodynamic radius (m). 

The particle size, i.e., the hydrodynamic radius, polydispersity index (PDI) was 

measured from ZetaSizer Nano ZSP (Malvern Instruments).25 According to their 

electrophoretic mobility, prepared samples were subjected to equilibrate for 120 

seconds prior to the examination. The prepared nanoparticles were added to the 

bacterial and mammalian cell culture media to check their stability over 36 hours via 

dynamic light scattering (chapter 7). 

 

Figure 2.6 Schematic representation of the working principle of Dynamic Light 

Scattering (DLS). 

2.4 Spectroscopic and microscopic characterization of self-assembled 

nanostructures 

Non-covalent interactions between peptide molecules lead to their self-assembly into 

highly organized and well-defined supramolecular structures, which are then entangled 

to form a 3D fibrous network that effectively entraps water. Various spectroscopic 

techniques are used to investigate non-covalent interactions and structure development, 

which are covered in the next section. 



 

58 
 

2.4.1 Circular Dichroism (CD) spectroscopy 

Circular Dichroism is the most common technique to determine the secondary structure 

of peptide and proteins in solution.26 CD spectroscopy is based on the absorption 

deflection of circularly polarized left and right light of an optically active molecule. CD 

is widely used to discriminate the secondary structures of proteins i.e., (α-helix, β-sheet, 

random coils etc.). Protein secondary structures are characterized by far UV, where the 

peptide bond serve as a chromophore and near UV gives the insight into protein’s 

tertiary structure.27 Spectral region of 160-240nm falls under far UV range, and this 

range is of particular interest because singlet electronic transition in the backbone 

peptide bond of a protein occurs at 190 and 220 nm (N-C=O).28 The transition at 220 

nm is from the lone pair on oxygen to a π antibonding orbital (nπ* transition) and the 

transition at 190 nm is from a non-bonding π orbital to the π orbital (ππ* transition).29 

These two transitions mix in the chiral environment of a protein and result in distinct 

spectra for each secondary structural element present within the protein. Exciton 

splitting of the ππ* transition gives rise to the positive peak at 190 nm and the negative 

peak at 208 nm in the CD spectrum for an α-helix alongside a negative peak at 220 nm 

due to the nπ* transition.29 The electronic transitions at 208 and 190 nm are polarized, 

parallel, and perpendicular, respectively, to the helix axis in α-helical structures.29 

Characteristic CD spectra for other secondary structural motifs are also observed: a β-

sheet has a positive peak around 195 nm and a negative peak around 215 nm and a 

protein with no dominant secondary structure (a random coil) has a negative peak 

around 200 nm. In case of aromatic group capped short peptide sequence, CD spectra 

gives important insights into the structural arrangement of designed peptide 

amphiphiles after self-assembly. 

 

Figure 2.7 Schematic representation of working principle of circular dichroism (CD).  
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CD measurements of the peptide hydrogels were performed using Jasco J-1500 CD 

spectrophotometer. Spectra for all the hydrogels were obtained between a wavelength 

of 195-320 nm with 1 s integrations with a step size of 1 nm and a single acquisition 

with a slit width of 1 nm. A 0.1 mm quartz cuvette was used in which three repeat scans 

were compiled to generate the average spectra. The results were analysed using the 

Jasco Spectra Manager. HT voltage curve was recorded to demonstrate the noise-free 

data. 

2.4.2 Fourier Transform InfraRed (FTIR) spectroscopy 

Fourier Transform InfraRed spectroscopy is also a common technique to study the 

secondary structure of peptide and proteins.30 Peptides are made up of a chain of amino 

acids linked by an amide bond. The change in the amide bond's vibration frequency 

caused by differing hydrogen bonding interactions among the amino acids can provide 

useful information about the protein's secondary structure.31 Amide vibrations involve 

C=O, C-N and N-H groups of an amide bond, resulting in characteristic spectral 

features of proteins. Theoretical and experimental studies have revealed the presence 

of nine IR bands, which are termed amide A, amide B and amides I–VII.32 The amide 

I band was discovered to be the most intense and effective for analysing the secondary 

structure of proteins out of all the amide bands, which represents primarily the C=O 

(70-85%) stretching vibration of the amide groups and occurs in the region 1600–1700 

cm-1.33  

 

Figure 2.8 Schematic representation of the working principle of Fourier Transform 

InfraRed (FTIR) spectroscopy. 
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In addition to this amide II band, there has been significant contribution from the 

bending vibrations of the N−H (40- 60%), and from the C-N stretching vibrations (18-

40%), which occur at 1510 and 1580 cm-1 region. Hydrogen bonding and the coupling 

between transition dipoles are among the most important factors governing 

conformational sensitivity of the amide bands.34 The amide I band position for the α-

helical conformation is located at 1650-1655 cm-1. The β-sheet band frequency is 

located at 1620 cm-1 and a weaker band associated with high-frequency vibration of 

antiparallel β-sheet structure is reported at 1680 cm-1. 

In this thesis, Agilent Cary 620 FTIR spectrophotometer (chapter 3) and Bruker Vertex 

70 ATR spectrophotometer (chapter 4, 5, 6, 7) were used for the sample analysis. All 

the peptide hydrogels and peptide nanostructures were freeze-dried to record their FTIR 

spectra. The spectra was obtained across the wavelength of 400 to 4000 cm-1 at a 

resolution of 2 cm-1. The obtained spectra were background subtracted and processed. 

The difference in the spectral intensity after metal ion complexation was simply area 

normalized in the frequency region of 1390-1460 cm-1 via origin software.  

2.4.3 Fluorescence spectroscopy 

Fluorescence spectroscopy is a frequently used analytical tool for studying a 

compound's fluorescence properties in order to gain insight into the physical and 

chemical behaviour of macromolecules and their interactions.35 High sensitivity of this 

method is the key advantage as the sample amount is usually used in very low, and 

small traces of fluorescent species can be detected quantitatively.36 The capacity of 

some functional groups to absorb light at a given wavelength and then emit light of a 

larger wavelength after a short period of time is known as fluorescence.37 The classical 

Jablonski diagram is used to depict the processes that occur between light absorption 

and emission.38 In a Jablonski diagram (Figure 2.9) S0, S1, and S2 represent the singlet 

ground, first, and second electronic states, respectively. Frank-Condon principle states 

that a fluorophore can exist in a variety of vibrational energy levels at each of these 

electronic energy levels, as shown by the numbers 0, 1, 2, and so on. To demonstrate 

the instantaneous nature of light absorption, transitions between phases are portrayed 

as vertical lines. Transitions take roughly 10–15 seconds, which is too short for 

considerable nuclei movement. Typically, a fluorophore is stimulated to a higher 

vibrational level of S1 or S2. The excited molecule quickly relaxes to the S1 vibrational 
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level, which is the lowest vibrational level. Internal conversion is the term for this 

procedure, which takes 10–12 seconds or less. Since fluorescence lifetimes are typically 

near 10–8 s, internal conversion is generally complete prior to emission. As a result, 

fluorescence emission is usually caused by S1's lowest energy vibrational state. 

Molecules in the S1 state can convert to the first triplet state T1 through spin 

conversion. 

 

Figure 2.9 Jablonski diagram showing the possible electronic transition giving rise to 

absorption and emission. 

Another phenomenon, phosphorescence is generally shifted to longer wavelength 

(lower energy) relative to fluorescence. Intersystem crossover is the process of 

converting S1 to T1. Because the transition from T1 to the singlet ground state is 

restricted, triplet emission rate constants are several orders of magnitude lower than 

fluorescence rate constants. The fluorescence of the molecules is affected by a variety 

of parameters, including temperature, pH, local polarity, aggregation, and the presence 

of nearby molecules that can quench the energy of the molecules under study.39 In this 

thesis, all the fluorescence studies are performed in a steady state spectrofluorometer 

(FS5) from Edinburg Instruments. The variation in the fluorescence of the aromatic 

group present at the N-terminal was assessed via spectrofluorometer. The peptide 

amphiphile at physiological pH 7.0 in monomeric state (0.25mM) and gel state (15mM) 

(after addition of salt) was transferred to a quartz cuvette (10 X 4mm). The samples 



 

62 
 

were excited at 240 nm corresponding to the absorption maxima of naphthoxy moiety, 

and emission spectra were acquired in the 260-510 nm range both in monomeric and 

gel state with data pitch of 1nm and bandwidth of 3 nm. 

2.4.4 Thioflavin T fluorescence assay 

 We have further used the fluorescence spectrophotometer to determine the binding 

capacity of a fluorescent dye Thioflavin T. ThT recognizes and binds to the beta rich 

peptide structures, which commonly adopts the “cross-β” structures, an extended β-

conformation running perpendicular to the long axis leading to the multiple β-sheets.40 

The ThT binds to these cross-strand ladder consists of repeating side chain interactions 

across the β-sheet layers.41 However, ThT interaction is specific to the structural motif 

in the fibrils, which is basically the hydrophobic patches of the β-sheet structures and 

it has an affinity towards it. ThT stock solution (8mg in 10 ml MQ water) was freshly 

prepared and filtered through 0.2 μm syringe filters. The working solution was prepared 

by diluting stock solution (1ml to 50ml) with water. The fluorescence intensity was 

measured for 1ml of working solution by excitation at 440nm (slitwidth 1nm) and 

emission at 482nm (slitwidth 1nm) with an average intensity of 5 accumulations. For 

measuring the fluorescence intensity of peptide hydrogels, 1ml of the working solution 

was titrated with 20μl of peptide hydrogels/solutions. For each sample, the spectra were 

recorded from 450 to 600nm at room temperature. The final intensity for each sample 

was plotted after subtracting the ThT spectrum in water. 

2.4.5 Congo Red (CR) Binding Assay 

Congo red is an amyloidogenic dye that is commonly used to stain amyloid fibrils in 

tissues.42 When this dye interacts with amyloids, it exhibits dramatic changes in 

spectrophotometric characteristics. Its absorption spectra in aqueous solution exhibits 

a maximum absorption at 490 nm.43 When bound to β-sheet-rich amyloid fibrils, the 

CR molecules adopt a specific orientation (i.e., with the long axis of the CR molecules 

lying parallel to the fibril axis) and become torsionally restricted.44 This induces a 

characteristic increase in absorption and a red shift in the absorption maximum from 

490 to 540 nm. We have used congo red binding assay to confirm the presence of cross-

β sheet like structures into the hydrogels (Chapter 4). Briefly, the stock solution was 

freshly prepared by dissolving 2.5 mg of Congo red (CR) dye in 10 mL of MilliQ water 

containing 10% ethanol, and the solution was filtered through a 0.2-micron filter to 
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remove the undissolved dye. Metal coordinated peptide hydrogels prepared at 15 mM 

concentrations were diluted 10 times. These diluted samples were further incubated 

with 10 µL of the Congo red stock solution for 30 minutes in the dark. Absorption 

spectra of the Congo red containing hydrogels were collected on a UV-Vis 

spectrophotometer (UV-2600 Shimadzu) using a quartz cuvette (1 cm path length) in 

the range of 200-700 nm. 

2.4.6 Powder X-ray diffraction (XRD) 

Another useful tool for determining the molecular packing of short peptide amphiphiles 

in the gel state is XRD.45 An X-ray beam is incident on a crystalline sample in XRD, 

and it is diffracted in many different directions. The angles and intensities of these 

diffracted beams are measured to provide a three-dimensional representation of the 

electron density within the crystal.46 This electron density shows the atom’s average 

positions in the crystal, their chemical bonds, crystallographic disorder, and other 

details.  

 

Figure 2.10 Schematic representation of working principle of powder X-Ray 

diffraction (XRD). 

After self-assembly, amorphous peptides can form crystalline structures that diffract x-

rays and produce distinct peaks. The diffraction of x-rays was explained as ‘reflections’ 
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from different planes of crystals, firstly by W.L. Bragg.47 These reflections satisfy the 

following equation, known as Bragg’s equation: 

                                                n (λ)= 2d sin θ                                       ………..(Eq. 2.2) 

Here, n is a positive integer (1,2, 3, n), λ is the wavelength, d is the distance between 

the atomic planes, and θ is the angle of incidence of the X-ray beams. 

In this thesis, Bruker D8 Advance X-ray diffractometer instrument equipped with Cu 

Kα radiation source (λ = 1.541 Å) was used under the accelerating voltage of 40 kV 

and 25 mA. The 2θ range used for recording the XRD pattern of peptide assemblies 

was 5° to 80°. The lyophilized hydrogel samples were used for XRD analysis. XRD 

has provided the information regarding the presence of preliminary growth of the 

hydroxyapatite crystals on the peptide nanofiber (discussed in chapter 5). 

2.4.7 Small Angle X-Ray Scattering (SAXS) 

Small-angle scattering (SAS, angle 0-2°) has proven a strong method for understanding 

biomaterial structure. SAS is a scattering method based on the slight deflection of 

collimated radiation away from the straight path when it interacts with obstacles larger 

than the radiation's wavelength.48 The "angle" in SAS refers to the deflection angle of 

radiation. The shape and size of structures in a sample can be determined using SAS 

approaches.49 A monochromatic beam of X-rays is directed at a sample in a SAXS 

apparatus, and some of the X-rays scatter while the majority pass through the material 

without interfering with it. The scattered X-rays form a scattering pattern, which is then 

detected at a detector which is typically a 2-dimensional flat X-ray detector situated 

behind the sample perpendicular to the direction of the primary beam that initially hit 

the sample. The scattering pattern contains the information on the structure of the 

sample. In this thesis, SAXS experiments were carried out on SAXSess mc2 instrument 

procured from Anton-Paar with line-collimation system using a Cu Kα source with 

wavelength of 1.54 Å. Perkin Elmer cyclone plate recorder was used to record the data. 

SAXSQuant 2D software was used to reduce the dimensional data to one dimensional, 

Intensity (I) vs scattering vector (q) plot. SAXS intensity profiles were fitted in shape-

independent category and examined by two different models; Debye (1947) model, 

which was implemented in SasView as mono_gauss_coil model and an extension of 

Debye’s original scattering law, Schulz-Zimm model having an extra parameter 

(polydispersity of the polymer (Mw/Mn)), as poly_gauss_coil model. The fitting was 
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carried out using SasView 5.0 software. The effective structure factor, Seff(q), was also 

calculated for each molecule. 

 

Figure 2.11 Schematic representation of work flow of small angle X-ray scattering 

(SAXS). 

Ten separate models were made for every dataset using DAMMIF program, which were 

further superimposed, an averaging was done using DAMAVER program. This was 

followed by further optimization using DAMMIN program. Superimposition of 

nanofibrillar cellulose and peptide modelled structures were achieved using ATSAS 

plugin and all representations were drawn using PyMol program.  

2.4.8. Confocal Laser Scanning Microscopy (CLSM) 

Confocal Laser Scanning Microscopy (CLSM) is a commonly used technique for 

imaging fluorescent sample, as well as real time imaging and 3D screening.50 The 

working principle of the instrument is based on point-by-point illumination of the 

sample and elimination of out-of-focus light.51 The light source (laser system) emits 

coherent light, which passes through a pinhole aperture on a confocal plane with an 

objective near the specimen and another pinhole aperture in front of the photomultiplier 

detector.51 The laser, which is reflected by a dichroic mirror, falls over the sample in a 

set focal plane, causing secondary fluorescence to be emitted from certain places on the 

specimen (in the same focal plane). The light is reflected back via the dichroic mirror 

and focused on the detector pinhole aperture. The placement of spatial pinholes to block 

out-of-focus light in image generation gives confocal imaging the advantage of high 

resolution and contrast.50, 51 However, the greater resolution produced by blocking light 

at the pinhole came at the expense of diminished signal strength, necessitating extended 

exposure times to minimise the signal to noise ratio.52 The confocal microscope used 
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in this thesis is from Carl Zeiss, LSM880 for live-dead staining for bacterial as well as 

mammalian cells and also for F-actin and immunofluorescence staining (β-III tubulin). 

2.4.9 Atomic Force Microscopy (AFM) 

Atomic force microscopy is a strong tool for assessment of biomaterial shape and 

mechanical characteristics with nanoscale spatial resolution.53 It is commonly used in 

biology to define the morphological characteristics of fiber-forming proteins and 

peptides.54 The technique involves moving a sharp probe tip across a sample surface 

using piezoelectricity, which creates deflections in the probe's cantilever.55 These 

deflections are then used to create a topographical map for each x,y pixel on the scanned 

area. An optical detecting system is used in the most popular AFM setup. The probe 

tip, which is mounted on the end of a cantilever, is illuminated by a laser. This laser 

reflects onto a position-sensitive photodiode with four quadrants. The photodiode 

signal from the laser point in each quadrant will change as the cantilever deflects due 

to the probe's interaction with the surface. The controller keeps track of this change. 

The change in voltage of the photodiode is used to compute the cantilever's movement. 

The cantilever or the surface itself can be moved with accuracy by a piezo scanner in 

3D. The forces obtained during scanning are rebuilt computationally, resulting in the 

development of an image. Probe, a microfabricated sharp spike attached on the end of 

the cantilever, is one of the most important requirements of AFM.  

The resolving power of an instrument is usually determined by the tip's sharpness. 

Silicon or silicon nitride is used for the cantilever-tip assembly. We have used AFM in 

tapping mode to visualize the morphological features of the nanostructures present in 

the hydrogel state (in chapter 3,4,5,6,7).56 For AFM analysis, the hydrogels were 

diluted and drop cast on the surface of fresh silicon wafer. The sample was air-dried. 

The atomic force microscopy (AFM) images were obtained by scanning the silicon 

wafer surface in air under ambient conditions using Bruker Multimode 8 scanning 

probe microscope operated in tapping mode with Nanoscope V controller and a J-

scanner. The Tapping mode tips were used with silicon cantilever for standard tapping 

in air obtained from Budget sensors (Tap150Al-G) with resonant frequency, 150 kHz 

and force constant 5 Nm−1. 
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Figure 2.12 Schematic representation of working principle of Atomic Force 

Microscopy (AFM). 

2.4.10 Scanning Electron Microscopy (SEM) 

The scanning electron microscope (SEM) is a tool for visualising and analysing sample 

surfaces. The imaging of samples in a SEM is mostly conducted with secondary 

electrons.57 When compared to the energy of primary electrons, these electrons have a 

very low energy (about 50 eV) (up to 30 keV). Because of their low energy, these 

electrons can only escape from the specimen's surface area, providing information 

about the surface topography. It was also discovered that backscattered electrons are 

widely employed for imaging with a backscatter detector located accordingly. The 

number of electrons backscattered from a specific place on the specimen is determined 

by the specimen's local elemental density.58 As a result, backscattered electrons offer a 

"density image" as well as information on the elemental composition. Due to their great 

energy, backscattered electrons are likewise more resistant to charge. The morphology 

and surface topology of cellulose peptide conjugate hydrogels were determined by 

Scanning Electron Microscope procured from JEOL, USA (JSM-IT300). The 

experimental parameters were set to acquire the data at 15kV, while the probe current 

was fixed at 30µA. The cellulose peptide conjugate hydrogel was casted onto the silicon 

wafer before gelation and then kept at -2 ℃ for gelation. After gelation, the silicon 

wafer containing the sample was washed for several times and allowed to dry in the 

desiccator under vacuum. Samples were sputtered with gold for 60s prior to imaging. 

The distribution of the pore size throughout the samples was quantified by SEM images. 

In particular, the pore size and the distribution were calculated using ImageJ software. 
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Figure 2.13 Schematic representation of the working principle of Scanning Electron 

Microscopy (SEM). 

In chapter 7, the bacterial cells were observed for the damaged cellular membrane via 

field emission scanning electron microscopy (FE-SEM). Bacterial cells in the log phase 

were harvested and washed with normal saline, which was followed by incubation with 

the nanoparticles for 6 hours. After incubation, both the nanoparticle treated and the 

non-treated cells were washed several times to remove the nanoparticles and 

resuspended in normal saline for the sample preparation. Glass coverslips were cleaned 

and coated with poly-L-lysine for 5 minutes in a 24 well plate and kept for air dry in 

oven (60℃). The bacterial cells were fixed by 4% formaldehyde solution for 15 minutes 

followed by washing with normal saline. Formaldehyde is used to crosslink the 

bacterial protein to stabilize the ultrastructure of the bacterial cells. The cells were post 

fixed in 1% tannic acid solution for 15 minutes to fix the bilipid membrane preventing 

the extraction of lipid during gradual dehydration. The washed cells were then drop cast 

onto the poly-L-lysine coated coverslips and incubated for 1 hour at 4℃. After the 

complete binding of cells on coverslips, the samples were subjected for dehydration by 

immersing the coverslips in a gradient ethanol solution (30-100 %). The dehydrated 

samples were kept in a vacuum container to avoid the moisture gain. The samples were 

then gold coated for 60 seconds before imaging through a JSM-7610F Schottky Field 

Emission Scanning Electron Microscopy with an accelerating voltage of 5 kV. The 
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images were captured at a working distance of 8.14 mm in standard mode with 

secondary electron detector. 

2.4.11 Transmission Electron Microscopy (TEM) 

The interaction of an electron wave with the matter provides information about the 

microstructural organization of the specimen in an electron microscope. Images from 

transmission electron microscopy may be obtained on a fluorescent screen with a 

magnification of approximately 1,000,000x and a resolution of better than 1 Å.59 

Furthermore, by studying the X-ray produced by the interaction of the accelerated 

electrons with the sample, the elemental composition of a sample may be determined 

with high spatial resolution.60 Typically, a thermionic cannon is used to generate high-

speed electrons that are focused onto the specimen by various electromagnetic lenses. 

For an average accelerating voltage of 100 kV in TEM, the specimen should be around 

70 nm thick. The specimen is put on copper grids, which are then placed in a holder 

and vacuum-sealed before being injected into the goniometer of the TEM. The 

goniometer allows for extremely precise and steady specimen holder control while 

imaging. TEM is comprised of two types of interactions between primary electron and 

atom of the specimen: (i) Elastic scattering and (ii) In-elastic scattering.61 Heavy metals 

can be added to the biological samples or soft materials to optimize the ratio between 

elastic and inelastic scattering. Staining with heavy metal fixes the sample shape, 

enhance contrast and also protect the sample against radiation damage. 

Due to the presence of light elements such as C, H, O, N, S, P, and others, peptide-

based nanostructures are commonly thought of as soft materials. As a result, these 

materials are generally electron transparent and must be stained with heavy metal-

containing substances such as uranyl acetate or phosphotungstic acid, which are 

electron dense and offer the necessary image contrast for peptide nanostructure 

visualization. Because of the presence of diverse functional groups, these heavy metals 

can either interact with the nanomaterial or just stain the backdrop of the sample, 

depending on whether the staining is positive or negative. Metals that stick to certain 

sections of the sample are added to get a positive heavy metal staining. Furthermore, a 

small portion of the sample is exposed to very powerful electrons in TEM, which may 

cause damage to the sample. In this case, optimal heavy metal staining also protects the 

material from radiation damage. A negative stain is a fine-grained metal solution that 
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creates a contrast by covering and surrounding the material. The detector is the final 

component of the electron microscope that has a significant impact on image quality. 

 

Figure 2.14 Schematic representation of the working principle of Transmission 

Electron Microscope (TEM). 

By translating electrons into photons in a scintillator layer, a CCD camera records 

the electrons. Direct detection devices (DDD) are now widely employed in the field of 

structural biology. DDD cameras can detect electrons directly, minimizing blurring and 

increasing recording speed. The chip is also thinner, which reduces the amount of 

backscattering of electrons in the chip. To examine the peptide nanostructure in TEM, 

the peptide gels were allowed to adsorb for 4 min on the carbon coated TEM grid. 

Excess sample was wicked off with the filter paper. It was followed by the addition of 

2% (w/v) Uranyl Nitrate with an incubation time of 3-5 minutes and wicking off the 

excess stain, same procedure of staining was repeated thrice. Samples were then kept 

in the desiccator under vacuum. TEM micro-graphs were recorded with a JEOL JEM 

2100 with a tungsten filament at an accelerating voltage of 200 kV. 
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2.4.12 Rheological analysis of peptide hydrogels 

2.4.12.1 Assessment of mechanical strength 

Supramolecular hydrogels are soft, viscoelastic polymers that are physically 

crosslinked. Their mechanical characteristics control a variety of technical applications, 

including drug delivery, biomaterial construction, and biosensor design etc.62, 63 The 

mechanical strength and viscoelastic properties of the supramolecular hydrogel are 

mostly determined by the gelation process as well as the peptide building block 

concentration.64 To characterize their static and dynamic viscoelastic behaviour, 

rheology is the method of choice.65, 66 The gelation kinetics and stiffness of a gel are 

disclosed in rheology by applying shear and measuring the strain, or vice versa. In a 

sinusoidal oscillation, a deformation is introduced as shear strain or stress on the 

hydrogels. The shear stress or strain is calculated using the sine wave phase shift as a 

function of the applied angular frequency. Rheology is a great way to track changes in 

gel structures as they transition from sol to gel (assembly formation) and vice versa 

(breaking of assemblies).67 The shear storage modulus (G′; energy stored in 

deformation), shear loss modulus (G′′; energy released in deformation), and the loss 

factor (tan=G′′/G′) are all measured in a hydrogel rheological characteristics.  

 

Figure 2.15 Schematic representation of oscillatory rheology setup with cone plate 

above the sample. 
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A viscoelastic property of a hydrogel can be explained by its parameter of measurement 

duration, frequency, and strain. G′′ G′ (tan 1) implies a viscous –liquid driven hydrogel, 

whereas G′′ G′ (tan 1) indicates an elastic solid governed hydrogel. The storage 

modulus, G′, and loss modulus, G′′, are the most common parameters evaluated for a 

hydrogel in a common oscillatory rheological experiment. G′ (Pa) and G′′ (Pa) are 

commonly measured as functions of time, angular frequency, and oscillatory strain. A 

linear viscoelastic regime (LVR) of a material can be determined by monitoring the 

moduli versus strain curve.68 Initially strain sweep was carried out to evaluate the LVR. 

The peptide hydrogels were then subjected to dynamic frequency sweep rheological 

analysis on Anton Parr MCR302 rheometer using a 50 mm parallel plate geometry. 

Peptide hydrogels were incubated for 24 hours before measurement. The storage 

modulus (G’) and loss modulus (G”) of the hydrogels were recorded as a function of 

frequency between 1 to 100 Hz while maintaining the temperature 25 ℃ throughout the 

experiment. A time-dependent strain was applied to access the thixotropic behaviour of 

peptide hydrogels at a frequency of 0.1% to 100% to monitor gel to sol transition and 

vice versa. Both the frequency sweep and thixotropic studies were repeated thrice to 

ensure the reproducibility of the produced data. 

2.4.12.2 Thixotropic measurements 

The storage modulus evolution of a hydrogel immediately after it has been subjected to 

steady-state shear of considerable amplitude by the upper plate of a bench-top 

rheometer is a regularly used methodology for measurement of investigating the shear-

thinning and self-healing behaviour of physical hydrogels. Following shearing, such a 

measurement frequently reveals a considerable fall in the storage modulus value, 

followed by slow storage modulus evolution post-shear cessation. To examine the 

under shear and post-shear behaviour, solid injectable hydrogels are shear treated with 

a rheometer. The thixotropic nature of the hydrogels developed from collagen inspired 

peptides were explored by applying step strain cycle with maximum deformation of 

100% for 600 seconds followed by 1% strain for 200 seconds at 1Hz. The thixotropic 

behaviour of the hydrogels was monitored up to 5 cycles and to check the change in the 

fiber morphology, AFM samples were made at different strain points. Further to check 

the injectability and printability of the peptide hydrogels, we performed dynamic 

compression test to calculate the force required to extrude the hydrogel from a syringe 

with needle of gauge size 30.  
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2.4.12.3 Dynamic compressive strain study 

The injectability and printability nature of the peptide hydrogels were examined via 

dynamic compressive strain study using axial compression tester, BiSS, India. The 

prepared hydrogel was transferred into a 2.5 cc syringe with 18G needle and the 

extrusion was made at a rate of 50 μL/s, which calculates the force required for the 

extrusion of the peptide hydrogel. 

2.4.13 Mechanical stiffness via peak force quantitative nano-mechanics 

Atomic Force Microscopy (AFM) is a well-known scanning probe microscopy 

technique for investigating materials topology, which have the ability of sense the 

surface of a sample via electrically and magnetically.69, 70 SPM provides nanometre 

resolution and non-destructive interaction with samples, which makes it very useful 

tool for biologist.71 Apart from the topographical information, AFM can also be used 

to detect the intermolecular forces with a spatial resolution. It can be used to provide in 

situ imaging of an indentation point and can calculate the Young’s modulus (E) of the 

material.72-74 Contact angle (Ac) between the AFM probe and sample surface can only 

be measured via the nanometric contact. Contact mechanic models have been reported 

to examine the AFM picoindentation data: (i) Hertz model, (ii) JKR model (Johnson, 

Kendall and Roberts), and (iii) DMT model (Derjaguin, Muller and Toporov). In this 

thesis, we have used Hertz model to calculate the Young’s modulus of the peptide 

nanofibers and hydroxyapatite mineralized peptide nanofibers in chapter 5. 

In 1981, a German physicist developed the model Henrich-Hertz, where both the tip 

and the sample are considered as two spheres of radius R1 and R2. This model does not 

calculate the interpenetration of the materials nor the acting force (Fa) between the 

surface and the AFM tip, it only assumes elastic deformation of the material. The 

contact between the sample and the tip gives a flat and circular contact, which is given 

by this equation: 

     ……………………..(Eq. 2.3) 

Where, R represents combined curvature radius and K is the combined elastic modulus 

of the material. 
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……………………(Eq. 2.4) 

E represents Young’s modulus of the material and ν represents the Poisson ratio of the 

indenter. 

Calculating the Young’s modulus of peptide nanofibers follows four basic steps: (i) tip 

sensitivity, (ii) spring constant, (iii) indenting the sample, and (iv) fitting the curve and 

calculating the Young’s modulus. Tip sensitivity: This is an experimental value, 

correlating the tip deflection and photodetector voltage. To obtain the tip sensitivity, an 

undeformable surface is required (blank silicon wafer used in this study). The 

experiment was performed in contact mode with a setpoint of 0.5V and deflection of 

100 nm. Select the “ramp” button and set force distance to 500 nm in the master panel 

and press continuous scan. A force distance curve appears and to overcome the piezo 

drift the continuous scan was left to run for 5-10 minutes. After that, perform a single 

scan and check whether the blue and red lines are on top of each other. Select the 

deformation area as shown in (Figure 2.16b) and click on calculate the deflection 

sensitivity in the master panel, the value should be between 30-100 nm/V. 

 

Figure 2.16 Schematic representation of the (a) interaction forces for Hertz model (with 

area normalized) and (b) force-distance curve, displaying the different contact regime 

between the tip and the surface as both the bodies approaches. 

After this, we have calculated the spring constant by using thermal tuning. Withdraw 

the tip to a certain distance and perform thermal tuning, the microscope will now 

complete the cantilever tuning and record 50 spectrum. Click “fit” and calculate the 

spring contact, the spring constant of a tip lies between 50-200 pN/nm. Now, the silicon 

wafer containing peptide nanofiber was mounted and the image was taken in contact 
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mode and from the image 50-100 points were chosen and analysed via “point and 

shoot”. A number of force-distance curve was obtained from different region of the 

sample, to get statistically relevant data. For fitting the curve, open the force curve in 

analyses window and fit the curve in axis 1 by keeping force in y axis and steps or 

distance in x axis. For calculating the Young’s modulus apply Hertz model equation; 

          ………………..(Eq. 2.5) 

Where, F is the applied force and Eff is the elastic modulus, which can be calculated 

from the below equation. 

              ………………..(Eq. 2.6) 

Where ν represents the Poisson ration and i corresponds to the substrate mechanical 

property (SiO2 Ei= 76 GPa and νi = 0.17).  

          …………………(Eq. 2.7) 

To further plot the force versus distance or separation curve, calculate the slope of 

contact region and extract the Young’s modulus from the below equation, where R 

corresponds to tip radius and he is the separation.69, 70 

 

2.5 Assessment of biological response towards the developed matrix and their 

therapeutic applications 

 

2.5.1 Cell lines and maintenance of cells 

As indicated in the aims and objectives, we have explored the differential properties of 

the collagen inspired peptide, which varies from developing a synthetic scaffold or 

serving as a template for bone mineralization or towards development of polymer 

peptide conjugates etc. we have used cell lines from different tissues of origin to check 
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the biological response of the designed peptide hydrogels. In this thesis, we have used 

fibroblast cells (L929), as it is one of the major cells producing collagen for the 

structural support for the tissue and we have used osteoblast cells 7F2 and Saos-2 for 

studying the effect of mineralized peptide fibers.75 We have also utilized neural (SH-

SY5Y) and glioma cells (C6) to check the comparative effect of the peptide fibers on 

the soft tissue cells to assess the diversity of the developed matrices. The cell lines were 

procured from National Centre for Cell Science (NCCS), Cell repository, Pune, India 

and American Type Culture Collection, USA. 

Fibroblast (L929), osteoblast (7F2) and glioma (C6) cells were cultured in Dulbecco’s 

Modified Eagle Medium (DMEM), supplemented with 10% fetal bovine serum and 1% 

pen-strep solution. Neural cells were grown in Ham’s F-12 medium with high glutamate 

and 10% fetal bovine serum and 1% pre-strep solution. Osteoblast cells (Saos-2) were 

cultured in McCoy’s 5A supplemented with 20% fetal bovine serum and 1% Pen-Strep 

antibiotic solution. All the cells were cultured at 37℃ in a humidified incubator, with 

5% CO2. For long term studies, the medium was changed after every 48 hours of 

incubation and the cells were trypsinized at 70% of their confluency with 1X trypsin-

EDTA solution. 

 

Table 2.1 Description of cell lines with their culture medium and source of origin.  

Cell line Source Media 

L929 cell line Mouse fibroblast DMEM + 10% FBS +1% 

Antibiotic 

C6 cell line Rat glioma  DMEM + 10% FBS +1% 

Antibiotic 

SH-SY5Y cell line Human Neuroblastoma Ham’s F-12 + 10% FBS + 

1% Antibiotic 

7F2 cell line Mouse Bone Marrow DMEM + 10% FBS +1% 

Antibiotic 

Saos-2 cell line Human Osteosarcoma McCoy’s 5A + 10% FBS + 

1% Antibiotic 
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Figure 2.17 Schematic representation of the diverse nanostructure achieved by short 

peptide amphiphiles and their applications in biomedical field.  

2.5.2 Biocompatibility studies 

The biocompatible behaviour of the designed peptides were estimated by a most widely 

used method, MTT [3- (4, 5-Dimethylthiazol)-2, 5-Diphenyltetrazolium bromide] 

assay.76 MTT is a pale yellow coloured compound, which readily penetrates into the 

live mammalian cells. The tetrazolium dye gets reduced in the presence of several 

oxidoreductases and dehydrogenases enzyme to convert into the formazon product. The 

produced formazon product accumulates inside the cells in insoluble form and get 

solubalized in presence of DMSO.5, 77 The method has been used to assess the 

cytotoxicity of the proposed peptides in its monomeric form and also in its self-

assembled form for the different cell lines used in this thesis. The cells with density 

5000 per well were seeded and incubated before the treatment of peptide at a 

concentration range of 100 to 1000 μg/mL. In particular, cells were incubated with the 

peptide samples at variable concentrations for 24 and 48 hours respectively to monitor 

the changes in morphology. The cytotoxicity was evaluated by incubating the cells 

further with MTT for 4 hours. MTT dye was reduced by live population of the cells and 

resulted in formazan, which is readily soluble in DMSO.78 The quantity of solubilized 

formazan produced was measured at 595 nm. This value is directly proportional to the 
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cellular viability. All experiments were repeated three times in triplicates, and the data 

are represented as mean ±SD. 

2.5.3 2D cell culture 

A conventional approach was followed towards developing the synthetic scaffold that 

involves securing, nourishing and growing cell cultures on a flat bottom of tissue 

culture flask ot petridish.79 They are the foundation for practically all comtemporary 

routine assays and have a large body of literature to back them up.80 2D cell culture is 

a traditional method to assess the cellular adhesion and proliferation ability of the 

synthetic scaffold casted on a flat bottom.81 2D culture of the cells for assessment of 

biocompatibility and the evaluation of the potential of the collagen inspired peptide 

hydrogels towards supporting cellular growth and survival were determined on a 2D 

matrix formed by the hydrogel.82, 83 A thin layer of peptide fibers were coated on the 

surface of the sterilized coverslip and placed in cell culture dishes. The thin layer of the 

nanofibers and the hydrogel were sterilized under UV in a biosafety cabinet, followed 

by overnight incubation with DMEM for media exchange in the hydrogel matrix. The 

hydrogel-coated coverslips were assessed for their stability upon incubation in a cell 

culture medium for media exchange and long-term media perfusion. Perfused media 

was exchanged with the media containing 5x104 cells and incubated for different 

periods before examining for the live and dead population. A time-dependent study was 

carried out to assess the exposure effect of peptide environment for different types of 

cells. 

 

Figure 2.18 Schematic representation of the peptide hydrogels working as 2D scaffolds 

for the cellular adhesion and growth.  

The adhered cells were monitored in a confocal laser scanning microscope (CLSM) 

using live-dead staining, as described in the next section. 
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2.5.4 Live-Dead Staining 

To differentiate the live and dead population in a 2D culture, the cells were 

differentially labelled (fluorescently) and observed under confocal microscop.We have 

used DiOC18(3) and PI for staining live and dead population in chapter 6. DiOC18(3) 

is a lipophilic dye, which stain the membrane and gives green fluorescence. In chapter 

4 and 5, live cells were stained with fluoresceine diacetate (FDA) and similarly dead 

cells were stained with propidium iodide (PI). DiOC18(3) is a lipophilic carbocyanine 

green fluorescent dye, which gives high fluorescent intensity when incorporated into 

the membrane.84, 85 It can stain both types of cells live as well as dead, whereas 

fluoresciene diacetate is a cell permeable esterase dye that serve as a viability probe for 

measuring the enzymatic activity of the cells. The green fluorescent produced upon 

hydrolysis by the intracellular esterase to highly fluorescet fluoresciene and can only 

stain the live cells.86, 87 The working solution of FDA was prepared by adding 4 μL of 

stock per 1 mL of PBS from 3.5 mM stock solution prepared in DMSO. Similarly, a 

stock solution of Propidium iodide (PI) was prepared in PBS (3.75 mM) 2 μL of this 

stock solution was diluted in 1 mL of PBS to prepare the working solution of PI. Both 

the dyes were filtered before use to remove the undissolved crystals of the dye. Cells 

were incubated with FDA for 15 minutes, followed by washing with 1X PBS three 

times. Further, cells were incubated with PI for 20 minutes, followed by washing with 

1X PBS three times. The cells adhered onto the hydrogel matrix were visualized using 

a confocal laser scanning microscope (Zeiss LSM880 confocal microscope, Carl Zeiss) 

and the images were captured with 10x magnification. 

2.5.5 Cellular proliferation assay 

The relative rate of cell division within a target tissue can be assessed by using an 

immunohistochemistry staining technique.88, 89 A cell proliferation assay provides a 

direct and accurate measurement of the number of live-dead cells in a population. In 

this thesis, we have used Alamar Blue assay to quantitate the cellular proliferation in 

chapter 4,5 and 6. Alamar Blue is a fluorescence indicator used to quantify cellular 

viability and proliferation at different time points. Thin layer of peptide fibers, 

mineralized peptide and conjugate hydrogels were coated on the surface of 96 well-

plate. Coated samples were sterilized via UV in a biosafety cabinet, followed by the 

addition of respective medium to perfuse into the hydrogel matrix, and were kept for 
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overnight incubation. Perfused media was replaced with the media containing 1000 

cells/well and examined for the proliferation at different time points of 48 hrs, 72 hrs, 

and 120 hrs respectively, using Alamar blue assay. 10% of Alamar blue in respective 

medium was prepared and incubated with treated cells for 8 hours. The incubated 

samples were further monitored in a microplate reader (Tecan Infinite M Plex) to study 

the reduction of Alamar blue solution using an excitation and emission wavelength of 

560nm and 590nm, respectively. Experiments were repeated three times, and data were 

represented as mean ± SD.    

2.5.6 Immunofluorescence staining 

Cells of neuronal origin have shown the most abundant class III β-tubulin isotype, but 

its widespread distribution in tumors has also demonstrated  neuronal differentiation.90 

Morphological changes in the neuronal cells are linked to the reorganization of the actin 

cytoskeleton, which further is controlled by the expression of the β-III tubulin.91, 92 To 

assess the morphological changes that occurred in the glioma and neuronal cells at 

different time points of peptide treatment, we have monitored the microtubule 

formation via immunofluorescence staining technique.93 Peptide hydrogel-coated 

coverslips containing cells adhered on top of the surface were observed for the β-III 

tubulin expression and monitored for the different period time of 48 hrs, 72 hrs, and 

120 hrs, respectively. Glioma (C6) and neural cells (SH-SY5Y) were studied for the 

expression of β-III tubulin. In this experiment, 5x104 cells were seeded and cultured on 

coverslips coated with peptide hydrogel for three different time points 48 hrs, 72 hrs, 

and 120 hrs respectively. The cultured cells for the respective days of study were fixed 

for 15 minutes in 4% solution of formaldehyde. After fixing, samples were washed 

thrice with 1X PBS to remove the excess formaldehyde from the dish and further 

permeabilized with 0.5% TritonX-100 at room temperature for 15 minutes. Again, the 

cells were washed trice and kept in 5% BSA solution for an hour for blocking. After 

blocking, cells were washed using 1X PBS followed by incubating it with rabbit 

monoclonal primary antibody against β-III tubulin (1:500 dilution) (D71G9, CST) at 

4℃ for overnight. After primary antibody binding, cells were washed with dilution 

buffer (1% BSA, 0.1 % TritonX-100 in 1X PBS) followed by incubation with anti-

rabbit Alexa Fluor 555 conjugate (1:1000 dilution) (4413S, CST) for 2 h. Cell nuclei 

were stained with DAPI (1µg/mL) (TC229, HiMedia) after completing the 

immunostaining. The coverslips were mounted and visualized via confocal laser 
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scanning microscope (Zeiss LSM880 confocal microscope, Carl Zeiss), and the images 

were captured under high magnification (63x). 

2.5.7 F-actin staining 

In order to visualize and quantitate the change in morphology of the cells in the presence 

of peptide, cells were stained with Rhodamine Phalloidin for F-actin, which binds to 

the actin filament of the cytoplasm, and to stain the nuclei of the cells, DAPI has been 

utilized.94 The morphological analysis of phalloidin staining can be judiciously 

correlated with the cellular viability and adhesion assays.94 Fibroblast and osteoblast 

cells were used to stain F-actin in chapter 4,5 and 6 to show the spread morphology of 

the cells and change in shape upon differential treatments. F-actin staining of fibroblast 

cells provides the change in cell shape upon peptide treatment. In each experiments 

50,000 cells were seeded and cultured on coverslips coated with peptide hydrogels for 

three different periods 48 hrs, 72hrs, and 120hrs, respectively. The cultured cells for 

the respective days of study were fixed for 15 minutes in 4% solution of formaldehyde. 

After fixing, samples were washed thrice with 1X PBS to remove the excess 

formaldehyde from the dish and further permeabilized with 0.5% TritonX-100 at room 

temperature for 15 minutes. Again, the cells were washed thrice and kept in 5% BSA 

solution for an hour for blocking. After blocking, cells were further incubated with 

Rhodamine Phalloidin (1:250 dilution) (Invitrogen R415) in PBS with 1.5% w/v BSA 

at room temperature for 30 minutes. Cell nuclei were stained with DAPI (1μg/ml) after 

completing the Phalloidin staining. The coverslips were mounted and visualized by 

confocal laser scanning microscope (Zeiss LSM880 confocal microscope, Carl Zeiss), 

and the images were captured at higher magnification (63x). 

2.5.8 Alizarin Red staining 

Alizarin Red S (3,4-Dihydroxy-9,10-dioxo-9,10-dihydroanthracene-2-sufonic acid) is 

a water-soluble sodium salt.95 Alizarin Red S is broadly used for staining calcium 

deposits in tissue. The dye known to bind the calcium species in the cells and gives pink 

or red colour under bright field microscope.42 In chapter 5 we have allowed the cells to 

grow on the mineralized peptide matrix and further harvested at different time points 

of 3, 5 and 7 days, respectively. After removing the residual media, the cells were 

washed with 1X PBS. The treated cells were fixed with 4% para-formaldehyde solution 

for 15 minutes followed by washing with PBS thrice. The fixed cells were then stained 
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with 2% Alizarin red stain (pH 4.1 - 4.3) for 5 minutes. The pH of the Alizarin red 

solution was adjusted by 0.5M sodium hydroxide solution. The stained cells were then 

washed for several times with milli-Q and observed under bright field microscope. To 

further quantitate the amount of calcium deposits in the mineralized cells, the stained 

dyes, was resubstituted in the 20% acetic acid solution for 20 minutes followed by 

neutralization in ammonia. The absorbance of the dissolved stain was quantitated in the 

spectrophotometer at 405nm, which is the absorption maxima of the dye. 

2.5.9 Scratch assay 

Cellular migration plays a crucial role in the development and maintance of 

multicellular organism. Cellular migration can be divided into two types: (1) a single 

migration and (2) collective cell migration. Collective cell migration involves cell-cell 

adhesion, cell polarization, chemcical and mechanical cues, which allows the cells to 

migrated collectively. In vitro scratch assay provide an easy, low cost and well 

developed method to determine the migration property of cells. A monolayer of cells 

were scratched by creating a clean surface for the cells to migrate.  

 

Figure 2.19 Schematic representation of the scratch assay, showing the cellular 

migration over time. 
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A time point observation under microscope helps to quantify the rate of migration of 

cells. This assay is used to understand the molecular mechanism affecting the cellular 

migration and the effect of synthetic biomolecules on modulating the cellular migration 

for several therapies. To study the cellular migration or wound healing property of the 

reported matieral in this thesis, we have performed scartch assay and the similar 

protocol has been followed in chapter 4,6 and 7. Promotion of cellular migration or 

wound closure capability by the peptide hydrogelator was assessed by performing in 

vitro scratch assay. The cells were seeded at a density of 105 cells per well in 24 well 

plate and allowed to form a monolayer. A scratch was made with the help of 1mL tip 

into each of the wells containing a monolayer of cells. The pre-formed gels were UV 

sterilized and then diluted with cell culture media to make the solution concentration of 

1000 μg/ml, further added to the cells. The plate was placed in an incubator and imaged 

at different time points (0 h, 12 hrs, 24 hrs) using an upright Olympus microscope at 

10X magnification. The quantification of the area covered by cellular migration in the 

wound site was done by ImageJ software. 

2.5.10 Quantitative assessment of cellular population via Fluorescence Activated 

Cell Sorting (FACS) 

Fluorecence-activated cell sorting (FACS) is a specialized technique to sort the 

heterogenous mixture of biological cells based on their differential phenotype.96 

Through this elegant technique, investigation of a single cell population can be 

performed without influencing other cells. The workin principle uses specific light 

scattering and fluorecent characteristic of each cells.97, 98 A cell suspension used for 

separation are allowed to enter into a narrow, rapidly flowing stream of liquid and the 

stream flow was managed in a way to maintain a sufficient separation between cells 

relative to their diameter.99 Further, the stream was modulated to form small droplets 

via vibrating mechanism and the system is adjusted in a way that only one cell can enter 

in a single droplet. This droplet was further passed from a fluorescence measuring 

station, which identify and separate the cells according to the fluorescent character of 

the cells. We have used FACS for quantification of live dead population of mammalian 

cells in the peptide treated samples and also in the bacterial population in chapter 4, 6 

and 7, respectively. In case of mammalian cells, a fixed population was treated with 

peptide hydrogels, and then the live/dead population of the cells was quantified with 

fluorescein diacetate (FDA)/PI stain. 
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Figure 2.20 Schematic representation of the working principle of fluoroscent activated 

cell sorting (FACS). 

In this experiment, fibroblast (L929), glioma (C6) and neural (SH-SY5Y) cells were 

seeded at a density of 5x105 cells in culture dishes and incubated for 24 hours prior to 

the treatment with the hydrogels. After that, DMEM containing 1000 μg/mL of peptide 

both in the presence and absence of metal salts were used as a treatment for the cells, 

which were kept for incubation. After the incubation of 48 hours, cells were trypsinized 

and transferred to microcentrifuge tubes. Cells were pelleted down via centrifugation 

(3000 rpm; 5 min) and washed three times using 1X PBS. The cells were then stained 

with FDA and PI for 15 minutes and washed subsequently with 1X PBS. Further, the 

stained cells were resubstituted in 500 μL PBS and proceeded for the analysis. 

Percentage of viable and dead cells were analyzed via FACSAria flow cytometer (BD 

Biosciences, San Jose, CA, USA). The fluorescence of FDA and PI were collected in 

FITC and PI channels, respectively. A total of 10,000 events from each sample were 

acquired to ensure adequate data, and FlowJo software was used to represent the data 

using pseudocolor. Detailed description of sample preparation for bacterial population 

via FACS has been discussed in section 2.5.12 (Live-Dead assay). 
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2.5.11 ALP estimation (enzymatic mineralization) 

Alkaline phosphatase (ALP) plays a crucial role in the remodelling of bone and its 

resorption and mineralization of carbonated apatite.100 The enzyme directed deposition 

of carbonated apatite hydrolysis of organic phosphoesters increases the local 

concentration of inorganic phosphate groups. ALP directs the hydrolysis of organic 

phosphoesters leading to the increased production of inorganic phosphate group in the 

surrounding environment, which results into deposition of carbonated apatite.101, 102 

Moreover, ALP is also known to decrease the pyrophosphate concentration, which 

generally inhibit the growth of apatite crystals. ALP also regulate the process of 

calcification, which suggests its role in the early stage of mineralization. In order to 

analyse the in vitro ALP activity, cell lysate was collected at day 3, 5 and 7. The media 

was removed and cells were washed with 1X PBS, the cells were then harvested by 

trypsinization and resuspended in milli-Q water. The cells were sonicated for 20 

minutes and the supernatant was collected in a different microcentrifuge tube and 

further frozen at -20℃. In order to estimate the ALP activity, 100 μL of the supernatant 

of cells were added to the 100 μL of working regent consisted of (0.5M 2S-amino-2 

methyl-l-propenyl), 5mM p-nitro-phenol phosphate, 5mM magnesium chloride (1:1:1). 

Equal volume of sodium hydroxide was used to stop the reaction and the final 

absorbance was measured at 405nm in a plate reader. 

2.5.12 Assessment of antimicrobial activity 

Protein/peptide based self-assembled systems have been widely used in developing 

antimicrobial therapeutics because of their structural versatility and functional 

benefits.103, 104 Such intrinsic property has shifted the interest in constructing an array 

of well-defined versatile nanostructures with diverse antimicrobial functions.105, 106 

Peptide nanostructures may play different roles to showcase efficient antimicrobial 

activity: 1) charged peptide surface induce antimicrobial activity or 2) it may act as 

efficient nanocarrier to transport the antimicrobial agents in a facile manner. In this 

thesis, antimicrobial property of ferulic acid encapsulated in the peptide-based 

nanoparticle (FA-NPs) were examined in chapter 7. As the nanoparticle showed 

structural transition at slightly basic pH of 8.5 and to study the antibacterial effect of 

the released ferulic acid on bacterial population, the bacterial culture was grown in a 

modified medium of pH 8.5. This modified medium will also provide the necessary 
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environment for the nanoparticle to undergo structural transition to release the 

encapsulated ferulic acid. 

 

Figure 2.21 Schematic representation of amino acids as building block for development 

of differential nanostructures capable of giving antimicrobial properties. 

For determining the MIC values, both the bacterial cultures (E. coli and S. aureus) were 

grown to their log phase.  The bacterial populations were further diluted with the liquid 

medium containing different concentrations of ferulic acid nanoparticles (0 - 1000 [FA] 

μg mL-1) to obtain a final cell density of 108 cfu mL-1. The 12-well plate (polystyrene 

flat bottom) containing bacterial culture was incubated with nanoparticles at 37 ℃ for 

6 hours. The growth percentage was calculated by measuring the OD at 600 nm against 

a blank (without cells) after the incubation. To further confirm the inhibitory activity of 

the nanoparticles, 100 μL of the same incubated sample was plated onto the nutrient 

agar plate and further incubated for 12 hours at 37 ℃ to observe any growth. The 

differential colony-forming ability of the treated samples can be observed in the 

incubated agar plates.107  

Live-Dead Assay. The bactericidal activity of the FA-NPs was analyzed by monitoring 

the change in the cellular population via CLSM and FACS studies at the sub-MIC 

concentrations (750 and 900 [FA] μg mL-1). The overnight grown bacterial culture of 

E. coli cells (2 x 108) and S. aureus cells (2 x 107) were harvested by centrifuging the 

bacterial suspension for 10 minutes at 6000 rpm, and at 4℃. The obtained pellet of 

bacterial culture was washed with normal saline (0.85% NaCl) to remove the excess 

media, preventing the further division of the bacterial cells. The pellets were 

resuspended in the normal saline containing the FA-NPs at their desired minimum 

inhibitory concentrations. The cells exposed to the nanoparticles were incubated for 6 

hours to see the interactive effect of the nanoparticles on the bacterial cells. The exposed 

cells were again centrifuged and resuspended in the normal saline to reach the cell 
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density of 2 x106 cfu mL-1. The cell suspensions were stained with Syto9 (9 μM) and 

PI (30 μM) using LIVE/DEAD Backlight Bacterial Kit for 20 minutes under dark 

conditions.108 5 μL of the stained bacterial suspension was trapped between an 18 mm 

square coverslip and a glass slide, which was further monitored under a confocal 

microscope. For the FACS-based quantification, a similar sample preparation process 

was followed, and the stained cells were diluted (1:50) in normal saline. The samples 

were analyzed on a FACSAria Fusion instrument (BD Sciences, San Jose, CA, USA) 

using a blue laser (488 nm) and yellow-green laser (561 nm) for the excitation of Syto 

9 and PI, respectively. A total of 10,000 events from each sample were acquired to 

ensure adequate data and represented in a pseudocolor plot using FlowJo software.  

2.5.13 Evaluation of Reactive Oxygen Species (ROS) generation 

It has been reported in the literature that the mechanism of antimicrobial activity relies 

on the irreversible change in the membrane integrity (local rupture and pore formation) 

of the bacterial cells through hydrophobicity changes and decline in negative surface 

charge leads to the leakage of essential intracellular constituents.109, 110 These are the 

well-known pathways for the bactericidal activity of ferulic acid as discussed in 

chapter 7.107, 111 In this direction, the extent of reactive oxygen species (ROS) 

generation and membrane damage in both bacterial cultures were determined. Freshly 

cultured cells of both strains were harvested by centrifugation (6000 rpm, 10 minutes, 

at 4℃), followed by washing thrice with normal saline, and further resuspended in the 

same medium.  

 

Figure 2.22 Schematic representation of ROS generation leading to cell wall rupture 

and bacterial cell death and estimation via DCFH-DA. 
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An oxidation-sensitive fluorescent dye, DCFH-DA (2,7-dichlorodihydro-fluorescein 

diacetate) was used for the ROS generation assay.112 The bacterial cells were stained 

with DCFH-DA (10 µM) for 1 hour in the dark (150 rpm, 37℃) before exposing the 

cells to the nanoparticles. The dye penetrates within the bacterial cells, where the 

diacetate was cleaved by the esterase enzyme, resulting in unstable DCFH. Upon 

treatment with the nanoparticles, bacterial cells generate reactive oxygen species, which 

react with the unstable DCFH and convert it into a fluorescent DCF. The DCFH-DA 

loaded cells were centrifuged and washed twice with normal saline to remove the free 

dye molecule. Furthermore, the stained cells were exposed to the nanoparticles and kept 

for incubation for 6 hours in dark conditions. The fluorescence intensity of the released 

DCF, was recorded in a microplate reader (Tecan Infinite M Plex) using an excitation 

and emission wavelength of 485 and 535 nm, respectively. Cells without DCFH-DA 

were used as a negative control, and nanoparticles dispersion (500 µg mL-1) with 2 mM 

H2O2 was employed as a positive control.113  

2.5.14 Malondialdehyde Assay (MDA) 

Malondialdehyde (MDA) is among the most commonly used biomarker to determine 

lipid peroxidation.114 Oxidative degradation of fatty acids, glycolipids, phospholipids 

are the major factors responsible for lipid peroxidation, which leads to membrane 

disruption of bacterial cells. Lipid peroxidation leads to the damaged membrane, which 

can be further was assessed by colorimetric measurement of the extent of 

malondialdehyde (MDA) in cells.114 Extent of lipids peroxidation was estimated in 

chapter 7, where peptide based nanoparticles encapsulating ferulic acid showed 

antibacterial property. Nanoparticle exposed cells were resuspended in 1 mL 2.5% 

(w/w) freshly prepared trichloroacetic acid, which was further followed by 

centrifugation at high speed (12000 rpm, 20 minutes, 4℃). The supernatant was mixed 

with 0.5% (w/v) thiobarbituric acid and 20% (w/v) trichloroacetic acid in an equal 

volume. The mixture was further heated in a water bath for 30 minutes at 90℃, 

followed by centrifugation (12000 rpm, 20 minutes, 4℃). The absorbance of the MDA-

TBA adduct was measured at 532 nm using a UV-Vis spectrophotometer, and the MDA 

content was expressed as picomoles per mg of protein. 
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2.5.15 Statistical analysis 

The data were averaged and presented as mean SD. Cellular proliferation, migration 

results over the collagen inspired peptide scaffold and conjugate scaffolds as well as 

biological assays for evaluation of antimicrobial mechanism of ferulic acid were 

statistically analyzed using a two-way ANOVA (95% confidence interval) followed by 

Bonferroni’s multiple comparison test with a triplicate sample size in GraphPad Prism 

8.0 software. Asterisk symbols on the graph depict *(p≤0.05), **(p≤0.01), 

***(p≤0.001), and ****(p≤0.0001) where P value less than or equal to 0.05 was 

considered to be statistically significant. 
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Chapter 3 
Modulating the supramolecular structure 

and function of self-assembling collagen 

inspired ionic complementary peptides via 

electrostatic interactions 
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A minimalistic approach of peptide self-assembly has been adapted that includes 

judicious choice of molecular components with oppositely charged amino acid 

residues within collagen inspired shortest bioactive pentapeptide domain for the 

development of next-generation biomaterials.  
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3.1 Introduction 

As discussed in chapter 1, molecular self-assembly is one of the most important 

approaches to form complex functional biomolecular structures in natural system.1-11 

The process of self-assembly and disassembly of biomolecules in nature leads to the 

formation of bio-functional macromolecular organization with great complexity, which 

helps to perform in vivo functions and keep the organisms alive.12-15 The concept of 

utilizing the molecular self-assembly approach by designing simple building blocks  

that shows propensities to undergo extensive intermolecular interactions was inspired 

from natural system of organizing macromolecules. This bottom up fabrication is an 

effective strategy to construct extracellular (ECM) mimics, which can be widely used 

as functional materials for tissue engineering and regenerative medicines.16-22 Apart 

from structural roles, ECM also plays vital role in complex biological processes such 

as cell adhesion, cell-to-cell communication and differentiation, which in turn regulates 

tissue development, wound healing, immune response and other physiological 

functions.23, 24 It is believed that certain bioactive molecules are responsible for 

regulating the functional processes of the ECM, which includes fibronectins, laminin, 

elastin, collagen etc.25, 26 Therefore, it is an interesting approach to design the self-

assembling molecules mimicking such bioactive molecules to create complex 

nanoscale structures that may find suitable biomedical applications. 

Collagen, the most abundant protein of native ECM, have captured huge interest, owing 

to its structural and functional characteristics, which can be explored in tissue 

engineering and other biomedical applications.27-29 The excellent self-assembling 

properties and biodegradability of natural collagen have translated it as a material of 

choice for various biomedical purposes such as drug delivery, hemostatic agent, wound 

dressing and scaffold for tissue regeneration, etc.30 However, certain limitations like 

difficulty in introducing sequence-specific modification, thermal stability and possible 

contamination with pathogenic substances restrict the use of natural collagen.27, 31, 32 In 

spite of a wide variety of architectures (fibrous, facit, short chain, membrane and others) 

and functions (rigidity, strength and structural support), collagen is marked with a 

distinct triple helical domain consisting of a regular repetitive unit of Gly-X-Y sequence 

in the primary protein structure (where X is usually proline and Y is hydroxyproline).33, 

34 Glycine is located at every third position of the polypeptide chain and being the 

smallest amino acid with no alkyl/aryl or other side chain functionality enables the close 
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packing of the whole molecule.35 The amide proton of glycine participates in H-bonding 

with the carbonyl group of nearby X-residue. The post-translational modification of Y-

position from proline to hydroxyproline further stabilizes the collagen structure by 

additional H-bonding between OH-group of hydroxyproline residue and water.36, 37 The 

reports by B. Brodsky’s group provide the detailed explanations about the effect of 

amino acid sequence alterations on the triple helical structure of collagen and further 

describe how these structural modulations can lead to molecular defects to trigger 

collagen based diseases.38 The detailed studies of collagen structure provide evidences 

for the X- and Y- alternations, which retain their fibrillary structure.39 

Moreover, the increasing demand and detailed molecular-level understanding of 

collagen structure motivated the use of synthetic collagen and collagen mimetic 

peptides (CMPs).40, 41 More commonly, the peptides containing 15-40 amino acid 

residues are reported to form such supramolecular structures of collagen, both 

homotrimer and heterotrimers.42, 43 It is very difficult to mimic all the steps of the 

complex organization of native collagen self-assembly. In this context, there are 

reports, which successfully achieved the 3D nanostructure from a synthetic collagen 

inspired peptide (CIP), but lack the hierarchical organization that may lead to 

gelation.36, 44 There are only limited reports on collagen inspired peptide design, where 

gelation was observed, but they lack the nanofibrous or helical structure similar to 

native collagen.32 In this context, it is crucial to achieve gelation in such small 

molecular domain to induce higher order self-assembled complex architecture to mimic 

the structure and functions of native ECM protein. This would further open up a new 

avenue for development of collagen inspired biomaterials to solve many problems of 

biology. 

 A variety of analogs of the basic Gly-X-Y sequence has been observed in nature, in 

different species.45 In the absence of proline and hydroxyproline, the bacterial collagen 

compensates for their structural stability through charged amino acid residues like 

aspartate, glutamate, lysine, and arginine.42 In a similar line, Chaikof and co-workers 

demonstrated the zwitterionic peptide assembly, using the 36 amino acid containing 

CMP to demonstrate the similar structural integrity, as that of natural collagen.46 Later, 

a classical report by Hartegrink’s group replicated the complex multi-hierarchical self-

assembly of collagen by designing a CMP of 36-mer and demonstrated self-assembly 

of a triple helix to nanofibers and gel formation.32 Their CMP design involves salt 
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bridged hydrogen bonds to stabilize the hierarchical structure of the molecule. A recent 

report by Conticello group, clearly demonstrates the design of protomers based on 

positively and negatively charged collagen mimetic peptides of 36-mer amino acid 

residue, where the self-assembly can be directed towards the formation of multilayer 

structures like nanosheets.47 Therefore, the above reports clearly suggested that in 

addition to hydrogen bonding and hydrophobic interactions, which may be further 

coupled with complementary ionic interactions and thus can lead to a more effective 

intermolecular association to trigger the formation of a stable hydrogel.47 It is clearly 

evident from the earlier reports that along with the basic backbone structure of the 

collagen inspired peptides, side-chain interactions between the non-imino acid residues 

(at X and Y positions) of the peptides also plays a pivotal role in determining the 

secondary structure and its stability.48 

Furthermore, the literature reports clearly demonstrated that the self-assembly of an 

important class of peptides, like, ionic complementary peptides which generally show 

higher mechanical strength in physiological condition. However, surprisingly, their 

pivotal role in the field of tissue engineering is been less explored.12 Self-assembling 

short peptides with alternating charged residues can induce strong electrostatic 

interactions, which may further lead to the hierarchical organization in these short 

peptides.49-55 Zhang and co-workers discussed the importance of alternating ionic 

complementary peptide for tissue repair, alternating sequence of arginine and aspartate 

with alanine as spacer (RADA)16 form hydrogel, in which chondrocyte cells were 

encapsulated and used for cartilage repair.56, 57 Pochan and Schneider illustrated a 20 

amino acid long peptide of alternating charged residues, which self-assemble into β-

hairpin structure and promotes the NIH 3T3 fibroblast proliferation.58 

It was further interesting to note that, only a few attempts were focused on designing 

short length collagen inspired peptides, which showed the property to self-assemble in 

three dimensional nanofibrous structure. One of the classical reports by Yang et. al., 

reported a library of 6 octa-peptides (based on the repeating sequence of Gly-X-Y).29 

The peptides were modified at X position with different amino acids accessing diverse 

range of intermolecular interactions to form random coils. These peptides showed 

favorable interactions with fibroblast, 3T3 cells. In a similar line, another example by 

Tekinay and co-worker showed the design of octapeptide amphiphile as a collagen 

presenting scaffold. The amphiphile sequence was based on Pro-Hyp-Gly (POG) 
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functional motif that formed β-sheet structure and showed their potential application 

for the prevention of progressive IVD (intra vertebral disc) degeneration.59 However, 

the later reports also showed self-assembly of mixed peptide sequences, using similar 

design principles that rely on modulating the intermolecular interaction to direct and 

fabricate novel nanostructures based on the bioactive sequences.59 

Keeping in mind the importance of charge-pair interactions, we used this unique 

strategy of designing two ionic complementary peptide sequences based on the native 

collagen motif. These peptides are expected to undergo strong electrostatic interactions 

which may further lead to hierarchical organization. Our specific design included 

aromatic modification followed by the classical diphenylalanine sequence bearing two 

Phenylalanine (Phe) moieties at N-terminal to promote self-assembly via π- π 

interactions.60 The Phe- residues in native collagen are known to confer rigidity and 

stability to the flexible structures.61 Interestingly, our simplistic design was focused on 

connecting this self-assembly promoting classical amyloid fragment to the single chain 

of basic structural unit of collagen i.e. Gly-X-Y, where the middle position of proline 

was further modified by two differently charged amino acids, which would further 

induce interactions between the ionic complementary amino acids to create complex 

hierarchical structure leading to the formation of diverse gels. The acidic and basic 

surface charge of the individual pentapeptides resulted in the formation of self-

assembled structure at different pH by stabilization through charge neutralization of the 

counter ions present in the solution microenvironment. Interestingly, simple mixing of 

the two CIPs with opposite charge at near equivalent amount resulted in complete 

charge neutralization and thus shifting sol to gel equilibrium to physiological pH. To 

the best of our knowledge, this is the first report on the shortest collagen inspired 

peptide, which is easy to synthesize and have the propensity to self-assemble into a 

three-dimensional nanofibrous structure at ambient condition and is stabilized by non-

covalent aromatic π-π interactions, H-bonding and charge pair interactions. However, 

due to the shorter length of the sequence, the alpha-helical structures are not stabilized 

and the resulting materials predominantly showed the properties of the amyloid-like 

peptide. This fact is also supported by the report by Muller et. al., which says that the 

self-assembly properties of the amphiphilic peptides are dependent on the sequence and 

size of the non-polar amino acid residues.62 These short collagen inspired peptides 

displaying amyloid-like properties can serve as models for understanding the role of 
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collagen in amyloid-based diseases.41 Furthermore, these short self-assembling peptide 

hydrogels and their co-assembly created biocompatible scaffold, which can further 

enhances their scope to be explored as effective bioactive scaffold. We envisage that 

these biomimetic hydrogels scaffolds developed from short collagen inspired peptides 

displaying similar fibrillar architectures as collagen exhibits in native ECM may open 

up new opportunities for targeted applications in the biomedical arena. 

3.2 Results and discussions 

3.2.1 Design and self-assembly of collagen-inspired peptides. 

In this study, we have designed the short amphiphilic CIP’s (NapFFGKO and 

NapFFGDO), based on the basic repeating unit of collagen molecule, Gly-X-Y 

(X=Proline, Y=Hydroxyproline) (Figure 3.1). In the molecular design, proline was 

replaced with two oppositely charged amino acids (lysine and aspartic acid), which is 

expected to display differential surface charge depending on the pH of the medium. An 

aromatic dipeptide sequence, naphthoxy acetyl capped classical diphenylalanine 

residue was incorporated in the design at the N-terminal to increase the hydrophobic 

interactions between the peptides, which would further enable the CIPs to form gel.  

 

Figure 3.1 Chemical structure of the designed collagen inspired peptides (a) 

NapFFGKO (positively charged peptide) and (b) NapFFGDO (negatively charged 

peptide). 

The hydroxyl group of hydroxyproline may also participate in intermolecular H-

bonding, which imparts reasonable hydrophilicity within the molecule and hence is 

likely to be responsible for the water solubilization of the peptides.63 The peptides were 

synthesized via solid phase peptide chemistry and the purity of the dried products was 

further quantified by reverse-phase high-performance liquid chromatography (Waters) 
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using a mobile phase gradient of acetonitrile from 5% to 95% in water (each with 0.1% 

trifluoroacetic acid) (Figure 3.2). The newly designed peptides were characterized by 

mass spectroscopy. 

 

Figure 3.2 Reverse phase HPLC and Mass spectra of the collagen inspired peptides 

(a,b) NapFFGKO and (c,d) NapFFGDO, respectively. 
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Gelation was carried out via pH switch method at minimum gelation concentration 

(MGC) of 30mM for both the peptides. Very interestingly, these peptides showed a pH 

responsive sol to gel transition, depending on their logP values and the surface charge 

present in both the peptides. The positively charged peptide NapFFGKO with a logP 

value of 1.03, failed to form gel at physiological pH owing to the ionization of the 

peptide leading to the charge repulsion between the positively charged lysine residues 

(Figure 3.3). However, the neutralization of amine groups by counter ions at slightly 

basic pH, i.e., pH 9 can induce gelation to form a self-supporting hydrogel.  

 

Figure 3.3 Schematic representation of the self-assembly of peptide amphiphiles in 

their respective environment leading to hydrogel formation at different pH through 

counter ion stabilization; (a) NapFFGKO and (b) NapFFGDO. Upon mixing them 

together i.e. NapFFGKO:NapFFGDO 1.1:1, they showed gelation at physiological pH 

due to electrostatic interaction among the charged peptides (c) NapFFGKO + 

NapFFGDO.  

In contrast, NapFFGDO displayed a logP value of 3.28, with aspartic acid residue being 

negatively charged at physiological pH was unable to undergo intermolecular 

association to induce further gelation. The interaction of deprotonated aspartic acid 

residue with counter ions, at acidic pH (~5) resulted into gelation. (Figure 3.3). The 

charged state of amino and carboxyl groups was further evaluated by acid base titration 

of individual peptides.64, 65 For NapFFGKO, the region below pH 3.65 showed the fully 
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protonated state of amino group, while increase in pH from 3.65 to 9.14 showed 

neutralization of protonated amine group. Similarly, for NapFFGDO, the region above 

pH 9.91 represents the completely deprotonated state of carboxyl group of aspartic acid 

and the further decrease of pH leads to the charge neutralization (Figure 3.4).  

0 25 50 75 100 125 150 175 200 225

2

4

6

8

10

12

 

 

 NapFFGKO

 NapFFGDOp
H

Volume of HCl and NaOH (µl)

9.14

9.91

3.67

3.65

NH
3

+

COO
-

 

Figure 3.4 Acid-base titration curve of collagen inspired peptides showing the 

protonation and deprotonation states of amino and carboxyl groups of the respective 

amino acid residues in acidic and basic environment respectively. 

This provides the evidence of gelation of NapFFGKO at pH 9 and NapFFGDO at pH 

5. In individual peptides, the aromatic Nap-moiety and diphenylalanine induces 

aromatic π-π interaction, while carboxyl groups and amine groups in the peptide 

backbone formed H-bonding, which are responsible for their self-assembly.66 Most 

importantly, the rationale for designing these peptides was focused to trigger their 

gelation at physiological pH which, in turn, can control the biological applications of 

the peptides. Upon simple mixing, the electrostatic interaction neutralize the oppositely 

charged residues and thus enhances the hydrogen bond interaction between them.67 

Initiation of electrostatic  interactions between the positively and negatively charged 

peptide along with aromatic π-π interactions leads to the stronger self-assembly at 

physiological pH, at a significantly lower concentration of the individual peptides, 

which is reflected in the reduction of MGC value. The MGC value for the co-assembled 
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gel has been found to be 15mM, which was 30mM for the individual peptide (Table 

3.1).  

Table 3.1 Minimum gelation concentration (MGC) of the collagen inspired peptides. 

Peptide MGC (mM) 

NapFFGKO 30 

NapFFGDO 30 

NapFFGKO + NapFFGDO 15 

The ratio of both the peptides was optimized by monitoring the change in zeta potential 

by simply titrating both the peptides against each other. As predicted, at the 

physiological pH, NapFFGKO showed overall positive surface charge of +49.5mV 

whereas NapFFGDO showed a negative surface charge of -48.7mV, which was 

expected due to the presence of lysine and aspartic acid residues in the respective 

peptides (Figure 3.5). At this point it was crucial to evaluate the optimized ratio of both 

the positively charged peptide NapFFGKO and negatively charged peptide 

NapFFGDO, which could create a micro environment of neutral charge through 

maximization of the electrostatic interactions. To this direction, titration was carried 

out between the two peptides to achieve the neutral charge point at pH 7.4. The ratio 

utilized included NapFFGKO against NapFFGDO were 1:1, 2:1, 1.5:1, 1.1:1. The co-

assembled peptides with the ratio of 1.1:1 showed near charge neutralization point of 

around +3.7mV (Figure 3.5).  

 

Figure 3.5 (a) Zeta potential graph showing the overall surface charge of individual 

peptides and combined peptides at different ratios. (b) Table showing the values of 

surface charge density of the individual peptides and co-assembled peptides. 
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This finding clearly depicts that combining both the peptides in nearly equivalent 

amounts can neutralize the overall surface charge in the combined hydrogel which is 

highly crucial to support adhesion and growth of different types of cells. Furthermore, 

it was clearly evident from AFM studies that, an enhanced amount of NapFFGKO 

showed formation of spherical aggregates (Figure 3.6b), which tends to associate in 

presence of NapFFGDO and further growth was found to take place to shorter 

nanofibers in 1.5:1 ratio of NapFFGKO and NapFFGDO (Figure 3.6c). Upon further 

increasing the extent of NapFFGDO, entangled nanofibers were observed at 1.1:1 ratio 

of NapFFGKO and NapFFGDO respectively. (Figure 3.6d)  

 

Figure 3.6 AFM images of co-assembled hydrogels of ionic complementary peptides 

at different ratios of NapFFGKO:NapFFGDO respectively (a)1:1, (b)2:1, (c)1.5:1 and 

(d)1.1:1 at physiological pH. Scale bar 500nm. 

3.2.2 Morphological Analysis. To further understand the nanostructures present in the 

self-assembled system of both the collagen inspired peptides and the combined 

hydrogel, Atomic Force Microscopy (AFM) and Transmission Electron Microscopy 

(TEM) were carried out. TEM is a classical tool used to get an insight into the 

morphology of the nanostructures formed in the self-assembled system. TEM images 
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revealed the formation of nanofiber networks with variable fiber diameter (Figure 

3.7a,b,c). As observed in the TEM, fibers diameter varied from 7-10nm (Table 3.2) and 

length varied up to several micrometers and no significant difference in morphology, 

as well as diameter, was observed after co-assembly. Tapping mode AFM images of 

both the peptides and combined gel at MGC further confirmed the nanofiber formation 

with a fiber dimension ranging from 23-32nm. (Figure 3.7d,e,f).  

Table 3.2 Fiber dimensions of collagen mimetic peptide hydrogels observed by 

Transmission electron microscopy (TEM) and Atomic Force Microscopy (AFM), were 

calculated by ImageJ software. 

Peptide Fiber Dimension from 

TEM (nm) 

Fiber Dimension from 

AFM (nm) 

NapFFGKO 9.55±1.1 28.4±2.8 

NapFFGDO 7.34±1.0 23.1±4.1 

NapFFGKO+NapFFGDO 10.67±1.1 32.5±3.5 

 

Figure 3.7 Morphological analysis of nanostructures present in the hydrogels. TEM 

and AFM images of nanostructures formed by hydrogelators (a, d) NapFFGKO, (b, e) 

NapFFGDO and (c, f) NapFFGKO+NapFFGDO (1.1:1) at their MGC. 
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Hence, these morphological analyses of the hydrogels suggest that the peptides self-

assemble into higher order fibrillar nanostructures through various intermolecular 

interactions (hydrogen bonding, π- π interaction and electrostatic interactions). Both 

TEM and AFM revealed a denser and thinner network structure for individual peptide 

whereas, more flat and thicker fibers were captured in the co-assembled based gels. 

3.2.3 Nucleation and growth mechanism of peptide self-assembly. The multi-scale 

hierarchical self-assembly of peptides is governed by synergistic interplay of kinetic 

and thermodynamic factors. The thermodynamic parameters include molecular design 

while the kinetic parameters include concentration, ionic strength, pH, solvent, 

temperature, etc.68 The peptide self-assembly is mainly driven by non-covalent 

interactions. It is believed that directional H-bonds guide the fibrillation process for the 

formation of nanofibers, while the van der Waals or hydrophobic interactions, play 

important role in further fiber-fiber interactions.68 However, the self-assembly 

pathways are determined by the solute-solute and solvent-solute interactions. 

Depending upon stability of the resulting nanostructures, the shape of the energy 

landscapes is determined.69 The supramolecular nanofibril formation is driven by 

nucleation dependent polymerization, which includes initial nucleation event followed 

by the growth events towards higher order structures.69 To demonstrate the nucleation 

and growth of peptide self-assembly, we conducted morphological analysis at different 

time points, through AFM (Figure 3.8). At the initial stage, up to 15 minutes, small 

spherical aggregates were observed. However, after 30 minutes, the density of 

nanostructures formed was much higher in co-assembled peptides in comparison to 

individual peptides. This might be due to the reason that nucleation phase was dominant 

in co-assembled gels, due to electrostatic interactions, resulting in large number of 

nucleation sites for further growth.70 While in individual peptides, the residual charged 

moiety might reduce the nucleation sites and thus proceeded by faster growth events 

i.e., after 30 minutes. After 24 hrs, the density of the nanofibers has significantly 

increased resulting into dense fibrous networks. Interestingly, the presence of irregular 

aggregated structures was observed, along with the fibers, even after 24 and 48 hrs. 

Similar appearance of the irregular aggregated structures were also evident in TEM 

images as shown in figure (3.7b and c). The phenomenon of dynamic nanostructures at 

different time points can be clearly explained on the basis of kinetically trapped 

structures. The initial fast nucleation occurred due to increased local concentration of 
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peptides, after dissolution. The solvophobic effects of the primary assemblies exclude 

water from the surface and leads to entropy maximization.70 The energy changes 

resulted into more stable higher order assemblies induced by the parallel alignment of 

oriented organization.68 The molecular self-assemblies tend to achieve 

thermodynamically stable structures via various kinetically controlled structures.68 

 

Figure 3.8 Morphological analysis of nucleation and growth mechanism of collagen 

inspired peptide hydrogels at different time points; (a) NapFFGKO, (b) NapFFGDO 

and (c) NapFFGKO+NapFFGDO (1.1:1 at their MGC). 

3.2.4 Spectroscopic characterization 

To get an insight into the molecular interactions present in the self-assembled peptide 

gels several spectroscopic studies, like, Circular Dichroism (CD), Fourier Transform 

Infrared (FTIR) and Fluorescence spectroscopy were performed. CD spectra of both 

peptides showed the characteristic CD signals as positive ellipticity at 195nm and a 

negative ellipticity at 220nm indicating the presence of β-sheet like structures71 (Figure 

3.9a). Whereas, in the combined hydrogel, the β-sheet signals were found to be red 

shifted to 240nm, which signifies the formation of more ordered structures due to the 

involvement of electrostatic interactions between the oppositely charged peptides 

(Figure 3.9a). The results corroborate with S. Xu’s report, which explains that self-

assembly driven by electrostatic interactions leads to aggregation of linear chains which 

matures into more ordered β-sheets.72 Recently, Hamachi’s group studied the real-time 
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self-sorting behavior within peptide nanofibers, where different types of nanofibers, 

each composed of distinct building units are making a multicomponent system. A 

simple sum of CD spectra was obtained for self-sorted fibers whereas altered CD 

pattern displayed by co-assembled fibers. CD study clearly identified the self-sorted 

fibers over co-assembled system.73 Through these findings, we can corroborate that the 

co-assembly phenomenon is evident in our combined peptides, as it displayed an altered 

CD spectra with a red shift indicating twisted structure (Figure 3.9a). CD spectra of 

both the peptides was investigated at different pH to check the order of nanostructures 

forming at that stage.  

 

Figure 3.9 Spectroscopic characterization of collagen inspired peptide hydrogels. (a) 

CD spectra of the individual hydrogelators and the combined peptides in their self-

assembled state. (b) CD spectra of NapFFGKO at different pH (c) CD spectra of 

NapFFGDO at different pH and (d) FTIR spectra of hydrogels to determine the 

secondary structure. 

It was quite interesting to note that at gelation pH of NapFFGKO i.e., at pH 9.0 a 

significant CD signal was observed indicating the presence of β-sheet conformation, 

however the signal intensity was reduced at pH 7 and 10, indicating the disruption of 



111 

 

the nanostructure (Figure 3.9b). A reverse pattern was observed for NapFFGDO, which 

showed a distinct β-sheet signal at acidic pH i.e., 5, at which it formed gel. Interestingly, 

the nanostructures dissolved up on further increase in pH of the solution, which was 

evident from the disappearance of the respective CD signal (Figure 3.9c). To further 

investigate the formation of peptide secondary structures, we studied the characteristic 

amide I and amide II bands of peptides in the 1600 cm-1 to 1700 cm-1 region using FTIR 

spectroscopy. Amide I band corresponds to stretching vibration of C=O bond and 

Amide II band corresponds to bending vibration of N-H bond.74 The FTIR spectra of 

both individual peptide hydrogels and the combined hydrogels showed a significant 

peak around 1640cm-1 corresponding to β-sheet and peak at 1670cm-1 is due to the 

presence of carbonyl group present at the N-terminal end of the peptide75 (Figure 3.9d).  

 

Figure 3.10 Thioflavin T binding assay showing the different extent of binding to the 

different supramolecular structures in the gel state and corresponding fluorescence 

microscopic imaging of the ThT bound hydrogels: (a, d) NapFFGKO (b, e) NapFFGDO 

(c, f) NapFFGKO + NapFFGDO. 
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FTIR peak around 1560 cm-1 in both the peptides is assigned for the deprotonated COO- 

and shift of this peak towards a lower wavenumber for the combined gel is indicating 

the presence of more ordered structures with the possible electrostatic interactions in 

the co-assembled system.76, 77 It is evident from both the above spectroscopic analysis 

(CD and FTIR) that the synthesized peptides are self-assembling to give β-sheets like 

structures. To further confirm the formation of β-sheet-like structures, Thioflavin T 

binding assay was performed. ThT is a benzothiazole dye and is known to give 

enhanced fluorescence when bound to any hydrophobic patches present in the gel.78 An 

interesting change was visible when the hydrogelator molecule was incubated with ThT 

and further excited at 440nm. An enhanced emission peak at 485nm was evident in 

comparison to the negligible fluorescence intensity of ThT alone (without hydrogelator 

molecule) (Figure 3.10a,b,c). The enhancement in the relative intensity of ThT with 

both the peptides and combined peptides clearly suggested the binding of ThT to a self-

assembled nanostructure, rich in β-sheet-like structures and thus further supports the 

CD and FTIR results. The fluorescence microscopic evaluation further reinforced the 

spectroscopic results. In this study, the peptide hydrogels were incubated with the ThT 

stock in 1:1 ratio for 10-15 minutes before investigation. The dye bound to the 

hydrophobic patches of the supramolecular structures showed fluorescence, which can 

be clearly observed in the microscope.  

 

Figure 3.11 (a) Representative fluorescence emission spectra of peptide amphiphiles 

in sol and gel state, indicating the formation of the self-assembled nanostructure as 

evident from the quenched monomeric emission of the naphthoxy group in the gel state. 

(b) Comparison of the intensity of the monomeric emission at wavelength 340nm. 
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The more intense patches with co-assembled peptide hydrogels indicate the presence 

of stronger/intense self-assembled nanostructure due to the involvement of electrostatic 

interactions (Figure 3.10d,e,f,). Apart from hydrogen bonding and hydrophobic 

interactions between the amino acid backbones, π-π interaction between the aromatic 

groups plays a crucial role in the formation of peptide-based supramolecular 

structures.79 Fluorescence emission spectra of this aromatic moiety differ greatly in sol 

and gel phase. In the gel phase, aromatic groups self-assemble via π-π stacking which 

leads to the decrease in fluorescence intensity. This is clearly evident from the 

quenching of characteristic napthyl emission peak at 340nm upon excitation at 270nm 

which is due to π- π interaction between the molecules during self-assembly (Figure 

3.11a). On comparing the relative intensities of both the peptides and combined 

peptides, the monomeric peak of combined hydrogel showed relatively low intensity 

than the individual hydrogels (Figure 3.11b). The probable reason for this observation 

could be the closer packing of aromatic napthyl moiety due to instant electrostatic 

interactions, which makes napthyl monomers unavailable for excitation.  

3.2.5 Mechanical Property. Assessment of mechanical strength of the gels is highly 

crucial for their futuristic applications.80 To determine the mechanical property of the 

hydrogels, oscillatory amplitude sweep and dynamic frequency sweep were carried out. 

Oscillatory amplitude sweep gives the linear viscoelastic range (LVE) and the dynamic 

frequency sweep determines the storage (G’) (elastic component) and loss modulus 

(G”) (viscous component). The LVE range from amplitude sweep was calculated to be 

around 0.1 to 1.0% for all the three hydrogels (Figure 3.12). The storage moduli in gels 

exceeded loss moduli, indicating solid like behavior of the material.81 Both the peptide 

hydrogels showed the storage modulus of around 3-4kPa at 30mM (Figure 3.13) 

whereas the combined gel showed the storage modulus of 6-7kPa which is about double 

in comparison to the individual gels, suggesting the strong interaction between the 

peptide chain. In the similar context, it is worth mentioning the report by Joyner et al., 

demonstrated the role of electrostatic interactions in improving the mechanical strength 

of the peptides.82 The authors showed that complementary ionic peptides having more 

ionic pairs results into higher strength (2 times higher) than the peptides having lower 

number of ionic pairs. Another report by Jian et al., showed ~5fold increase in 

mechanical strength of Fmoc-YD/Fmoc-YK co-assembled gels in comparison to 

individual Fmoc-peptide.66 Our results were found to be corroborated with the reports 
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available in literature and thus provide evidence for the improved mechanical strength 

due to the additional electrostatic attraction-enhanced hydrogen bonding between two 

oppositely charged peptides. 

 

Figure 3.12 Strain sweep analysis of collagen mimetic peptide hydrogels; (a) 

NapFFGKO, (b) NapFFGDO and (c) NapFFGKO+NapFFGDO. 

 

3.2.6 Evaluation of thixotropic behavior. In order to develop a biomaterial to be used 

in biomedicines, it would be highly desirable to investigate its self-healing behavior. 

Peptide hydrogels should withstand the mechanical deformation from the strain exerted 

onto the bulk hydrogel as well as forces applied by the cells present in the local 

environment. In order to characterize the self-healing behavior, the gels were subjected 

to a series of step strain rheology experiment.83 Interestingly, all the three hydrogels 

demonstrated the thixotropic behavior (Figure 3.13b,c,d) since they do not lose any 

mechanical integrity and showed rapid recovery in strength after removal of 100% 

strain. All the three hydrogels showed almost 100% recovery (Figure 3.14) hence, 

suggesting their self-healing capability.  
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Figure 3.13 Rheology and thixotropic analysis of collagen inspired peptide hydrogels. 

(a) Mechanical strength analysis, through frequency sweep study of the individual 

hydrogelator and the co-assembled hydrogels. Graphical representation of thixotropic 

measurement of (b) NapFFGKO, (c) NapFFGDO and (d) co-assembled hydrogels 

(NapFFGKO+NapFFGDO) showing the recovery percentage of five repeat strain 

sweeps from 0.1 to 100% with 200 sec recovery period in between each sweep for all 

of the hydrogels. 

 

Figure 3.14 Comparison of percentage recovery in thixotropy measurement, showing 

the recovery percentage of five repeat strain sweep from 0.1 to 100% with 200 second 

recovery period in between each sweep for all of the hydrogels. 
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Whereas in case of combined hydrogel, the storage modulus and loss modulus were 

very close at 100% strain. This behaviour suggested that even at 100% strain, the 

hydrogel did not deform completely or converted to sol, this behavior suggests the 

presence of higher order structure with possible electrostatic interaction in the 

combined peptides (Figure 3.13d). These results helped to conclude that hydrogels 

obtained from short collagen inspired peptide have the potential to serve as injectable 

matrix for encapsulating cells. AFM studies were performed to get an insight into the 

changes in the nano-architecture during the deformation cycles. Long and dense fibers 

in the gel phase were changed into short fibers upon applying the deforming strain of 

100% and after removal of strain most of the fibers were able to regain their structure 

in all the three gels (Figure 3.15, 3.16, 3.17). 

 

Figure 3.15 AFM analysis of NapFFGKO at different time points of thixotropy study 

(a) before strain, (b) at 100% strain and (c) after recovery following the removal of the 

strain. Scale bar 500nm. 

Figure 3.16 AFM analysis of NapFFGDO at different time points of thixotropy study 

(a) before strain, (b) at 100% strain and (c) after recovery following the removal of the 

strain. Scale bar 500nm. 
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Figure 3.17 AFM analysis of co-assembled system NapFFGKO+NapFFGDO at 

different time points of thixotropy study (a) before strain, (b) at 100% strain and (c) 

after recovery following the removal of the strain. Scale bar 500nm. 

 

Figure 3.18 Dynamic compressive strain study of the combined hydrogel 

NapFFGKO+NapFFGDO through 18G needle from a 2.5 cc syringe at an injection rate 

of 50 μL/s. Data is represented as force vs time and the inset image shows the custom-

made setup to examine the force required for extrusion. 

To further determine the injectability or printability of the presented peptide hydrogels, 

we have performed dynamic compressive strain study.84 The hydrogel was placed in a 

2.5 cc syringe with 18 G needle attached to it. The force was applied to extrude the 

hydrogel at a rate of 50 μL/s and the force required to extrude the hydrogel was 
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calculated using the axial compression tester (BiSS, India). We have used the combined 

hydrogel (NapFFGKO+NapFFGDO) for this study at a concentration of 40mM to 

check its printability, as it has the neutralized surface charge and also better mechanical 

strength. As observed from the dynamic compressive study, the force required to 

extrude the combined hydrogel was 2.24 N. The extruded sample can be used to make 

guided structures and hence have the futuristic applications in 3D bioprinting.85, 86 

3.2.7 Cytotoxicity studies. Hydrogels with varying polarity and stiffness are being 

used as a scaffold for different cell types.87 In order to explore the potential of the 

successful construct for mimicking extracellular matrix, cytocompatibility of the 

peptides should be assessed. Cytotoxicity assay of fibroblast cells (mouse fibroblast 

cell line L929) in presence of NapFFGKO, NapFFGDO and the combined peptides 

were evaluated by 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide 

(MTT) reduction assay. Cell viability was assessed after incubating the fibroblast cells 

with different concentrations of peptides for 48hrs.  

Figure 3.19 (a) Cytotoxicity studies comparing the effect of different collagen mimetic 

peptides on L929 cells at a concentration ranging from 100µg/ml to 1000µg/ml after 

incubation of 48hrs. (b) Bright field images of L929 cells after 48hrs of incubation with 

the individual peptides and their co-assembly. Scale bar 100µm. 

However, to support the cell growth, the peptide solutions were used at physiological 

pH, which is crucial for their survival. In this context, it is worth mentioning that a clear 

evidence was observed through CD spectroscopic studies, that individual peptides 
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formed random coiled structures at physiological pH (~7). The less ordered random coil 

structures of the individual peptide were found to be less supportive matrix towards the 

cells, while co-assembled fibrillary nanostructures were found to present highly 

compatible interface for the cells. It has been already reported that, in addition to 

surface functionality, the morphology and mechanical strength of the nanostructures 

play a significant role in determining its interaction with the cells.19 It was observed 

that, NapFFGKO showed 80-90% biocompatibility, while NapFFGDO showed 60-

70% biocompatibility in the concentration range of 100-1000µg/ml. The probable 

reason for lower cell viability could be because of the less ordered random coil 

nanostructures present at physiological pH. It was noteworthy that, an overall surface 

charge on the positively charged NapFFGKO and overall negative surface charge on 

NapFFGDO were found to be detrimental to the cells.19 Interestingly, this limitation 

has been successfully overcome in the combined peptides due to surface charge 

neutralization at physiological conditions. Hence, the nanofibers produced in the 

combined hydrogel were found to support the cell growth by providing effective 

bioactive scaffold to the cells for adherence. This biocompatible nature of the combined 

gel nanofibers showed almost 100% cell viability against fibroblast cells indicating 

highly biocompatible nature of the scaffold (Figure 3.18a). Shape and number of the 

adhered cells in treated samples were similar to that of the control, which was 

maintained even up to 1000 µg/ml, demonstrating the significant compatibility of the 

designed peptides towards the cells (Figure 3.18b). The higher biocompatibility of co-

assembled complementary ionic peptides can be supported by enhancing the 

complexity of the matrix through post assembly modification design of several 

synthetic cell interacting peptides like, RADA, MAX, Q11, EAK, which were based on 

alternating oppositely charged residues.88, 89 Thus the biological activity of the charge 

neutralized hydrogel highlighted this excellent potential to be developed as a superior 

biomimetic scaffold.  

3.3 Conclusion  

In summary, we report for the first time, the crucial molecular design of oppositely 

charged collagen inspired shortest bioactive pentapeptide sequences, as a minimalistic 

building block for development of next-generation biomaterials. The peptide features 

the repeating unit of collagen molecule (Gly-Pro-Hyp), where proline has been replaced 

with two oppositely charged amino acids, lysine and aspartate in two ionic 
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complementary sequences. The designed sequences showed effective self-assembly 

either at acidic/basic pH depending up on their overall surface charge. However, such 

phenomenon limits their bio-applications. Surprisingly, simple mixing of the two 

peptides were found to induce the co-assembly of these designed peptide, which drives 

the formation of self-supporting hydrogel at physiological pH and thus enhanced the 

potential of exploring these peptides for biomedical purposes. Initiation of the 

electrostatic interaction was found to have profound effect on gelation behavior of the 

short bioactive peptides. The minimum gelation concentration of the individual 

peptides has been reduced with an increase in their mechanical strength at physiological 

pH for their co-assembled state. Such interesting feature enhanced the scope of these 

designed gels to be explored as smart biomaterial to support their biological functions. 

Interestingly, these bioinspired peptide sequences showed excellent biocompatibility 

with the fibroblast cells, which provides the evidence for developing such functional 

materials for biomedical applications. 

 

Note:  

The permission has been granted by authors and corresponding author of the published 

paper prior to its adoption in the present thesis. The publication associated with this 

work is:  

Vijay Kumar Pal, Rashmi Jain, and Sangita Roy, Tuning the Supramolecular Structure 

and Function of Collagen Mimetic Ionic Complementary Peptides via Electrostatic 

Interactions. Langmuir, 2019, 36(4), 1003-1013 
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Chapter 4 
Metal ion complexation promotes self-

assembly within a short collagen inspired 

peptide domain and leads to fabrication of 

an advanced scaffold with enhanced 

cellular proliferation  
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Cooperative effect of metal ion coordination in the bioactive peptide scaffold 

inspired from native collagen protein was found to promote the hydrogelation at 

physiological conditions leading to enhanced cellular proliferation. 
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4.1 Introduction 

As discussed in the previous chapter, non-covalent interactions among short peptides 

and proteins led to their molecular self-assembly into supramolecular packaging, which 

provides the fundamental basis of life. In nature, most of the complex biological 

processes are governed by supramolecular association among the biomolecules, where 

non-covalent interactions play a significant role.1-3 Over the past few years, 

supramolecular chemistry has been evolved to enlighten numerous interdisciplinary 

areas at the interface of biology, chemistry, and physics.4-6 Various complex biological 

phenomena, such as enzyme-substrate complex, protein-protein interactions, intricate 

packing and replication of DNA molecule etc., are some of the well-known examples 

of the cooperative non-covalent interactions.7, 8 To this direction, the literature has well 

documented that many of the natural proteins and enzymes require metal ions, which 

contribute to their structural integrity and functional property.9 Several metal cations 

were identified to be involved in various biophysical and biochemical processes.10 In 

particular, few metal ions, like, Ca2+, Mg2+, and Cu2+ were reported to increase the 

protein stability, while other ions, like, K+, Na+ were identified for their role in 

regulating cell processes.11 There were several reports that indicated the participation 

of metal ions, like, Co2+, Ni2+, Zn2+ in enzyme catalysis.12-14 Hence, mimicking the 

interaction of protein and peptide with metal ions under in vitro conditions, can be a 

useful strategy to create bioinspired functional materials.15-20 In this context, significant 

literature reports were available, which indicated that protein and peptides display 

variable functional groups exposed at the surface. These active functional groups can 

initiate the interactions with different metal ions.21-24  

In this context, supramolecular self-assembly has gained immense attention, which was 

focused on fabrication of complex functional biomolecular structures.25-28 Structural 

and functional mimic of native tissue is the key component for designing the next-

generation biomaterial that may solve the problems associated with healthcare. Hence, 

the emerging paradigm relies on designing an array of well-defined nanostructures with 

diverse functionality and biocompatibility that can be achieved via the self-assembly of 

peptides.29 This strategy has been widely explored for biomedical applications in recent 

years.30-33 Self-assembling peptide amphiphiles were further designed for 

hydrogelation using specific triggers that include both environmental trigger as well as 

locally applied stimuli in particular, pH, temperature, salt, enzyme etc., which 



130 
 

eventually give rise to hierarchical organization leading to supramolecular hydrogels.34, 

35 In this direction, metal-ligand interactions are emerging as a new design paradigm in 

supramolecular chemistry leading to the fabrication of supramolecular nanostructures 

with variable nanoscale structures and functions.36 Literature reports indicated that 

several biophysical and biochemical phenomena are regulated by specific ion and 

protein interactions.37 Metal ions can interact with protein and peptides primarily 

through electrostatic interactions, which may alter the structures and functions of the 

macromolecules.38-40 In particular, metal cations are known to interact with the amide 

(CONH) backbone, functional side chain, or carboxylic acid group of protein/peptide 

and thus can alter their folding and aggregation pattern in the solution phase.41 Hence, 

it can be envisioned that the peptide sequences with a side chain functionality that 

primarily comprising of a carboxylic acid moiety may show the propensity to self-

assemble in the presence of divalent or trivalent metal ions.  

Furthermore, several short peptides have also been reported based on the natural 

metallopeptides, which can interact with metal ions through their surface functionality. 

In this context, Wei Ji et al. reported a structural transformation of the amyloid-like 

dipeptide in the presence of a series of metal ions.42 This classical work demonstrated 

the inhibition of the disease-associated amyloid-like β-sheet aggregation and controlled 

structural transformation of these aggregates into a super helix, β-sheets, and random 

coils in the presence of monovalent (Na+/K+), divalent (Zn2+/Cu2+), and trivalent 

(Fe3+/Al3+) ions, respectively.42 Another study by Sharma et al. demonstrated a unique 

strategy for the controlled self-assembly pathway to create supramolecular hydrogel 

from a single dipeptide gelator by modulating the specific anions and transition metal 

salts.39 Furthermore, Adams and co-workers demonstrated the structural transition from 

worm-like micellar structure of a functional dipeptide molecule upon adding calcium 

salt, which triggered the phase transition from sol to gel-like material and led to the 

formation of nanofibrillar network.43, 44 This important study further reinforced the fact 

that the introduction of metal ions can also drastically enhance the mechanical strength 

and thermal stability of the amphiphilic peptide hydrogel.45 A recent report by A. 

Fortunato et al. demonstrated the metal ion triggered hydrogelation of pyrene peptide 

conjugate. This study reported the use of multivalent cations to demonstrate metal-

ligand interactions between metal ion and glutamic acid side chain, which further 

displayed variation in mechanical and morphological property of the hydrogels.46 
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Additionally, another report by Parmar et al. explored the metal-binding site of the 

collagen triple helix to stabilize the CMP molecule. Both homo and heterotrimeric 

structures were stabilized by the addition of zinc (II) and other metal ions.47 Another 

report demonstrated the metal ion-assisted assembly of micro-collagen, where in 

combination with metal ion, heterotrimeric triple helix structure of collagen mimetic 

peptide can be stabilized.48  

In this context, it is worth mentioning that collagen is the most abundant structural and 

functional protein of the extracellular matrix that plays a crucial role in regulating 

functional processes, like, cell adhesion, cell to cell communication, and 

differentiation.49 Natural collagen’s exceptional self-assembling capabilities and 

biodegradability have put up the appeal to consider it as a preferred material for 

fabricating the next-generation scaffold targeted for biomedical applications, such as 

tissue engineering, drug delivery etc.50 To this end, it was increasingly recognized that 

a useful approach can be adapted to identify and design a small molecular domain from 

the native protein, which can attain the similar complex architecture and bio-functional 

properties of the native collagen.51 In order to fabricate an ideal mimic of natural 

collagen protein, extensive attempts have been devoted towards designing the specific 

motifs inspired from this natural protein.52-54 To this direction, we have explored the 

hydrogelation of a negatively charged collagen inspired peptide at physiological pH in 

the presence of biologically relevant metal ions (Ca2+/Mg2+) to construct a biomaterial 

suitable for biomedical applications. It has been interesting to note that the designed 

short pentapeptide sequence (2-Naphthoxy acetic acid-Phe-Phe-Gly-Asp-Hyp) has 

demonstrated its ability to self-assemble at pH 5.0 but failed to self-assemble into 

higher order fiber like structure at physiological pH and hence it remained as solution. 

Surprisingly, the overall negative surface charge due to the exposed carboxyl group of 

aspartate moiety offers the researcher an additional advantage to explore it as an ideal 

candidate for inducing hydrogelation in the presence of metal ions at physiological 

conditions. It is expected that the metal ions will interact electrostatically with the 

oxygen atom of the carboxylate functionality and therefore will mask the negative 

charge on the surface of the nanofiber, which will lead to the reduction in repulsive 

force between the negatively charged carboxylate ion. In nature, especially four metal 

cations; Sodium (Na+), Potassium (K+), Calcium (Ca2+), and Magnesium (Mg2+), are 

preferentially bound to oxygen molecules electrostatically and play a crucial role in 
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triggering cellular responses.55 Alkali metal ions i.e., Na+ and K+ demonstrated various 

ionic radii and hydration energy that hardly form complexes.56 Whereas, Ca2+ and Mg2+ 

ions have gained reasonable interest due to their relative importance in cellular growth 

and their multiplication, as they impart crucial impact on the macromolecular synthesis 

and metabolic parameters in the cultured cells.57 Interestingly, the negatively charged 

collagen inspired self-assembling peptide, which remained in sol form at physiological 

pH, demonstrated a shift in its equilibrium point of hydrogelation in the presence of 

divalent metal ions (Ca2+/Mg2+) at physiological pH. We observed an instant 

conversion of sol to gel in the presence of the metal ions. Furthermore, a significant 

enhancement in the mechanical strength of the metal coordinated hydrogels was 

achieved over control peptide hydrogels at pH 5.0, which was otherwise a non-gelator 

at physiological pH. FTIR studies further confirmed the metal binding capacity of the 

peptide, and AFM studies confirmed metal complexation between the short peptide 

fibers leading to a dense nanofibrous matrix. Thus, with the addition of divalent metal 

salts to the NapFFGDO peptide, a threefold advantage has been achieved at the 

molecular domain that includes: 1) successful gelation at physiological pH as well as 

2) lowering of the minimum gelation concentration, and thus facilitating the self-

assembly of the peptide monomers and 3) an improvement in the physical properties 

was achieved like mechanical strength etc. More importantly, the metal coordinated 

peptide hydrogels were found to overcome the limitations of the negatively charged 

peptides and promoted biocompatibility and cellular proliferation at physiological pH. 

This study emphasizes the importance of incorporating metal ions as a simplistic 

approach for fine-tuning of the structural and functional properties of the synthetic 

matrix. Such an approach for developing biomimetic scaffolds via metal coordination 

overcomes the limitations of individual peptide and unveil the new opportunities for 

developing an advanced biomaterial for biomedical applications. 

4.2 Result and discussion 

4.2.1 Design and gelation of collagen inspired self-assembling peptide. In this work, 

our focus was to explore the biologically relevant metal ions towards controlling the 

self-assembling behaviour of a biologically inspired peptide in order to develop a 

simplistic and facile methodology. As indicated, upon coordination with metal ions, 

peptides can instigate conformational changes in their self-assembly, which may lead 

to diverse nanoscale structure leading to variable manifestation of the functional 
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properties of the peptides.58 Furthermore, the role of negatively charged peptide 

moieties has already been discussed in terms of its coordination ability with the metal 

ions, like,  Na+, K+, Ca2+, and Mg2+ in the biological system.59 Herein we attempted to 

induce differential self-assembly within a negatively charged collagen inspired self-

assembling peptide (NapFFGDO) in the presence of metal ions at physiological pH 

(Figure 4.1).  

 

Figure 4.1 (a) Schematic representation of hydrogelation induced in collagen inspired 

self-assembling peptide in the presence of metal ions at physiological pH, (b) Metal 

complexation induces hydrogelation in the peptide nanofibers, which further leads to 

enhancement in cell viability and proliferation. 

Our earlier study on NapFFGDO revealed that the designer sequence failed to form a 

self-supporting hydrogel at physiological pH owing to the charge repulsion imparted 
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by the negatively charged aspartic acid residue on the peptide surface, which restricted 

the peptide monomers to assemble into hydrogel. However, the peptide was found to 

induce gelation at 30 mM concentration only when the pH was lowered to pH 5, owing 

to the protonation of carboxylic acid residues of aspartic acids. In this way, it overcomes 

the repulsive force and established stable intermolecular association.60 However, the 

gelation at acidic pH restricts its applications in healthcare. It would be interesting to 

mask the negative charge at the physiological pH together with enhancement in 

intermolecular association, which may be induced by cross-linking with biologically 

relevant metal ions. As these gels were fabricated to further apply in solving the 

problem of biological issues, the salts were taken in accordance to the ionic 

supplements of the biological medium that supports cellular growth.61 

Table 4.1 Optical images of peptide hydrogels formed in presence of metal ions, Ca2+ 

and Mg2+. 

 

Hence, we specifically aim to induce a stable self-association of this collagen inspired 

self-assembling peptide monomers outweighing the repulsive force between the peptide 
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chains to fabricate a stable hydrogel at physiological pH, which may find significant 

potential in promoting cellular adhesion and proliferation.  

In particular, 15mM of the NapFFGDO was dissolved at a higher pH (12.0) by adding 

1N NaOH. Then pH of the medium was slowly lowered down to physiological pH via 

the addition of 1N HCl. The resulting solution of NapFFGDO remained sol after 24-

hour incubation (Table 4.1). As revealed by the AFM study, the peptide sol contains 

the mixture of short and long fibers (Figure 4.2a), which upon further incubation grow 

longer but were unable to induce higher order entanglement to form hydrogel due to 

the charge repulsion between the ionized group of aspartic acid exposed at the surface 

at physiological pH.  We were keen to explore metal ion coordination at this phase since 

short peptides were known to interact with divalent metal ions (Ca2+/Mg2+) through the 

carboxyl group of aspartate molecules purely via electrostatic interaction.62 A metal ion 

bonded or coordinated to a ligand or surrounding molecules may form a coordination 

complex.56 In particular, calcium and magnesium ions were employed, which show 

high coordination.56 In general, magnesium show 6 (octahedral coordination) while 

calcium can attain a variety of coordination, i.e. 7 to 9.56 Calcium and magnesium prefer 

coordination with the carboxylate oxygen of aspartate and glutamate, showing the 

major site of interaction in the protein molecule.63  

 

Figure 4.2 Morphological analysis of (a) NapFFGDO (15mM) solution at 

physiological pH 7.0 via atomic force microscopy and (b) Morphological variation in 

peptide fiber after instant addition of metal salts (without incubation). Scale bar 500nm 

Calcium ion being larger can attain octahedral configuration via interacting with ligands 

in a bidentate manner, whereas magnesium ion can only interact with the carboxylate 

group in a monodentate fashion.56 It has been reported that calcium and magnesium 
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ions can bind on an average to four carboxylic oxygen, however, calcium ions, can 

accommodate the entry of one more carbonyl group to the coordination sphere.64 

Literature reports revealed that calcium ion shows more tendency for binding with 

carbonyl or carboxyl groups in its available space, while magnesium ion displays 

preferred affinity for water molecules. This has been evident in the dense and opaque 

hydrogel network of metal ion coordinated peptide hydrogel. Most importantly, the 

peptide molecules showed stable hydrogelation in the presence of metal salts at much 

lower concentration, which is half of the concentration that has been reported earlier 

for the same peptide at pH 5. The metal complexation displayed an MGC value of 15 

mM, which was reported as 30 mM for the peptide alone.60 As monovalent or divalent 

metal cations are generally known to bind the carbonyl group of the amide group 

(CONH), which further interferes with hydrogen bonding interaction in the solution 

phase.8 This interference leads to aggregation of the peptide nanofibers due to the 

stronger interaction among nucleation phase of peptide nanostructures (Figure 4.2b). 

The divalent metal ions interact to short nucleating centers of the peptide nanostructures 

and turns the solution in aggregates. To avoid this aggregation, the metal salts were 

added to the aged sol of peptide-containing short fiber, which upon interaction resulted 

in the hydrogel.65  

4.2.2 Spectroscopic Characterization  

Various spectroscopic studies were performed to get an insight into the major non-

covalent interactions driving the self-assembled peptide structures. CD spectroscopy 

was utilized to analyze the secondary structure of the peptide amphiphiles in the self-

assembled state. CD spectra of negatively charged peptide showed the characteristic 

peak at ~240nm corresponding to the π-π* transition due to the aromatic phenyl alanine 

moieties indicative of the presence of β sheet-like structures. It has been observed that 

upon binding with the metal ions, there has been a moderate shift in the position of the 

signal (Figure 4.3a). A small peak was predominantly present in all the hydrogels at 

295 nm corresponding to the n-π* transition of naphthoxy aromatic group.66 It was 

evident that the peptide fiber at physiological pH self-assemble via non-covalent 

interactions, which remains stable after coordinating with the metal ions and hence 

showed a similar CD pattern. In order to get a better understanding of the secondary 

structures, FTIR spectroscopy was employed to determine the intermolecular H-bond 

interactions between the peptide backbone. A strong transmittance peak at ~1630 cm-1 
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in the amide I region is indicative of possible β-sheet like structures, and a weaker peak 

around ~1670 cm-1 generally signifies the antiparallel arrangement of these β-sheets.66  

 

Figure 4.3 Spectroscopic characterization of metal ion complexed collagen inspired 

self-assembling peptide hydrogel. (a) CD spectra of peptide and metal ion complexed 

peptide at physiological pH, representing the β sheet-like structure. (b) FTIR spectra 

show the presence of β-sheet-like structure in metal ion complexed peptide hydrogels. 

 

Figure 4.4 FTIR spectra after area normalization in the region of 1350-1480 cm-1, 

showing the variation in term of intensity upon interaction with the metal ion 

complexation (a) 5 mM and 10 mM of CaCl2 and (b) 5 mM and 10 mM of MgSO4. 
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All the samples showed an intense peak of carbonyl stretching at 1640 cm-1, suggesting 

the presence of β sheet-like structures (Figure 4.3b). In addition, the frequency region 

of 1390-1480 cm-1 were simply area normalized, and the peptide hydrogel showed the 

spectral change (in terms of intensity) due to the presence of divalent cations (Figure 

4.4).41 Specifically, the amide-II region at 1540 cm-1 and the broad band at 1440 cm-1 

showed an enhancement in their intensities upon coordination with the metal ions, 

which can be correlated with the report by Zhao et.al.41 The study clearly indicated the 

fact that C-N stretching and N-H bending (in-plane) are primarily evident in the amide-

II region, and relatively broadened and an enhancement in the intensity around 1440 

cm-1 in the peptide hydrogels were observed, which suggested the presence of metal-

ion complexation. As the spectra were normalized in the region 1350-1480 cm-1, the 

difference spectra showed a spectral shift in the presence of divalent metal ions from 

1390 cm-1 to 1397 cm-1. Both CD and FTIR showed clear evidence for the presence of 

β-sheet-like structures in the nanoscale regime. To further confirm the presence of the 

β-sheet-like secondary structure, Thioflavin T binding assay was performed.67 ThT 

recognizes and binds to the beta rich peptide structures, which commonly adopts the 

“cross-β” structures, an extended β-conformation running perpendicular to the long axis 

leading to the multiple β-sheets.68 The ThT binds to these cross-strand ladder consists 

of repeating side chain interactions across the β-sheet layers.  

 

Figure 4.5 (a) An increment in the fluorescence intensity of the Thioflavin T upon 

binding to the hydrophobic patches of the peptide hydrogels depicts the presence of β-

sheet-like structure. (b) Redshift in Congo red absorption maximum upon binding the 

hydrophobic patches of the peptide hydrogel confirms the presence of β sheet-like 

structure. 
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However, ThT interaction is specific to the structural motif in the fibrils, which is 

basically the hydrophobic patches of the β-sheet structures and it has an affinity towards 

it.69 Increased fluorescence intensity at 488 nm was observed when the ThT solution 

was allowed to incubate with the nanofibrillar network of the peptide followed by its 

excitation at 440 nm (Figure 4.5a). 

Interestingly, NapFFGDO alone showed a moderate enhancement in the fluorescence 

intensity and, upon coordinating with the metal ions, showed significant enhancement 

in the intensity, suggesting the formation of a more ordered structure. Hence an increase 

in the hydrophobic patches was evident in the metal coordinated hydrogels. 

Fluorescence microscopy was performed to further confirm the spectroscopic results of 

ThT binding. The peptide hydrogel incubated with ThT solution showed the binding of 

the dye to the hydrophobic patches with enhanced fluorescence emission under a 

microscope (Figure 4.6).  

 

Figure 4.6 Fluorescence microscopic images of Thioflavin T binding to the 

hydrophobic patches of peptide fibers, corresponds to the β-sheet like structure: (a) 

Blank ThT, (b) NapFFGDO, (c) NapFFGDO+CaCl2 (5mM), (d) NapFFGDO+CaCl2 

(10mM), (e) NapFFGDO+MgSO4 (5mM), and (f) NapFFGDO+MgSO4 (10mM). Scale 

bar 200μm 

The presence of β-sheet-like structures was further confirmed via Congo red binding 

assay, a classical approach to assess the formation of amyloid-like aggregated 

structures.70 Literature reports have indicated that amyloid peptide form twisted β-

sheet-like structures. It was evident that CR dye shows a shift in its absorption 



140 
 

maximum upon binding with the amyloid-like structures.67 The CR dye shows its 

intrinsic absorption at 498 nm, which on binding with the amyloid-like structures, 

shows a shift in the absorption maxima to 520-540 nm.67 In this direction, all the 

hydrogel samples showed redshifts in the absorption maxima of the CR dye from 500 

nm to 530-540 nm, which further indicated the formation of β-sheet structures, leading 

to the amyloid-like fibrils (Figure 4.5b). Furthermore, earlier literature has 

demonstrated that the interactions among the aromatic moieties of the peptides also 

play a crucial role in the formation of peptide self-assembled structure.71 Aromatic 

groups trigger the self-assembly via π-π stacking interaction, which can be 

differentiated based on their intrinsic fluorescence emission of the fluorophore spectra 

in monomeric and gel state. The naphthoxyl group has an intrinsic fluorescence, which 

upon excitation at 270 nm gives rise to monomeric emission at 340 nm. Our results 

have indicated that the intensity of the monomeric emission of the peptide building 

blocks at physiological pH showed extensive quenching up on coordination with the 

metal ions, leading to the transition to the gel state.  

 

Figure 4.7 Fluorescence emission spectra of peptide amphiphiles in sol state showed 

the monomeric emission of naphthoxy group at 340nm, which showed extensive 

quenching in gel state upon self-assembly of the peptides. 

Such extensive quenching of the emission intensity may be attributed to the reduced 

availability of the naphthoxyl monomer, which may remain buried in the hydrophobic 

core of the self-assembled nanostructures. Such phenomenon is originated from the 
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interactions of the naphthoxyl group with the other aromatic moiety via π-π interaction 

in the self-assembled structure in the respective gel state (Figure 4.7). 

4.2.3 Morphological analysis. It was crucial to understand the morphological changes 

that occurred in the metal ion coordinated system, as differential topological 

interactions were expected to induce gelation in the collagen inspired self-assembling 

peptide at physiological pH. We envisioned thar the nucleation and growth of the self-

assembled structure may follow a different pathway in the presence of metal ions. 

Atomic force microscopy (AFM) was used to understand the structural variation in the 

collagen inspired self-assembling peptide fibers in the presence of divalent metal ions 

(Ca2+/Mg2+). As reported in our earlier study, negatively charged collagen inspired self-

assembling peptide (NapFFGDO) showed long nanofibers at acidic pH, i.e. pH 5.0 with 

fiber dimension 25-30nm.60  

 

Figure 4.8 Morphological evaluation of metal ion complexed peptide hydrogel through 

Atomic Force Microscopy (AFM). (a) NapFFGDO with 5 mM Ca2+ ion and its 

sectional analysis view of metal complexation in (a.1), (b) NapFFGDO with 10 mM 

Ca2+ ion and its sectional analysis view of metal complexation in (b.1). (c) Self-

assembled nanofibrillar structure of NapFFGDO with 5 mM Mg2+ ion, and (d) Self-

assembled nanofibrillar structure of NapFFGDO with 10 mM Mg2+ ion. 
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When divalent metal salts (Ca2+/Mg2+) were added into these aged negatively charged 

peptide nanofibers, gelation was induced, and a change in the morphology of the 

peptide nanoarchitecture was observed. Calcium ion with bigger radii usually formed a 

centric core to which the short fibers were attached, which was also evident in the AFM 

images (Figure 4.8a & b). Peptide hydrogels with calcium salts of concentrations 5mM 

and 10mM, respectively showed similar kinds of peptide nanoscale structures. It was 

observed that the fibers were nucleated from the calcium ion core through electrostatic 

attraction leading to the binding of the peptide nanostructure through ionic cross-

linking, and thus creating highly ordered structures as probed in the sectional analysis 

of AFM studies (Figure 4.8a.1 &b.1). However, electrostatic interactions among 

peptides and magnesium ions lead to the formation of cross-linked fibers at both the 

concentrations of 5mM and 10mM, respectively (Figure 4.8c &d). It has been evident 

in recent years that the cooperative association of kinetic and thermodynamic variables 

governs the stable multi-scale self-assembly of the peptide. Thermodynamic variables 

include molecular design, while kinetic variables rely on parameters like concentration, 

ionic strength, pH, temperature as the triggers for the self-assembly.72  

It was clearly evident from the spectroscopic studies that the nanofiber formation of the 

collagen inspired self-assembling peptide at physiological pH are mainly driven by the 

non-covalent interactions, like π-π interaction, hydrophobic interaction, and H-bond 

that stabilize the nanoscale structure. The nucleation and growth mechanism of the 

supramolecular nanofibril formation can demonstrate the dynamics of the 

hydrogelation of collagen inspired self-assembling peptide in the presence of divalent 

metal ions (Ca2+/Mg2+).73  

To this direction, we have performed time-dependent morphological analysis through 

AFM at different time points i.e., 5 minutes, 30 minutes, 1 hour, 12 hours, and 24 hours. 

AFM analysis revealed the nucleation and growth mechanism of NapFFGDO at 

physiological pH at different time points of the self-assembly process in the presence 

of metal ions (Figure 4.9 a-e). The short fiber-like structure was observed just after 30 

minutes, which further nucleated and formed mesh of short and long fibers in 24 hours. 

The metal salts were added to the peptide sol after incubating them for 6 hours to ensure 

the aged sample must have short fibers that can further interact through the cooperative 

effect of metal salts. Calcium ion coordinated hydrogelation showed short fiber 
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interacting with the metal ion and resulted in the interlinked network-like structure, 

which grows over time (Figure 4.9 f-j).  

 

Figure 4.9 Morphological analysis of nucleation and growth of the self-assembled 

nanostructures of NapFFGDO and metal coordinated NapFFGDO hydrogels at 

different time points; (a-e) NapFFGDO, (f-j) NapFFGDO+CaCl2 (5mM), (k-o) 

NapFFGDO+CaCl2 (10mM), (p-t) NapFFGDO+MgSO4 (5mM), and (u-y) 

NapFFGDO+MgSO4 (10mM). Scale bar 500nm. 

It is interesting to note that the hydrogel samples with calcium salt concentration (i.e., 

10 mM) showed a similar pattern but with a dense network showing the presence of 

more calcium sites where fibers can be seen nucleating from the central core of metal 

ions and remained bound to the ions (Figure 4.9 k-o). Hydrogelation induced in the 

presence of magnesium ion at concentration of 5mM (Figure 4.9 p-t) and 10mM (Figure 
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4.9 u-y) demonstrated growth of nanofibers via cross-linking between metal 

coordinated fibers. However, enhanced fiber density over time resulted in the formation 

of a dense peptide network.  

4.2.4 Mechanical strength assessment. Over the years, it has been established that the 

physical properties of these synthetic scaffolds have a great impact on controlling 

cellular fate and behaviour.74 In order to determine the mechanical stiffness of the 

proposed metal coordinated peptide hydrogel, amplitude and frequency sweep was 

carried out. Dynamic frequency sweep was carried out to calculate storage (G’) and 

loss (G”) modulus of the material depicting elastic and viscous components of the 

hydrogels. In this study, all the hydrogel samples showed higher value of storage 

modulus as compared to that of the loss modulus, indicating the solid (gel) like 

behaviour of the material.75 The previously reported negatively charged peptide 

(NapFFGDO) at higher concentration, i.e., 30mM (MGC of the peptide alone at pH 

5.0), has been included as a reference point to show the improvement in the mechanical 

strength of the material after coordination with divalent metal ions, which triggered the 

gelation at physiological pH.76  

 

Figure 4.10 Comparative analyses of the mechanical strength of the collagen inspired 

self-assembling peptide NapFFGDO (30mM) at pH 5.0 and metal ion complexed 

peptide hydrogels at pH 7.0. (a) Storage moduli (G’) of peptide hydrogels show 

improvement in mechanical strength variation after metal complexation. (b) Bar graph 

representing the increment in the mechanical strength of the metal ion complexed 

hydrogels. 
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However, the peptide at 15mM concentration remained as a solution and hence cannot 

be included for a comparative assessment. As described earlier, peptide hydrogel 

formed at 30mM concentration at pH 5.0 showed a storage modulus of around 3-4 

kPa.60 Importantly, the metal coordinated peptide hydrogels, which triggered gelation 

at physiological pH, showed significant enhancement in the mechanical strength even 

at a much lower concentration i.e., 15mM concentration (at pH 7.0). Interestingly, the 

addition of Ca2+ ion to the solution showed a remarkable improvement in the 

mechanical strength of NapFFGDO. The respective values of storage modulus were 

found to be 25-28 kPa and 33-35 kPa in the presence of 5mM and 10mM of calcium 

salt, respectively, while the gelator concentration was only 15mM. As expected, a 

similar effect was observed in the presence of Mg2+ ion; however, the increase in 

mechanical strength was moderate, the value has been increased up to a of 5-6 kPa and 

8-10 kPa in the presence of 5mM and 10mM of magnesium salt respectively (Figure 

4.10a). Calcium (Ca2+) and Magnesium (Mg2+) ions were mainly coordinated with 

oxygen atoms of carboxylate ion of aspartic acid, and the interactions were purely 

electrostatic. Calcium ion prefers higher coordination than that of magnesium ion, and 

calcium ion is more likely to interact with carboxylate ion in a bidentate manner, 

whereas magnesium ion always interacts in a monodentate way.56 Since the calcium 

ion is larger, it tends to attain octahedral configuration of bidentate coordination of 

calcium ion with the carboxyl group of aspartic acid resulting in hydrogelation with 

higher strength. On the other hand, magnesium ions interact with the carboxyl group in 

a monodentate way, can only entangle the fibers and enhance the mechanical strength 

to a moderate extent, as shown in the rheological analysis (Figure 4.10b). As shown in 

the AFM studies, the apparent presence of entangled fiber in magnesium ion 

coordinated peptide fibers, leads to hydrogelation with a reasonable enhancement in gel 

strength, while the presence of a centric core of a network of calcium ions attached to 

the maximum number of peptide fibers leads to the formation of stronger hydrogels. 

4.2.4.1. Evaluation of thixotropic behaviour. Furthermore, thixotropic hydrogels have 

gained immense attention in the past few years owing to their possible formulation as 

injectable gels that may offer several applications in diverse areas of biomedicine.77 

Since the peptide hydrogels are evolving through dynamic non-covalent interactions, 

like hydrogen bonding, ionic bonding, and metal coordination, these interactions make 

them self-healing materials.78 A recent study by the Yi Cao group demonstrated the 
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improvement in Young’s modulus, break strength, and break strain of the peptide-metal 

ion coordinated hydrogels compared to the single ligand-metal ion bonds.79 Non-

covalent cross-linker with increased coordination site showed improved toughness and 

stretchability of the material.80  

 

Figure 4.11 Rheological analysis revealed the thixotropic nature of the metal 

coordinated peptide hydrogels: (a) NapFFGDO+CaCl2 (5mM), (b) NapFFGDO+CaCl2 

(10mM), (c) NapFFGDO+MgSO4 (5mM), and (d) NapFFGDO+MgSO4 (10mM).  

In order to assess the thixotropic behaviour of the metal coordinated peptide hydrogels, 

a step strain measurement was performed by oscillatory rheology. Interestingly, all four 

metal coordinated peptide hydrogels demonstrated thixotropic property (Figure 4.11) 

because a rapid recovery was observed after removing 100% strain without losing the 

mechanical integrity. Almost 100% recovery was observed in all the hydrogels 

irrespective of metal ions and their relative concentrations, suggesting the 

mechanoresponsive behaviour of the metal coordinated hydrogels. These results 

suggested that the hydrogels obtained from metal coordinated collagen inspired self-

assembling peptide have the optimal physical property to serve as an injectable matrix. 
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Figure 4.12 AFM analysis of metal coordinated peptide hydrogels at different point of 

thixotropic study: before strain, 100% strain, and after recovery (a-c) 

NapFFGDO+CaCl2 (5mM), (d-f) NapFFGDO+CaCl2 (10mM), (g-i) 

NapFFGDO+MgSO4 (5mM), and (j-l) NapFFGDO+MgSO4 (10mM). Scale bar 500nm  
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Furthermore, to understand the variation in the nanoarchitecture that occurred in the 

peptide hydrogels during the step strain cycle, AFM studies were carried out. In the 

case of Ca2+ mediated self-assembled system, more interwind structures were observed 

in the gel phase (Figure 4.12a & 4.12d), which were converted into shorter fiber upon 

100% strain (Figure 4.12b & 4.12e). However, short fibers were able to rejoin to form 

longer fibers upon removal of the strain (Figure 4.12c & 4.12f), showing the complete 

recovery of the mechanical property. Similar behaviour of conversion of longer fiber 

into shorter and regain in the fiber length after removal of strain was observed in case 

of Mg2+ coordinated peptide hydrogels (Figure 4.12g-i & j-l).  

4.2.5. Cell culture studies 

4.2.5.1 Evaluation of cellular cytotoxicity. At this point, we were intrigued to find out 

whether the coordination with the metal ions to the negatively charged hydrogels can 

show improvement in their biocompatibility at physiological pH. In this direction, our 

study established the simple approach of coordinating metal ions to negatively charged 

peptides to overcome the limited biocompatibility of the peptide at physiological pH. 

In order to assess the potential of the metal coordinated biomolecular construct for 

mimicking the native ECM, cytocompatibility assay of the peptide scaffold with 

fibroblast (L929) and glioma (C6) cells was performed via MTT reduction assay.67  

 

Figure 4.13 Assessment of the comparative effect of negatively charged peptide and 

metal coordinated peptide hydrogel on cellular viability of (a) fibroblast (L929) and (b) 

glioma (C6) cells while treated with peptide nanofibers of variable concentrations 

ranging from 100 to 1000 μg/mL via MTT assay. 
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As reported in our previous study, negatively charged peptide (NapFFGDO) showed 

cellular viability of around 60-65% when incubated with fibroblast cells for 48 hours 

using different peptide concentrations.60 Furthermore, the peptide demonstrated limited 

cellular viability of 60-30% with glioma cells using different concentrations of peptide 

(100-1000 μg/mL). The viability was found to decrease with subsequent increase in 

peptide concentration. Interestingly, significant enhancement in the cellular viability 

was observed in all the metal coordinated peptide hydrogels. An increase in the cellular 

viability of the fibroblast cells was observed in the presence of 5 mM Ca2+ ions, which 

is 80-100% with varying concentration of the metal coordinated peptide scaffold. A 

slightly reduced viability of 80-90% was observed at 10 mM, however, it was 

reasonably higher than the peptide itself. Our findings can be correlated to the earlier 

reports that depict that the increased concentration of calcium ions up to 10-15 mM 

leads to a slight decrease in cell viability and loss of morphology.81 Whereas the 

presence of magnesium ions at a concentration of 5 mM and 10 mM coordinated to 

peptide scaffold showed cellular viability of 90-100%  irrespective of the 

concentrations of peptide (Figure 4.13a). After 48 hours of incubation with negatively 

charged peptide, bright-field images of fibroblast cells showed the loss of appendages 

and increased nuclei size, leading to slow proliferation and detachment from the 

surface.  

 

Figure 4.14 Bright field images of fibroblast cells (L929) after incubation of 48 hours 

with ion complexed peptides at concentration of 500 μg/mL. Scale bar 100 μm. 



150 
 

Interestingly, cells with metal coordinated peptide treatment showed similar 

morphology compared to the control fibroblast cells (Figure 4.14). Cells were found to 

retain their morphology even after longer time of incubation with the metal coordinated 

peptide scaffold. Whereas, glioma cells upon treatment with metal coordinated peptide 

hydrogels showed increased viability at all the concentrations up to 60-70% compared 

to the control peptide. A significant difference in cellular viability at 1000 μg/mL were 

observed in peptide with both the metal salts. Magnesium ions at both concentrations 

showed better cellular viability than the calcium ions (Figure 4.13b). The increased 

concentration of divalent metal salts after a certain threshold leads to show the 

detrimental effect on the cells. A similar change in cell morphology and increased live 

cell population was observed in the glioma cells as evident from the bright field images 

after 48 hours of incubation (Figure 4.15), which is well correlated with the MTT 

results. 

 

Figure 4.15 Bright field images of glioma cells (C6) after incubation of 48 hours with 

ion complexed peptides at concentration of 500 μg/mL. Scale bar 100 μm. 

4.2.5.2 Cellular adhesion. 2D culture. In order to develop biomaterial with enhanced 

cell survival and proliferation property, cells were assessed via 2D cell culture. Live 

dead staining of cells on 2D construct was carried out to evaluate the potential of the 

matrices for cellular growth and proliferation. In order to support the cellular adhesion 

and growth, the peptide should be capable of forming a nanofibrous peptide network, 

which provides the matrix for cellular adhesion. In this context, it has been reported 

that in addition to the chemical functionality, fiber morphology and mechanical strength 
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of the hydrogels play a crucial role in determining the cellular adhesion property.82 In 

this direction, cells adhered to the hydrogel-coated coverslips were investigated for 5 

days. Negatively charged peptide (NapFFGDO) at 15mM do not form hydrogel but 

showed the presence of peptide nanofiber in sol as observed in the AFM images (Figure 

4.2). A thin layer of the peptide sol was coated and air-dried on the coverslip, which 

was further UV sterilized before adding cells to it. Interestingly, metal coordinated 

peptide hydrogels showed a clear difference in cellular proliferation compared to the 

negatively charged peptide (Figure 4.16 & 4.17). It was evident that a decreased cell 

population and significant change in the cellular morphology took place in the charged 

peptide. In this context, report by Jayawarna et. al. indicated that the peptide with 

uncharged residue possess more biocompatibility towards different types of cells in 

comparison to the exposed gel surfaces of positively and negatively charged 

residues.[74]  

 

Figure 4.16 Assessment of cellular adhesion on 2D matrix of peptide hydrogel with 

fibroblast cells (L929) via Live/Dead staining. Fluorescence images of cells stained 

with FDA (live) and PI (dead) for different time interval of 48, 72, and 120 hours; (a-

c) control, (d-f) NapFFGDO, (g-i) NapFFGDO + Ca5mM, (j-l) NapFFGDO + 

Ca10mM, (m-o) NapFFGDO + Mg5mM, (p-r) NapFFGDO + Mg10mM. Scale bar 

50μm. 

It is noteworthy that the presence of positive or negative surface charge are found to be 

detrimental as it may interfere with the attachment of the cells to the surface and its 
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interactions with the cells. Hence, it may be expected that the masking of the charges 

by cross-linking with specific ions of biological origin may result in fabrication of an 

improved interface for the cells. Very interestingly, upon coordination with divalent 

metal ions, the hydrogel scaffolds showed an increment in cellular proliferation, and a 

spread morphology was achieved (Figure 4.16). Interestingly, cell density of the 

fibroblast cells was found to increase with time in all the metal coordinated hydrogels. 

 

Figure 4.17 Assessment of cellular adhesion on 2D matrix of peptide hydrogel with 

glioma cells (C6) via Live/Dead staining. Fluorescence images of cells stained with 

FDA (live) and PI (dead) for different time interval of 48, 72, and 120 hours; (a-c) 

control, (d-f) NapFFGDO, (g-i) NapFFGDO + Ca5mM, (j-l) NapFFGDO + Ca10mM, 

(m-o) NapFFGDO + Mg5mM, (p-r) NapFFGDO + Mg10mM. Scale bar 50μm. 

At the same time, the control peptide showed similar cellular density throughout the 

incubation time, suggesting decreased proliferation rate of cells in the presence of the 

control peptide. Similar observations were made with glioma cells; the cellular toxicity 

was moderately higher in glioma cells. As the C6 cells were derived from rat glioma, a 

neural cell, it can be envisaged that peptide matrix developed were of higher mechanical 

strength, and hence may not be ideally suitable for the adherence and proliferation of 

the neural cells. Such observations further explained the reduced cellular adhesion and 

proliferation of glioma cells in the peptide hydrogels. More importantly, the presence 

of calcium ions triggered the instant hydrogelation, which resulted in higher enhanced 

mechanical strength. Such enhancement in the gel strength could be a probable reason 

for the decrease in cellular viability and proliferation of the glioma cells.83 Thus, 2D 
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studies showed a similar pattern of cellular adhesion as observed in the 

cytocompatibility assay with the metal coordinated hydrogels. 

4.2.5.3 Assessment of cellular proliferation. The cytotoxicity assay revealed the 

biocompatible nature of the derived scaffold, while the 2D cell culture studies 

demonstrated the cell-supportive nature of the metal ion coordinated peptide hydrogel 

scaffolds. To further determine the potential of these scaffolds to construct newly 

designed matrices, it will be extremely preferable to quantify the cellular viability and 

proliferation via Alamar blue assay. Alamar blue is a non-toxic, water-soluble dye that 

can be utilized to continuously monitor the cells for their proliferation.84 It was evident 

from the proliferation study that the cells are viable and proliferating after 48 hours of 

cell seeding on the control sample (Figure 4.18). Significant differences in the rate of 

cellular proliferation were observed in control, negatively charged peptide, and metal 

ion coordinated peptide scaffolds after 48 hours of incubation. This difference in the 

cellular proliferation of fibroblast cells among different metal coordinated peptide 

scaffolds conferred the results observed in the cell viability and 2D assay. Moreover, 

cells demonstrated differential response over different metal ion coordinated hydrogels 

over 5 days (Figure 4.18a). The negatively charged peptide showed a lower extent of 

cellular proliferation than that of the control, which further showed a significant 

enhancement in the presence of metal ions.  

 

Figure 4.18 Cellular proliferation of (a) fibroblast cells, L929 and (b) Glioma cells, C6 

on metal ion complexed peptide hydrogels using Alamar blue assay at a different time 

point of 48, 72, and 120 hours. Represented data are mean of three different 

experiments, and asterisk representing the P-value was calculated using two-way 

ANOVA, Bonferroni’s multiple comparison test. (**** represents P-value ≤ 0.0001) 
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Similar observations were made in glioma cells, though the proliferation rate of C6 was 

slow in the presence of peptide hydrogels, but apparent differences between negatively 

charged peptide and metal coordinated peptide were visible (Figure 4.18b). Statistical 

analysis via two-way ANOVA showed a significant difference in the proliferation 

capability between negatively charged peptide and metal coordinated peptide by P-

value ≤0.0001 in both the cell lines. Cellular viability and proliferation results 

suggested the importance of these metal ion coordinated constructs in developing 

advanced scaffolds for controlling and directing the cellular response. Furthermore, this 

simple strategy of hydrogelation and increased cellular proliferation can be solely 

employed to surpass the limitations associated with the charged bioactive peptides to 

represent a better mimic for extracellular matrix. 

4.2.5.4 F-actin staining (Rhodamine Phalloidin). 2D cell culture results of fibroblast 

cells with negatively charged peptides showed a slow proliferation rate and change in 

the morphology of the cells with the progression of time of incubation. Interestingly, 

all the metal coordinated peptide hydrogels demonstrated an increment in cellular 

adherence and proliferation.  

 

Figure 4.19 F-actin staining of fibroblast cell line (L929) with Rhodamine phalloidin 

adhered on (a-c) control, (d-f) NapFFGDO, (g-i) NapFFGDO + Ca5mM, (j-l) 

NapFFGDO + Ca10mM, (m-o) NapFFGDO + Mg5mM, (p-r) NapFFGDO + Mg10mM 

at different time point of 48, 72, 120 hours. Scale bar 10μm. 
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In order to visualize and quantitate the change in morphology of the cells in the presence 

of peptide, cells were stained with Rhodamine Phalloidin for F-actin, which binds to 

the actin filament of the cytoplasm, and to stain the nuclei of the cells, DAPI has been 

utilized (Figure 4.19). The morphological analysis of phalloidin staining can be 

judiciously correlated with the cellular viability and adhesion assays.85 Fibroblast cells 

adhered to the control peptide-coated surface showed slow proliferation of the cells, 

while the change in the morphology with decreased surface area and cell shape index 

was also calculated for the cells to quantitate the difference that occurred upon 

interacting with peptide (Figure 4.20). The cells can be seen to lose the morphology 

upon prolonged exposure with the control peptide hydrogels. Fluorescence images 

showed cells with increased nuclei size and rounded morphology of the fibroblast cells, 

with a spread area of 220 ±20 μm2 and cell shape index of 0.6 ±0.05 (Table S2). The 

calculated value of CSI represents the cell shape and size parameter. The CSI value 

close to 1 represents the circular morphology of the cells, while the CSI value close to 

0 represents elongated cells.86 Interestingly, the metal coordinated peptide hydrogels 

showed better adhesion and elongated morphology of cells, while magnesium salts 

showed better adhesion and proliferation than the hydrogel stabilized via calcium ions. 

Table 4.2 The values of cell shape index (CSI) and area covered by fibroblast cells on 

control peptide scaffold as well as metal ions coordinated peptide scaffold as 

determined by F-actin staining (after 72 hours of incubation). 

Sample CSI values Area covered 

(µm2) 

Control 0.353 ± 0.065 321.95 ± 35.15 

NapFFGDO 0.596 ± 0.076 220.82 ± 17.27 

NapFFGDO+CaCl2 (5 mM) 0.396 ± 0.053 280.78 ± 21.67 

NapFFGDO+CaCl2 (10 mM) 0.456 ± 0.047 260.57 ± 19.16 

NapFFGDO+MgSO4 (5 mM) 0.37 ± 0.023 282.56 ± 24.16 

NapFFGDO+ MgSO4 (10 mM) 0.365 ± 0.065 295.57 ± 14.16 

The cell spread area on calcium coordinated peptide hydrogel construct (5mM and 

10mM) was found to be (280±21.7 μm2 and 260±19.2 μm2 respectively), whereas 

magnesium ion construct with 5mM and 10mM salt concentration showed (284±20.7 
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μm2 and 295±21.2 μm2 respectively) (Figure 4.20a). The CSI value of blank (control) 

showed a value of 0.35±0.06, suggesting the elongated and spread morphology of the 

cells.  

 

Figure 4.20 Assessment of (a) spread area and (b) cell shape index (CSI) of fibroblast 

cells on hydrogel coated cover slips of phalloidin staining. 

It was observed that the cells adhered on the metal coordinated construct showed the 

better spread area as compared to the control peptide, the peptide with calcium salt of 

5mM and 10mM gives CSI value of 0.40±0.05 and 0.45±0.04 and peptide with 

magnesium salt of 5mM, and 10mM showed CSI value of 0.37±0.02 and 0.36±0.06 

respectively (Figure 4.20b). Metal coordinated peptide construct showed the spread 

area and CSI value similar to the control, with a spread area and CSI value of 321±25 

μm2 and 0.34±0.02, respectively. 

4.2.5.5 Immunostaining for β-III tubulin. Cells of neuronal origin are known to show 

the most abundant class III β-tubulin isotype, but its widespread distribution in tumors 

has also demonstrated  neuronal differentiation.87 Morphological changes in the 

neuronal cells are linked to the reorganization of the actin cytoskeleton, which further 

is controlled by the expression of the β-III tubulin.88, 89 To assess the morphological 

changes that occurred in the glioma cells at different time points of peptide treatment, 

we have monitored the microtubule formation via immunofluorescence staining 

technique. Peptide hydrogel-coated coverslips containing cells adhered on top of the 

surface were observed for the β-III tubulin expression and monitored for the different 

period time of 48 hrs, 72 hrs, and 120 hrs (Figure 4.21). It was evident from the 

microscopic examination that cell density increased over 5 days steadily and limited 

the correct visualization of the elongated morphology of the cells. Cells on the metal 
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coordinated peptide hydrogel coated coverslips showed a steady increase in population 

over time, with the elongated cells showed the microtubule formation, which was 

comparable to the blank sample (tissue culture plates). 

 

Figure 4.21 Immunofluorescence staining of neural marker β-III tubulin in C6 cell line 

adhered on (a-c) control coverslips, (d-f) NapFFGDO, (g-i) NapFFGDO+Ca5mM, (j-

l) NapFFGDO + Ca10mM, (m-o) NapFFGDO + Mg5mM, and (p-r) NapFFGDO + 

Mg10mM at different time point 48 hrs, 72 hrs, and 120 hrs of cell culture, respectively. 

Scale bar is 10μm. 

Table 4.3 The values of cell shape index (CSI) and area covered by glioma cells on 

control peptide scaffold as well as metal ion coordinated peptide scaffold as determined 

by β-III tubulin staining (after 72 hours of incubation).   

Sample CSI values Area covered 

(µm2) 

Control 0.163 ± 0.024 225.01 ± 9.63 

NapFFGDO 0.474 ± 0.060 149.77 ± 5.79 

NapFFGDO+CaCl2 (5 mM) 0.256 ± 0.055 199.45 ±12.73 

NapFFGDO+CaCl2 (10 mM) 0.377 ± 0.047 192.41 ± 9.41 

NapFFGDO+MgSO4 (5 mM) 0.298 ± 0.031 207.71 ± 6.64 

NapFFGDO+ MgSO4 (10 mM) 0.245 ± 0.065 211.85 ± 9.11 
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At the same time, the sample containing negatively charged peptide hydrogel showed 

less population over time, and cells with round morphology suggested the slow 

proliferation and change in morphology of the glioma cells, respectively. The cells can 

be seen to lose the morphology upon prolonged exposure with the negatively charged 

peptide hydrogels. Fluorescence images showed cells with increased nuclei size and 

rounded morphology of the glioma cells, with a spread area of 149±5.7 μm2 and cell 

shape index of 0.48 ±0.06 (Table 4.3). Interestingly, the metal coordinated peptide 

hydrogels showed better adhesion and elongated morphology of cells, while 

magnesium salts showed better adhesion and proliferation than the hydrogel stabilized 

via calcium ions. The cell spread area on calcium coordinated peptide hydrogel 

construct (5mM and 10mM) was found to be (199±12.7 μm2 and 192±9.41 μm2 

respectively), whereas magnesium ion construct with 5mM and 10mM salt 

concentration showed (207±6.64 μm2 and 211±9.11 μm2 respectively) (Figure 4.22a). 

The CSI value of blank (control) showed a value of 0.163±0.02, suggesting the 

elongated and spread morphology of the cells. It was observed that the cells adhered on 

the metal coordinated construct showed better spread area as compared to the control 

peptide. Cell cultured on the peptide with calcium salt of 5mM and 10mM exhibited a 

CSI value of 0.25±0.05 and 0.37±0.03, and on peptide with magnesium salt of 5mM 

and 10mM, the cells showed CSI value of 0.29±0.03 and 0.24±0.06 respectively (Figure 

4.22b). 

 

Figure 4.22 Assessment of (a) spread area and (b) cell shape index (CSI) of glioma 

cells on hydrogel coated cover slips of β-III tubulin staining. 
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4.2.5.6 Cellular migration assay. Cell migration is a key component involved in many 

biological processes and wound recovery, where the cells should be able to migrate and 

cover the wound site.90 For designing and developing a next-generation synthetic 

matrix, inherent cell migration property plays a crucial role in enhancing the scope of 

the biomaterial.90 The ability of the synthetic construct to help cells adhere, migrate, 

and proliferate is the essential factor for wound closure. In this direction, collagen was 

identified as one of the most abundant proteins present in the matrix, which helps the 

cells to adhere and migrate.91  

 

Figure 4.23 Cellular migration assay to study the effect of metal coordinated peptide 

on cellular migration in fibroblast cells (L929). Bright field images of cellular migration 

at different time point of 0 hr, 12 hrs, and 24 hrs in presence of peptide hydrogel, scale 

bar 400μm 

Hence, collagen inspired self-assembling peptides with metal coordination can also be 

explored to divulge their potential role in cellular migration. For the migration study, 

we applied a well-known method of the scratch assay90 to evaluate the migration ability 

of the peptide hydrogels. Migration of fibroblast and glioma cells was monitored under 

a bright field microscope at different time point up to 24 hours in the presence of metal 

coordinated peptide treatment. From the scratch assay of fibroblast cells, it was evident 

that after 24 hours of incubation, almost 90% of the area was covered in control (Figure 

4.23). In contrast, the negatively charged peptide showed only 50% of the migration in 

the scratched area. Interestingly, the metal coordinated peptide showed enhancement in 

the migration compared to that of control. On comparing the migration capability, it 

has been demonstrated that among the two divalent cations, magnesium ions showed 

an enhanced effect in the migration with fibroblast cells. To further quantitate the area 
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covered by the cells, we have calculated the area covered and plotted based on the 

percentage migration, which showed 72% and 67% of migration in calcium ion 5mM 

and 10mM respectively, 81% and 83% of migration in magnesium ion at 5mM and 

10mM respectively at time points of 12 hours and 24 hours (Figure 4.25a). Similarly, 

bright field images of the glioma cells showed slow migration as compared to the 

fibroblast cells (Figure 4.24).  

 

Figure 4.24 Cellular migration assay to study the effect of metal coordinated peptide 

on cellular migration in glioma cells (C6). (a) Bright field images of cellular migration 

at different time point of 0 hr, 12 hrs, and 24 hrs in presence of peptide hydrogel, scale 

bar 400μm 

Figure 4.25 Quantitative analysis of the cellular migration assay of metal coordinated 

peptide on (a) fibroblast cells (L929) and (b) glioma cells (C6).  

Almost 85% of the area was covered in the control, while only 50% of the area was 

covered in the negatively charged peptide. After addition of the salts to the peptide 

hydrogels the migration capability was enhanced up to 69% and 59% in the presence 
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of calcium ions of concentration 5mM and 10mM respectively. The addition of 

magnesium ions showed migration of 72% and 76% at 5mM and 10mM salt 

concentrations, respectively at time points of 12 hours and 24 hours (Figure 4.25b). 

Metal ion coordinated peptide hydrogel showed enhanced cellular migration as 

compared to the control peptide, which again corelate with cellular cytotoxicity and 

adhesion studies. 

4.2.5.7 Flow cytometry for quantitative analysis of cellular behaviour. Flow cytometry 

was performed to further support the effect of metal coordination to the collagen 

inspired self-assembling peptide hydrogel scaffolds on biocompatibility, adhesion, and 

proliferation of fibroblast and glioma cells. This study will provide the quantitative 

assessment for the live and dead cell population using live/dead staining assay, which 

could display the differential effect of metal ion coordination on the negatively charged 

peptide.92  

 

Figure 4.26 Quantitative analysis of the cellular interaction with the hydrogel matrix 

via flow cytometry. Live and dead cells of fibroblast (L929) were stained and quantified 

by FDA and PI respectively; (a) Control, (b) NapFFGDO, (c) NapFFGDO + CaCl2 

5mM, (d) NapFFGDO + CaCl2 10mM, (e) NapFFGDO + MgSO4 5mM, and (f) 

NapFFGDO + MgSO4 10mM. Q1 quadrant represents live cells, Q3 represents dead 

cells, and Q2, Q4 represents double-stained and unstained populations. 
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Treated cells and control cells were allowed to stain with FDA/PI for live and dead 

populations, respectively. Q1 region and Q4 region corresponds to live/dead 

populations respectively, while Q3 region indicates the unstained and Q2 region 

corresponds to the double-stained population in the pseudocolor plot of FACS analysis. 

L929 cells in the control experiment showed 96% live population, while a gradual 

decrease in the live cell population 79% were observed in the cells treated with 

negatively charged peptide alone. Interestingly, the live-cell population increases 

significantly after metal ion complexation with peptide hydrogels. The percentage of 

live cell population increases up to 94% for 5mM of calcium ion, which is very similar 

to that of the control. However, significant live cell population was also evident at 

10mM of the calcium ion coordinated with peptide nanofibers the value is around 89%. 

The similar effect of decreased cellular viability was observed after a certain 

concentration of metal ions coordinated with the peptide nanofibers.  

 

Figure 4.27 Quantitative analysis of the cellular interaction with the hydrogel matrix 

via flow cytometry. Live and dead cells of glioma (C6) were stained and quantified by 

FDA and PI respectively; (a) Control, (b) NapFFGDO, (c) NapFFGDO + CaCl2 5mM, 

(d) NapFFGDO + CaCl2 10mM, (e) NapFFGDO + MgSO4 5mM, and (f) NapFFGDO 

+ MgSO4 10mM. Q1 quadrant represents live cells, Q3 represents dead cells, and Q2, 

Q4 represents double-stained and unstained populations. 
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Whereas, a higher percentage of 93% and 95% live cell population were observed in 

the presence of magnesium ions with concentrations 5mM and 10mM, respectively 

(Figure 4.26). Thus, increased live cell population can be correlated with the beneficial 

effect of metal ion complexation, which mask the surface charge of the peptide 

nanofibers and provides the necessary adherent sites for the cells to attach and grow 

over time.   The live dead population of the glioma cells (C6) corroborates the above 

finding of lesser biocompatibility, adhesion, proliferation. A variable percentage of live 

cell population was evident, for example, 94% in control, 57% in negatively charged 

peptide, 73% and 70% of 5mM and 10mM in case of Ca2+ ion coordinated peptide 

hydrogel scaffold, 78% and 82% for 5mM and 10mM of Mg2+ ion-containing peptide 

showed live population (Figure 4.27). The results revealed the enhanced cellular 

response of the metal coordinated peptide hydrogels compared to the control peptide. 

4.3 Conclusion 

In conclusion, we present the cooperative effect of biologically relevant metal ion 

coordination in a minimalist bioactive peptide molecular domain to promote 

hydrogelation at physiological pH. By simply adding metal ions, the detrimental effect 

of surface charge of the peptide can be minimized, which has direct implication in 

promoting cellular proliferation to develop next-generation biomaterial for tissue 

engineering applications. A designer sequence inspired from native collagen triple 

helical peptide sequence (Gly-Asp-Hyp) was designed that display negatively charged 

surface at physiological pH and thus self-assemble at pH 5.0. Since, the peptide 

monomer failed to self-assemble at an ambient condition, hence its application in 

biomedicine is limited. Interestingly, the negatively charged peptide shifted its 

equilibrium point of self-assembly and showed conversion from sol to gel in the 

presence of divalent metal ions (Ca2+/Mg2+) at physiological pH. Moreover, highly 

tunable hydrogels with diverse mechanical strength can be developed by simply tuning 

specific metal ions of biological relevance and their relative concentrations in the 

solution. Thus, this simple methodology can be utilized as a powerful approach that can 

overcome the limitations of charged peptide construct. In this regard, we achieved 

diverse gels with higher mechanical strength at a much lower concentration, as reported 

earlier.60 The changes in physical properties was found to bring in a difference in 

biological activities. The differential cellular response was observed in the new 

designer construct i.e., metal coordinated hydrogels. Cellular viability, adhesion, and 
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proliferation demonstrated the importance of metal ions in modulating the collagen 

inspired peptide assembly as a next-generation biomaterial. Furthermore, the new 

constructs with metal ions promoted cellular functions, as evident from the F-actin and 

β-III tubulin staining studies. Interestingly, significant enhancement in cellular 

viability, adhesion, and proliferation was evident in peptide hydrogels prepared with 

magnesium coordination compared to calcium ions, which may be attributed to their 

differential spatiotemporal arrangement in the self-assembled state, that may affect 

their physical cues to the specific cell types. Such interesting cooperative self-assembly 

enhances the scope of these biomaterials, which can be applied in developing 

extracellular matrix mimics for futuristic applications. 

Note:  

The permission has been granted by authors and corresponding author of the published 

paper prior to its adoption in the present thesis. The publication associated with this 

work is:  

Vijay Kumar Pal, and Sangita Roy, Cooperative Metal Ion Coordination to the Short-

Assembling Peptide Promotes Hydrogelation and Cellular Proliferation. Macromol. 

Biosci., 2022, 2100462. 
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Chapter 5 
Cooperative calcium phosphate deposition 

on collagen-based peptide nanofibers for 

application in bone tissue engineering 
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Positively charged collagen inspired peptide has been fabricated, which served as 

template for the crystalline growth of hydroxyapatite crystals 
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5.1 Introduction 

Over the years, Nature has experienced a rigorous process of natural selection, which 

allowed organisms to develop the most facile and accessible routes for synthesizing 

functional materials, which has gained immense interest in the field of material 

chemistry and other related areas.1-8 The advancements in this field not only provide 

insights into how mineral-rich tissues are being created in-vivo but also serve as a 

source of inspiration for the development of advanced materials based on similar 

principles.9-15 Mineralized tissues, such as bone and teeth, have hierarchical structures, 

which upon damage or loss, require grafts to aid the healing process.16, 17 Moreover, 

with significant disadvantages of limited supplies, discomfort at the harvest site, 

immunogenicity, and transmission of infectious diseases, there is a growing need for 

developing synthetic grafts for the treatment of damaged or diseases mineralized 

tissues.18, 19 Because of the hierarchical complexity of these mineralized tissues, 

fabrication of ideal synthetic grafts that can fulfill the requirement is still a challenge 

for material scientists. Mimicking the biological process to construct these mineralized 

structures has gained attention in the recent years.20-24 A close consideration of the 

structural composition of bone has revealed that a complex combination of calcium 

phosphate in the form of the mineral hydroxyapatite, as well as collagenous fibrous 

proteins, make up bone and teeth. Bone is a unique tissue with extraordinary mechanical 

and biological properties due to its intricate nanostructure.25, 26 It has been realized that 

the extracellular matrix, particularly connective tissues with their collagen fibers, is 

crucial for force transmission and maintenance of the bone structure.27 The natural 

process of mineralization is a complex phenomenon that takes place within the 

extracellular matrix that involves several intermolecular interactions.28 In-depth studies 

have revealed that among other collagen types, type I collagen is the most prevalent 

matrix protein involved in the mineralization process.29-31  

Collagen has been identified as the primary constituent of bone and represents more 

than 90% of the organic matrix.32, 33 There are several shreds of evidence, which suggest 

that osteogenesis imperfecta is caused due to affected quality of the collagen protein.33, 

34 The collagen matrix in bone is very densely packed and is arranged in a trabecular 

and cortical array.35-37 Extensive studies were carried out to reveal that acidic non-

collagenous proteins (NCPs) found in the extracellular matrix, such as osteopontin, 

dentin, fetuin etc., that play a key role in mineralization by nucleating Hap 
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crystallization or modulating crystal growth.38 Owing to the recognition of the crucial 

role of collagen protein in the mineralization of bone, collagen fibril mineralization has 

been effectively replicated in vitro utilizing the poly-aspartic acid (pAsp) as the 

replacement for NCPs.39, 40 Nudelman et. al., demonstrated the replacement of non-

collagenous protein with the use of pAsp in the in vitro mineralization model, which 

unfolds the fact that the highly negatively charged nanocluster binds preferentially to 

the highly positive charged a-band of collagen fibrils located at their gap zones.41, 42  

Controlled deposition of calcium phosphate minerals in a synthetic system can be 

achieved by allowing intrafibrillar mineralization, which further provides guidance for 

the development of next-generation materials for promoting hard tissue regeneration.43, 

44 In several attempts, researchers have used self-assembling long peptides, peptide-

polymers or protein-polymer conjugates to mimic the mineralization of collagen 

fibrils.39, 45-50 In a report by Hartgerink et. al., a peptide amphiphile was allowed to self-

assemble via pH switch method. The design of the peptide amphiphile allows it to cross-

link with another fiber, which further allows the mineralization of hydroxyapatite to 

develop composite materials.51  In a study by Yuping et. al., a self-assembling peptide 

based on elastin-like recombinants (ELRs) showed intrafibrillar mineralization.43 The 

study has established that the spatial confinement formed by continuum β-spiral 

structure in an unperturbed fibrillar structure is critical to inducing intrafibrillar 

mineralization rather than electrostatic interactions or bioactive sequence in the 

recombiner composition.43 In another report by Li et. al., a novel oligopeptide 

amphiphile was used to mineralize enamel, where the oligopeptides were allowed to 

self-assemble into the nanofibrous structure and immersed into the solution of calcium 

chloride and sodium hypophosphate to evaluate its tendency of mineralization.52 In a 

similar line, a synergistic effect of BMP-7 derived peptide and cyclic RGD peptide for 

the mineralization and regulating the osteogenic differentiation was investigated.53 

Apart from short self-assembling peptides derived from different non-collagenous 

proteins, natural collagen has also been used to understand the mineralization process.54, 

55 Hoyer et. al., presented the biomimetic mineralization of salmon-derived collagen, 

where the porous scaffold from mineralized salmon collagen was prepared by 

controlled freeze-drying and cross-linking, which can be used to induce adhesion of 

human mesenchymal stem cells (hMSCs) to show osteogenic differentiation.56 Beniash 

group has shown the bioinspired synthesis of the mineralized collagen fibers, where 
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they showed the importance of non-collagenous protein in regulating the 

biomineralization of natural collagen molecules.39 As a substitute for the non-

collagenous proteins (NCPs), they have opted for pAsp, as an analog of the NCPs. The 

study further revealed that collagen alone does not affect the mineral formation, and it 

needs the NCPs to initiate the mineralization. This mechanism of collagen 

mineralization can lead to the development of novel bioinspired nanostructures 

materials.39 Hence, it would be extremely intriguing if the synthetically designed short 

collagen-inspired peptide sequence could be explored to get an in-depth understanding 

of the mechanism of biomineralization. 

To this end, it was increasingly recognized that a suitable approach might be applied to 

discover and develop a smaller molecular domain from the original protein, which can 

achieve the complex hierarchical structure and bio-functional properties of native 

collagen protein. Significant efforts have been made to develop the specific functional 

motifs inspired by this natural protein.57, 58 In this direction, we have adapted a 

simplistic approach to designing the shortest collagen-inspired peptide sequence and 

explored its potential to induce a biomineralization process in order to fabricate next-

generation biomaterial for bone tissue regeneration. The literature studies in this 

direction so far have revealed the fact that the peptide derivates utilized in this direction 

were inspired by several proteins that include elastin, fibronectin, BMPs etc. However, 

collagen, which is an integral part of the native ECM was yet to be explored in this 

direction. Hence, we attempted to use our novel short collagen-inspired sequence 

towards biomineralization, which bears significant relevance to the native ECM 

protein. With this objective in mind, an interesting study by Gibson group has indicated 

the formation of small aggregates upon the addition of the calcium and phosphorous 

salts to the pAsp adsorbed collagen fiber.16 A clear indication of physical entrapment 

of the calcium phosphate complex was observed, which led to the formation of globular 

mineral deposits. Taking advantage of the fundamental knowledge and prior 

investigation, we have used the positively charged peptide (NapFFGKO) to induce the 

mineralization. It has been interesting to note that the positively charged pentapeptide 

(2-Naphthoxyacetic acid-Phe-Phe-Gly-Lys-Hyp) has demonstrated its ability to get 

dissolved and propensity to self-assemble at physiological pH. The positively charged 

peptide nanofibers can facilitate the adsorption of the negatively charged amino acids 

onto the fiber surface through charge pair interactions, which can act as the nucleation 
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sites for the mineralization. Interestingly, the simultaneous addition of glutamic acid 

(Glu), calcium chloride (CaCl2), and disodium phosphate (Na2HPO4) may allow the 

even adsorption of glutamic acid on the fiber surface, where the nucleation of calcium 

phosphate may be initiated. A time-dependent AFM analysis revealed the crystalline 

growth of hydroxyapatite on peptide fibers as crystal deposits. The extent of 

mineralization was found to increase with time and resulting in an increase in fiber 

width and also converting the transparent solution into an opaque solution. Upon 

incubation, the mineralized fibers led to the evolution of more stronger peptide fiber 

mesh, which resulted in the hierarchical self-assembly leading to hydrogelation of the 

solution. Thus, this finding signifies that all the companion substrates must interact in 

a synergistic manner in solution to mineralize the collagen fibers. Furthermore, the 

mineralized peptide amphiphile can further enhance its scope to be explored as an 

effective scaffold for inducing mineralization or osteogenic differentiation. 

5.2 Results and discussions 

5.2.1 Design and mineralization of peptide nanofiber 

The positively charged collagen inspired peptide (NapFFGKO) was synthesized 

following a standard solid phase peptide synthesis method as described earlier in 

chapter 3. In this work, our focus was to explore the ability of these short collagen 

inspired peptide to induce mineralization, where the peptide fibers can serve as the 

substrate for the nucleation site for the hydroxyapatite growth. To this end, it is well 

known that the peptide/protein rich in carboxylate group facilitates the mineralization 

process to a significant extent.59 It was evident from the literature studies that the acidic 

amino acids may induce the formation of intrafibrillar calcium carbonate, especially the 

poly(aspartic acid) has been shown to stimulate the calcium phosphate and calcium 

carbonate intrafibrillar deposition.60-62 More specifically, it was observed that the 

collagen fibrils containing pAsp sites, showed prenucleation cluster of calcium 

phosphate mineralization.42 Following the charge driver prenucleation process, we 

utilized the negatively charged collagen inspired peptide (NapFFGDO) for the 

mineralization process. The peptide was dissolved in water (physiological pH) and the 

mixture was kept for 12 hours to incubate, where the peptides tend to self-assemble and 

form peptide nanofibers. In order to check the mineralization capability, the incubated 

peptide solution was mixed with salt solutions of CaCl2.2H2O (5mM) and Na2HPO4 
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(2.5mM). After addition of salt solutions to this negatively charged peptide solution, 

instant precipitation was observed and small aggregated structures were observed in the 

AFM analyses (Figure 5.1a). 

 

Figure 5.1 Schematic representation of the mineralization induced by negatively 

charged collagen inspired peptide and the AFM image showing the fibers getting 

precipitated upon interaction. 

  

The peptide fibers containing aspartate moieties embedded into the structure interacts 

with the calcium phosphate complex and develop a strong interaction, which results in 

the globular mineral deposits. This strong interaction among the aspartate and calcium 

phosphate disrupts the peptide fiber structure and results into precipitate (Figure 5.1). 

This pronounced difference in morphology produced with negatively charged peptide 

indicates that either the aspartate moiety trapped into the calcium phosphate 

complexation (physical interaction) or has been chemically interacted to the Ca/P 

complex.16 To overcome this challenge, we have utilized an unique approach that 

involves the use of the oppositely charged collagen inspired peptide (NapFFGKO), 

which will display positive charge on the surface and thus making the exposed surface 

available for adsorption of the negatively charged amino acid peptide residue through 
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electrostatic interaction. Thus, this strategy of utilizing ionic complementary 

interactions can overcome the challenges faced by the negatively charged short collagen 

inspired peptide. The peptide was dissolved in water (physiological pH) and the mixture 

was kept for 12 hours to incubate, where the peptides tend to self-assemble and form 

peptide nanofibers. In order to check the mineralization capability, the incubated 

peptide solution was mixed with salt solutions of CaCl2.2H2O (5mM), Na2HPO4 

(2.5mM) and Glutamic acid (Glu). The negatively charged amino acid (Glu) gets 

adsorbed on the peptide surface and provides the nucleation site for the binding of Ca/P 

mineralized crystals. The peptide solution (15mM) upon the addition of calcium and 

phosphorous salts with glutamic acid were kept to incubate to induce nucleation of 

hydroxyapatite crystals on the peptide fibers (Figure 5.1b). The crystalline growth of 

calcium phosphate on to the peptide fibers can be correlated with the peptide solution 

turning opaque with time and also with sol to gel conversion. Furthermore, these finding 

suggested the unique behaviour of the negatively charged amino acid (Glu) as it plays 

a crucial role in inducing the mineralization process. These results also suggested that 

CaCl2, Na2HPO4, and Glu should interact in solution phase and work cooperatively to 

nucleate the crystalline growth.  

 

5.2.2 Microscopic evidence of mineralized nanofibers 

To further confirm the growth of hydroxyapatite crystals onto the peptide fibers, we 

carried out several microscopic investigations (AFM, SEM, and TEM) to visualize the 

peptide fibers with hydroxyapatite crystals deposited on the surface. We envisioned that 

the calcium phosphate deposition on peptide fibers would be initiated at the surface, 

which provides the nucleation site for crystalline growth. Atomic Force Microscopy 

(AFM) was used to understand the structural variation that occurred at the nanoscale 

after the addition of metal salts onto the Glu adsorbed peptide fibers. The collagen fiber 

(NapFFGKO) alone showed the formation of long peptide fibers after 12 hours of 

incubation (Figure 5.2a). After the addition of CaCl2, Na2HPO4, and Glu to this 

incubated solution, the samples for AFM were prepared at different time points to 

visualize the growth of hydroxyapatite crystals. 
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Figure 5.2 Atomic Force Microscopy (AFM) of the peptide amphiphile (a) NapFFGKO 

and (b-d) time dependent growth of the hydroxyapatite crystals on the peptide fibers (2, 

12, and 24 hour). Arrow indicates the deposition of calcium phosphate nodules on the 

peptide fibers. Scale bar 500 nm. 

 

Figure 5.3 Field Emission Scanning Electron Microscopy (FE-SEM) of the peptide 

amphiphile (a) NapFFGKO and (b) NapFFGKO+Glu+Ca+P (mineralized peptide) 

after 10 days of incubation. Arrow indicates the peptide nanofibers and crystalline 

growth of the hydroxyapatite all over the peptide surface. Scale bar 100nm 
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Figure 5.4 Transmission Electron Microscopy (TEM) images of peptide amphiphile 

(a) NapFFGKO and (b) NapFFGKO+Glu+Ca+P (mineralized peptide). Scale bar 200 

nm  

It is evident from the AFM analysis that with increasing time from 2 hours, to 12 hours, 

and to 24 hours (Figure 5.2 b,c,d) the crystalline growth on the peptide fibers was 

enhanced and at the end of 24 hours, the whole surface of the peptide fibers was covered 

with the mineralized crystals (Figure 5.2d). This observation can be correlated with few 

other studies where growth of hydroxyapatite crystal has been demonstrated on the 

ionic peptide fibers (RADA16, MDG-1).63-65 Further, the peptide fibers were monitored 

via Field Emission Scanning Electron Microscopy (FE-SEM), long fiber-like structure 

were observed. The peptide fiber of ~20nm width were observed in figure 5.3a and after 

mineralization the diameter of the peptide fiber increases, due to the deposition of 

hydroxyapatite crystals on the peptide fibers. Figure 5.3b showed the individual fibers 

with thick layer of crystalline growth of hydroxyapatite crystals on it after 10 days of 

incubation.  

The arrows in the image indicates the peptide backbone and as observed in AFM study, 

most of the region of the exposed surface of peptide fibers were covered by the crystals 

after 24 hours of incubation. Even, after 10 days of incubation the crystalline growth 

carries on and results into a thick layer of hydroxyapatite crystals, which gives rise to 

100-150 nm thick width. It is clearly evident from the AFM and FE-SEM study that the 

peptide fiber is serving as the template for the crystalline growth of the hydroxyapatite 

crystals. Similar results were observed in the Transmission Electron Microscopy 
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(TEM) images, which revealed that the clean peptide fibers were allowing the growth 

of the grow hydroxyapatite crystals on the peptide surface (Figure 5.4a,b).  

 

Figure 5.5 Microscopic examination of the mineralized peptide fibers (a) mineralized 

NapFFGKO after 7 days, (b) HR-TEM images of the mineralized peptide showing 

different lattice fringes, (c) Selected Area Electron Diffraction (SAED) pattern of the 

mineralized peptide matches with the preliminary hydroxyapatite crystals, and (d) 

Energy Dispersive X-ray Analysis (EDX) of the mineralized peptide showed the 

presence of metal ions deposited on the peptide fibers and the ratio of calcium to 

phosphorous has been determined, and the value is ~1.7.  

Interestingly, the (High-Resolution Transmission Electron Microscopy) HR-TEM and 

(Selected Area Electron Diffraction) SAED patterning of the mineralized fibers 

revealed a broad diffraction pattern, which indicates the mineral particles lack long-

range crystallographic order, suggesting the amorphous nature of the material (Figure 

5.5 c). The SAED pattern showed major fractions of the mineralized peptide fibers has 

a typical preliminary hydroxyapatite diffraction pattern with distinct (002), (211) 

reflections.  
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Figure 5.6 Elemental mapping of the mineralized fibers using energy dispersive X-Ray 

spectroscopy showing the percentage ratio of the calcium and phosphorous in the 

mineralized fibers. (a) Mineralized peptide fibers, (b) elemental mapping for the 

calcium present in the selected area (c) Elemental mapping of the phosphorus, present 

in the mineralized fiber and (d) is the merged channel of the calcium and phosphate.  

To further understand the deposition process of the mineralized phase of collagen 

fibers, we performed energy dispersive X-Ray analysis (EDX). The EDX data revealed 

the presence of Ca and P element in the sample (Figure 5.5d). The EDX data showed 

the molar ratio of ~1.7 after 7 days of incubation in the mineralized fiber. The Ca/P 

ratio matches with the stoichiometric (1.67) for hydroxyapatite and suggests the peptide 

fibers are able to induce the growth of the crystalline structures of hydroxyapatite on 

the surface (Figure 5.6).  

5.2.3 Spectroscopic analysis 

To further confirm the presence of calcium phosphate crystals on the peptide fibers, we 

carried out several spectroscopic examinations. The FTIR spectrum showed the 

featured peak of amide-II at 1640 cm-1
, suggesting the presence of beta-sheet-like 

structures in the peptide fibers. The major peaks of PO4
3- moieties, including the 

bending modes66 at 610 cm-1 (ν4) and asymmetric stretching vibrations at 1022 and 

1128 cm-1 (ν3) (Figure 5.7a) were evident in the recorded FT-IR spectra. In this context, 

the peak at 1424 cm-1 may be contributed to CO3
2-.67 Furthermore, Raman spectroscopy 

was utilized to evaluate the formation of hydroxyapatite crystals. Hydroxyapatite 

crystals have a characteristic peak in the Raman spectrum at 472cm-1 for ν2 bending P-
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O-P, ν4 bending at 563 and 603 cm-1, ν1 stretching at 960 cm-1, and ν3 stretching at 1035-

1045 cm-1.68, 69  

 

Figure 5.7 Spectroscopic analyses of the mineralized peptide: (a) FTIR spectra, (b) 

Raman spectra, (c) XRD pattern, (d) X-Ray photoelectron spectrum showing the 

preliminary growth of the hydroxyapatite crystals on the peptide fibers, (e) 

Photoelectron spectra of the Ca2p of the mineralized fibers, and (f) a deconvoluted peak 

of phosphorous showing both the transition state at binding energy 132.07 and 133.32 

eV. 
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Further, the peptide amphiphile showed its characteristic peak at ~1674 cm-1, which is 

attributed to the presence of β sheet-like structures.70 Furthermore, the mineralized 

fibers were analyzed to evaluate the presence of PO4 groups. Peaks at 424 cm-1, 590 

cm-1, and 962 cm-1 correspond to the ν2, ν4, ν1 stretching of the P-O-P groups, 

respectively (Figure 5.7b). Most of the signature peaks of the hydroxyapatite were 

found to be present in the mineralized collagen fibers, suggesting the successful 

crystalline deposition of hydroxyapatite on the collagen fibers. Furthermore, an X-ray 

diffraction study was used to investigate the effect of mineralization on the peptide 

fiber, which may be correlated to the finding from other spectroscopic analyses. The 

mineralized fiber was analyzed through XRD, and the diffraction pattern of the peptide 

and the mineralized peptide showed a broad peak ranging from 15 to 30°. Thus, the 

pattern revealed the amorphous nature of the peptide nanofibers (Figure 5.7c). 

The XRD results are in accordance with the reference XRD pattern for the preliminary 

growth of the hydroxyapatite crystals, while most of the major peaks and minor peaks 

can probably be ascribed to the various substituted hydroxyapatites.54 The diffraction 

peaks at 2θ = 31.1, 31.7, 33.8 corresponds to the (112), (211), and (202) planes of 

hydroxyapatite, respectively. To further understand the structural features of the 

mineralized peptide fibers, we performed X-ray photoelectron spectroscopy, which 

identifies the core level shifts of the characteristic peaks of Ca, P, N, and C between the 

control and mineralized peptide fibers (Figure 5.7d). The presence of Ca2p1/2 at binding 

energy 350.21 eV and Ca2p3/2 at binding energy 345.11 eV in the photoelectron spectra 

of mineralized peptide fiber evidently demonstrate the presence of hydroxyapatite 

crystals (Figure 5.7e).71 Whereas, a peak of phosphorous with relatively less intensity 

at 133.32 eV was observed, which upon deconvolution showed the splitting into two 

spectral peaks of P2p1/2 (132.07 eV) and P2p3/2 (133.32 eV) (Figure 5.7f). Both the 

photoelectron spectra of calcium and phosphorus were found to significantly match 

with the inorganic component of bone tissue i.e., hydroxyapatite.72 The increment in 

the N1s intensity at binding energy 399.48 eV of the mineralized peptide is clear 

evidence of mineralization onto the peptide fibers. Furthermore, in figure S4a, the 

deconvoluted spectra of N1s showed the presence of two peaks, which upon 

mineralization, shows an enhancement in their intensities. In the N1s spectrum, the 

spectra peak at 401.25 eV corresponds to the main signal (N1), whereas a small peak at 

399.48 eV corresponds to the unprotonated nitrogen of the peptide backbone.73 The 
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increased intensity of the spectral peak of N1s at 399.48 eV is due to the protonated 

nitrogen of lysine (Figure 5.8b), which upon formation of the ionic bond with the 

carboxylate group of glutamate, displayed an enhancement in the intensity. 

Furthermore, C1s signal of the self-assembled peptide showed three distinct peaks upon 

deconvolution (Figure 5.8 c &d). In particular, C1 peak at binding energy 284.39 eV 

was evident, which corresponds to C-C carbon of the amino acid side chains, while C2 

peak at binding energy 285.88 3V corresponds to the C-N carbon of the peptide chain, 

and C3 peak at binding energy 288.16 eV indicates to N-C=O peptide bond carbons of 

the self-assembling peptide.73 

 

Figure 5.8 Deconvoluted XPS spectra for the control peptide and mineralized peptide 

nanofibers: (a & b) spectral difference in the N1s among control and mineralized 

peptide. (c & d) intensity difference in the C1s spectra between the control peptide and 

mineralized peptide. 

5.2.3.1 Small angle X-Ray scattering analysis (SAXS). Small angle scattering was 

performed to get further insight into the structural differences between the control 

peptide and mineralized peptide. SAXS is a well-known technique to determine the 
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structural variation within materials in the nanoscale regime.74, 75 The electron 

microscopic analyses and the AFM study have clearly demonstrated the crystalline 

growth of hydroxyapatite crystals on the peptide fiber, which was evident in the 

respective images displaying enhanced diameter of the mineralized fibers. The SAXS 

intensity profile of the control peptide and the mineralized peptide also showed a 

distinct difference in their scattering profiles (Figure 5.9a). The scattering data were 

fitted by Debye model76 and Schulz-Zimm model, which considers scattering from 

monodisperse and polydisperse Gaussian polymers, respectively.77 Guinier 

approximation is usually applicable at a very low scattering angle, which allows the 

calculation of the radius of gyration (Rg) and intensity at zero angles (q=0).78 The radius 

of gyration (Rg
2) represents the average electron density-weighed square distance from 

the center of the object.79 The Rg (radius of gyration) of the control peptide was found 

to be 9.23 nm from the shape-independent model fit, and for the mineralized peptide, it 

was found to be 14.41 nm. Hence, it was very interesting to draw the connection that 

the increased Rg value of the mineralized fiber has resulted in the clear deposition of 

hydroxyapatite on the peptide fiber, which further leads to the increased Rg value of the 

mineralized fibers (Table 5.1). 

Table 5.1 Investigation of the biophysical properties of the control peptide and 

mineralized peptide scaffolds calculated via model dependent and model independent 

methods to obtain the Rg value. 

  Rg (nm) 

(Guinier Model) 

Model fit Rg 

(nm) 

(Debye Model) 

Radius 

(nm) 

NapFFGKO 8.92 ±0.11 9.23±0.22 15.605 

Mineralized 

NapFFGKO 

14.03±0.14 14.41±0.13 29.035 

5.2.4 Mechanical strength analysis 

Another interesting phenomenon was evident at the nanoscale owing to the deposition 

of hydroxyapatite crystals on the peptide fiber surface. It was evident that owing to 

crystalline growth on the peptide fiber surface, the peptide solution has been converted 

into hydrogel with time, which may be beneficial for cellular adhesion, growth, and 
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proliferation. Hence, it is crucial to investigate the mechanical strength of the 

mineralized fibers for the development of advanced scaffolds for biological 

applications. 

5.2.4.1 Rheological measurements 

To this direction, the mechanical stiffness of the mineralized peptide fiber was 

investigated using a dynamic oscillatory rheology experiment.80 The linear viscoelastic 

range (LVE) was calculated from the oscillatory amplitude sweep, which showed the 

gamma value of 0.1% with which frequency sweep was performed. 

 

Figure 5.9 (a) The intensity profile of the control peptide and the mineralized peptide 

was obtained via small angle X-ray scattering (SAXS) analysis. (b) Rheological 

analyses of the mineralized peptide: Frequency sweep analysis of the oscillatory 

rheological investigation of the hydrogel (Image inset) digital image of the lyophilized 

hydrogel with intact integrity due to the mineralization. (c) Nitrogen adsorption-

desorption isotherm to determine the structural nature of the mineralized hydrogels, and 
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(d) Thermogravimetric analysis of the dried sample of control and mineralized peptide 

fibers. 

An enhancement in storage moduli than loss moduli is indicative of the solid-like 

behaviour of the material.81 The mineralized hydrogel contains 15mM of the peptide 

(NapFFGKO), which is significantly lower than the minimum gelation concentration 

(MGC) of the peptide itself that was reported to be 30 mM as indicated in our earlier 

studies.81 The mineralized peptide showed a storage modulus of 3-4 KPa (Figure 5.9b), 

which is similar to the modulus of the peptide hydrogel at 30 mM concentration at basic 

pH (9.0).81 However, at 15mM, the peptide itself remained in the solution state owing 

to the charge repulsion and lack of sufficient intermolecular interactions at this sub-

gelation concentration at physiological pH.  The addition of biologically relevant salts 

into the peptide solution was found to induce the hydrogelation, which resulted in the 

hydrogel of mechanical stiffness of 3-4 KPa, which is similar to the mechanical 

stiffness at 15 mM concentration of the peptide, as indicated in our another study.82 

This inspires us to calculate the individual stiffness of the peptide fibers with enhanced 

width and crystalline growth on the peptide fiber. 

5.2.4.2 Peak force quantitative nano-mechanics via AFM 

Recently, AFM has emerged as one of the most suitable advanced techniques measure 

the local elasticity quantitatively because of its ability to image and point out a single 

molecule.83 The quantitative analysis of the mechanical stiffness of the peptide fibers 

was assessed via peak force tapping (PFT), which is a scanning technique where a 

force-distance curve was generated each time the probe touched the sample in a vertical 

motion. The loading force was set to make an indent into the sample and thus give a 

realistic elastic modulus and deformation response. The value of the Young’s modulus 

of peptide nanofiber (NapFFGKO) was estimated to be in the order of 1.2±0.1GPa. In 

contrast, Young’s modulus of mineralized peptide fiber showed enhancement in the 

strength up to 3.2±0.2 GPa (Figure 5.10). The force-distance curve was used to 

calculate Young’s modulus of the material at a specific point on the captured image. 

The enhancement in the mechanical stiffness after mineralization is a clear indication 

of the crystalline growth on the peptide fiber, which provides improved mechanical 

strength and also leads to the hydrogelation of the mineralized peptide fibers. 

5.2.5 Structural analysis of the mineralized peptide 
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The hydrogel formed in the presence of the mineralized fibers showed improved 

structural integrity on freeze drying (image inset figure 5.9b), which motivated us to 

examine their structural parameter via Brunauer-Emmet-Teller (BET) and 

Thermogravimetric Analysis (TGA). The estimation of the porous nature of the 

mineralized peptide hydrogel was investigated from the nitrogen adsorption-desorption 

isotherm acquired using BET. The N2 adsorption-desorption isotherm analysis of the 

mineralized peptide hydrogel suggests the presence of macroporous structures. 

Interestingly, a shift of the hysteresis loop towards a lower P/Po value is indicative of a 

reduction in the pore size (Figure 5.9c). A decrease in the pore size of the mineralized 

peptide can be considered as evidence of the crystalline growth on the peptide fibers, 

which was further calculated from the BJH equation. The pore size was found to be 

17.2 nm within peptide itself, which was reduced to 6.51 nm upon mineralization. Such 

decrease in pore size was further accompanied by enhancement in surface area of 42.5 

m2/g for mineralized fibers in comparison to the peptide itself with 23.2 m2/g surface 

area. This difference in the pore size of the mineralized fibers also leads to the increased 

pore volume and surface area of the mineralized hydrogels (Table 5.2). 

Table 5.2 Structural analysis (pore diameter, pore volume, surface area) of the 

mineralized nanofibers obtained using BET isotherm.    

Pore diameter 

(nm) 

Pore volume 

(cc/g) 

Surface 

area (m2/g) 

NapFFGKO 17.20 0.31 23.21 

Mineralized 

NapFFGKO 

6.51 0.43 42.53 

The inclusion of mineralization among peptide fibers further aids in the enhancement 

in the structural support of the hydrogel. The dried mass of control peptide fiber and 

mineralized peptide fiber were assessed for their weight loss via TGA. The TGA graph 

of the control peptide fibers and mineralized peptide fiber showed a clear difference in 

the weight loss percentage (Figure 5.9d). At around 100 ℃, a slight weight loss of 

~10% was observed in both samples, which is suggestive of the loss of water molecule 

that was adsorbed onto the surface. Furthermore, the native peptide fibers showed a 

gradual decrease in the weight percentage starting at around 213 ℃, which was 
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followed by a total weight loss of ~80% at 500 ℃. Interestingly, the mineralized peptide 

showed a gradual decrease in weight percentage at around 280 ℃, which was followed 

by a maximum weight loss of ~70 % at 500 ℃. Hence, a relatively lesser extent of 

weight loss of the mineralized hydrogel as assessed quantitatively by TGA is suggestive 

of the incorporation of the inorganic composites (hydroxyapatite) on the peptide fibers, 

which provide the mechanical stiffness and sufficient integrity to the material with 

enhanced thermal stability. 

 

Figure 5.10 AFM image of the (a) peptide nanofiber and the (c) mineralized fiber in 

contact mode and their respective FD curve (b & d). The loading force was set to make 

indent into the sample and thus give realistic elastic modulus and deformation response.  

5.2.6 Cell studies 

5.2.6.1 Biocompatibility studies of the mineralized peptide nanofibers 

At this point, we were curious to check the biocompatible nature of the collagen 

inspired peptide and effect of mineralized peptide on two different osteoblast cell lines 

(7F2 and Saos-2). The biocompatible nature of the peptide alone and the mineralized 

peptide was assessed via MTT reduction assay. As reported in our earlier study, the 
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positively charged peptide showed compatible nature (~100%) with the fibroblast cells 

at different peptide concentrations.81 Interestingly, the positively charged peptide 

showed similar compatible nature with osteoblast cells as well up to 7 days of 

incubation.  

 

Figure 5.11 Cytocompatibility assay of the peptide nanofibers (alone and mineralized) 

with osteoblast cells (a) 7F2 and (b) Saos-2 cells treated with peptide concentration 

ranging from 100 to 1000 μg mL-1 via MTT assay. 

 

Figure 5.12 Bright field images of the 7F2 osteoblast cells after incubation with the 

mineralized peptide fibers at their respective days 3, 5, and 7 days. (a-c) control, (d-f) 

peptide alone, and (g-i) mineralized peptide. Scale bar 100 μm 
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Figure 5.13 Bright field images of the Saos-2 osteoblast cells after incubation with the 

mineralized peptide fibers at their respective days 3, 5, and 7 days. (a-c) control, (d-f) 

peptide alone, and (g-i) mineralized peptide. Scale bar 100 μm 

The results further indicated that the mineralized peptide show a small enhancement in 

slight enhanced cellular viability in comparison to the peptide alone, suggesting the 

benefits of the crystalline growth of hydroxyapatite over the period of time (Figure 

5.12). The mineralized peptide was found to be exceptionally compatible and up to 7 

days of examination and the similar was observed in the bright field images of the 

treated cells (Figure 5.12 & 5.13).  

 

5.2.6.2 Cellular adhesion (2D cell culture) 

In order to assess the potential of the developed biomaterial for promoting cellular 

studies, 2D culture was done and the cellular adhesion of the cells were assessed for 

live-dead assay via the 2D cell culture studies. Live-dead staining assay on 2D construct 

was carried out to evaluate the potential of the proposed construct for its adhesion 

ability towards cells. In order to support the cellular adhesion, the peptide should be 

able to provide the required peptide nanofibrous network, which helps in the adhesion 

and growth of the cells.  
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Figure 5.14 Assessment of cellular adhesion ability on 2D matrix of peptide nanofibers 

with osteoblast cells (7F2) via Live-Dead staining. CLSM images with live cells stained 

with FDA and dead cells with PI at different time intervals of 24, 72, 120, and 168 

hours, (a-d) control, (e-h) NapFFGKO peptide alone, and (i-l) mineralized NapFFGKO 

peptide. Scale bar 50 μm. 

In this regard, it has been revealed that, in addition to chemical functionality, the 

fiber shape and mechanical strength of peptide hydrogel network play an important role 

in developing cellular adhesion properties.84 A thin layer of peptide nanofibers were 

coated and air-dried on the coverslip, which was further UV sterilized before seeding 

cells on the peptide fibers. An evident increase in the cell population of both the 

osteoblasts (7F2 and Saos-2) can be observed in the images showing the compatible 

nature of the matrix and the similar was observed up to 7 days of incubation. More 

importantly, the mineralized fibers were shown crystalline growth on the peptide fibers, 

which leads to the increased fiber dimension and also increases the density of the fiber 

network. This increased fiber density provides more stronger scaffold for the cells to 

adhere and grow, as observed at the end of 7th day in both the cells lines (Figure 5.14 

& 5.15). Thus, 2D studies showed a similar pattern of cellular adhesion as observed in 

the biocompatibility assay of the mineralized peptide fibers. 
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Figure 5.15 Assessment of cellular adhesion ability on 2D matrix of peptide nanofibers 

with osteoblast cells (Saos-2) via Live-Dead staining. CLSM images with live cells 

stained with FDA and dead cells with PI at different time intervals of 24, 72, 120, and 

168 hours, (a-d) control, (e-h) NapFFGKO peptide alone, and (i-l) mineralized 

NapFFGKO peptide. Scale bar 50 μm. 

5.2.6.3 Assessment of cellular proliferation 

The cytotoxicity assay revealed the biocompatible nature of the positively charged 

peptide as shown earlier.81 Further, the mineralized fibers showed a more appropriate 

microenvironment for the cells as indicated in the cytotoxicity assay. 2D culture studies 

also demonstrated the cell supportive nature of the mineralized fibers. To investigate 

the potential of the mineralized fibers to develop novel tailored matrix for inducing 

osteogenesis, we used Alamar Blue assay to quantify the cellular viability and 

proliferation ability. Alamar Blue is a nontoxic, water-soluble dye that can be used to 

monitor the cells over a long period of time for cellular proliferation. The proliferation 

study was carried out for 7 days and the cells were found to proliferate up to 7 days of 

incubation. Marginal difference was observed in the peptide alone and mineralized 

peptide proliferation rate in comparison to the blank well (Figure 5.16). 
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Figure 5.16 Cellular proliferation of osteoblasts (a) 7F2 cells and (b) Saos-2 cells, on 

mineralized peptide fibers using Alamar Blue assay at three different time points of 72, 

120, and 168 hours.  

Moreover, an equivalent proliferation rate was observed in 7F2 cells up to 5 days, which 

on further incubation showed slight increased rate of proliferation for the mineralized 

peptide fibers and somewhat similar observations were made in the Saos-2 cells with 

increased proliferation rate for the mineralized peptide fibers. The cellular viability and 

proliferation assay revealed the importance of these mineralized peptide fibers in 

developing advanced scaffolds for controlling and directing the cellular growth.  

 

5.2.6.4 Cytoskeleton (F-actin) staining 

The mineralized fibers were observed to be extremely biocompatible towards the 

osteoblast cells and thus supporting cellular adhesion, growth and proliferation over the 

time. In order to visualize and quantitate the cell morphology upon interaction with the 

mineralized fibers, the cells were stained with phalloidin (Rhodamine phalloidin) and 

DAPI for F-actin and nuclei, respectively. The phalloidin stained cells can be 

judiciously linked with the cellular viability and adhesion assays. The osteoblast cells 

adhered to the mineralized peptide surface showed spread morphology with increased 

surface area and cell shape index (CSI) value, suggesting the proliferation ability of the 

mineralized peptide fiber after 7 days of incubation. Fluorescence images showed the 

spread area of 620.95 μm2 and CSI of 0.65 (Figure 5.17) for 7F2 cells and spread area 

of 691.95 μm2 and CSI of 0.75 (Figure 5.19) for Saos-2 cells.  
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Figure 5.17 F-actin staining of 7F2 osteoblast cells with Rhodamine phalloidin, (a & 

d) control, (b & e) NapFFGKO peptide alone, and (c & f) mineralized NapFFGKO 

peptide. Scale bar 10 μm. 

 

 

Figure 5.18 Quantitative assessment of (a) spread area and (b) cell shape index (CSI) 

of osteoblast cells (7F2) on adhered on the peptide coated cover slips of phalloidin 

staining. 
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Figure 5.19 F-actin staining of Saos-2 osteoblast cells with Rhodamine phalloidin, (a 

& d) control, (b & e) NapFFGKO peptide alone, and (c & f) mineralized NapFFGKO 

peptide. Scale bar 10 μm. 

The mineralized peptide showed the spread area of 650.78 μm2 and the corresponding 

CSI value of 0.65 for 7F2 cells and 700.78 μm2 spread area and 0.76 CSI value for 

Saos-2 cells.  

 

Figure 5.20 Quantitative assessment of (a) spread area and (b) cell shape index (CSI) 

of osteoblast cells (Saos-2) on adhered on the peptide coated cover slips of phalloidin 

staining. 
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Suggesting the consistence morphology maintenance of cells adhered on the 

mineralized peptides. The calculated CSI value represents the cell shape parameter and 

the value close to 1 represents the circular morphology and value close to 0 represents 

the elongated morphology of the cells. Interestingly, the cells adhered on the 

mineralized peptide surface showed slightly better spread morphology upon prolonged 

incubation of 7 days. Both the osteoblast cells showed similar pattern of growth and 

proliferation with the mineralized peptides. It was observed that the cells adhered on 

the peptide alone showed spread area of 640.82 μm2 and the corresponding CSI value 

of 0.69 for 7F2 cells and 702.82 μm2 spread area and 0.76 CSI value for Saos-2 cells.  

Table 5.3 The value of CSI and area covered by the 7F2 and Saos-2 cells in control and 

in the mineralized peptide after F-actin staining. 

Sample CSI values Area covered 

(µm2) 

CSI value Area covered 

(µm2) 

 7F2 Saos-2 

Control 0.653 ± 0.055 621.95 ± 25.1 0.753 ± 0.047 691.45 ± 20.12 

Peptide (NapFFGKO) 0.696 ± 0.062 640.82 ± 15.22 0.769 ± 0.062 702.52 ± 13.02 

Mineralized peptide 0.657 ± 0.043 650.78 ± 22.67 0.765 ± 0.037 700.32 ± 12.53 

 

Overall, these results suggested the cells are maintaining similar shape and morphology 

over the mineralized fibers. To further confirm the osteoinductive property of the 

mineralized fibers over the osteoblast cells, we carried out some of the important assays 

to quantitate the biomarkers for osteogenesis. We envisage that these studies would 

further establish the successful use of the biomineralized fibers derived from collagen 

protein towards bone tissue regeneration.   

5.2.6.5 Alkaline phosphatase (ALP) estimation 

Several biological characteristics altered significantly during the differentiation of 

MSCs into osteoblasts, including increased calcium deposition and increased alkaline 

phosphatase activity.85 The enzyme directed deposition of carbonated apatite hydrolysis 

of organic phosphoesters increases the local concentration of inorganic phosphate 

groups.86 ALP directs the hydrolysis of organic phosphoesters leading to the increased 

production of inorganic phosphate group in the surrounding, which results into 

deposition of carbonated apatite.87, 88 Moreover, ALP is also known to decrease the 

pyrophosphate concentration, which generally inhibit the growth of apatite crystals.89 
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ALP also regulate the process of calcification, which suggests its role in the early stage 

of mineralization.90 ALP is an early marker for the osteogenic differentiation. High 

level of ALP was measured when osteoblast cells (7F2 and Saos-2) were cultured on 

the mineralized peptide substrate. After 7 days of incubation, high amount ALP was 

detected in the cells cultured on the mineralized peptide in comparison to the control 

and peptide alone. 

 

Figure 5.21 Alkaline phosphatase activity to confirm the osteogenic differentiation 

capabilities. ALP activity of osteoblasts after 120 and 168 hours. 

5.2.6.6 Calcium content estimation 

Alizarin Red S staining is a commonly used procedure to examine the extracellular 

calcium deposition because of its efficient and preferential binding to the calcium ion.53 

The efficient binding of the two entities act as an indicator to demonstrate mesenchymal 

stem cells (MSCs) mineralization on various substrate.53, 91 Meanwhile, mature 

osteoblasts are identified by their capacity to deposit minerals. The cells adhered onto 

the mineralized peptide showed distinct amount of calcium nodule development after 7 

days of culturing, according to the Alizarin Red staining as shown in figure 5.21. As 

the incubation time increases, a large population of cells stained with Alizarin Red S 

were observed in the sample containing mineralized peptide fibers. The results 

indicated that the mineralized peptides could promote the bone formation to some 

extent, which can lead to the osteogenic differentiation. The calcium content was 

investigated by quantifying the deposited calcium nodules (Figure 5.21). The 

resubstituted amount of calcium deposits was quantitated at 405nm, which showed a 
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gradual increase with time. The mineralized peptide was known to enhance the 

deposition in both the osteoblast cells (7F2 and Saos-2). 

 

Figure 5.22 Alizarin Red S staining to demonstrate the calcium deposits: (a-c) 

Microscopic examination of 7F2 cells at three different time points 72, 120, 168 hours, 

(d-f) Microscopic examination of Saos-2 cells at three different time points 72, 120, 

168 hours. Quantitative analysis of calcium deposits on the mineralized cells (g) 7F2 

cells and (h) Saos-2 cells. Scale bar 200 μm 

Hence, the increased ALP production and the deposition of calcium granules on the 

cells treated with mineralized peptide clearly demonstrate the osteoinductive property 

of the peptide fiber. 

5.3 Conclusion 

In conclusion, for the first time, we report the classical strategy of using the shortest 

collagen-inspired peptide to induce mineralization. This study provides critical insight 
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into the mechanism of mineralization of peptide fibers inspired by collagen with the 

preliminary growth of hydroxyapatite crystals. The overall mechanism involves the 

mutual and combined interactions of all the four components (peptide fiber, calcium 

chloride, disodium phosphate, and glutamic acid) to initiate the nucleation step of the 

mineralization. The simplistic strategy utilizes the glutamic acid that was adsorbed onto 

the peptide fiber surface, which interacts through the electrostatic interactions with the 

positively charged lysine moieties present on the fiber surface. This ionic 

complementarity in the intermolecular interactions leads to an optimum interaction for 

the growth of the minerals on the fiber surface, which enhances their stability and thus 

overcomes the challenges of clustering, leading to precipitation. It was evident that the 

area of calcium deposits, which were considered the site of nucleation, further grew to 

cover the entire peptide nanofiber. Microscopic and spectroscopic characterization 

revealed the deposition of hydroxyapatite crystal on the peptide fiber. Furthermore, 

mineralization of the peptide nanofiber enhanced the viscoelastic property of the 

solution leading to the hydrogelation with enhanced mechanical stiffness and improved 

thermal stability. These mineralized fibers were also found to be biocompatible with 

the osteoblast and further promote the cellular proliferation of both the cell lines 7F2 

and Saos-2. Mechanistic insights have revealed that the mineralized peptide showed 

increased production of alkaline phosphatase (ALP) after 7 days of incubation, and a 

similar phenomenon was observed in Alizarin Red S staining. Thus, this novel approach 

demonstrated that the mineralized collagen peptide nanofiber network is capable of 

promoting osteogenesis and enhancing the mineralization ability of the collagen fibers. 

This strategy further reinforced the simplistic design and fabrication of short 

bioinspired peptide motifs and the potential application of these mineralized 

biomimetic collagen fibers towards effectively constructing the grafts for bone tissue 

engineering. 
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Chapter 6 
Exploring non-covalent interactions 

among nanofibrillar cellulose-peptide 

conjugate polymeric hydrogels for 

developing advanced synthetic scaffolds 
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CH/π and H-bond stabilized nanofibrillar cellulose-peptide conjugate hydrogels 

were fabricated to achieve superior biochemical and structural properties at the 

nanoscale to promote cellular adhesion and proliferation.   
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6.1 Introduction 

As discussed in earlier chapters, extracellular matrix is composed of multicomponent 

system comprising of proteins, sugars, glycolipids and several other growth hormones. 

So, it will be very interesting to explore the effect of conjugating polymer to these 

peptide hydrogels as this will provide the essential mechanical integrity to the peptide 

hydrogels essential for its long-term stability. In this direction, cellulose being the most 

widely distributed and abundant natural polymer, has been extensively used due to its 

biodegradability, biocompatibility, and non-toxicity.1-4 Cellulose and cellulose-based 

composites stand out as indispensable and versatile biomaterials for tissue engineering, 

tissue repair and wound healing applications.5-9 However, the next generation cellulose-

based products and their engineering applications are limited with traditional cellulosic 

materials.10 In particular, the development in biomaterial fabrication utilizing this 

ancient biomolecule faces major challenges owing to its low solubility in aqueous as 

well as organic solvents due to its hydrogen bonded structure.11 To this direction, 

extracting the cellulose at nanoscale leads to the fabrication of a new generation 

building block based on cellulose composite, which can further overcome the 

challenges associated with the hierarchical structure of the native cellulose.12-16 

Interestingly, diverse physicochemical properties at the cellulosic domain can be 

achieved either by chemical functionalization or by its transformation into 

nanocellulose via different methods, which are significantly important in determining 

their applications in tissue engineering and biotechnological purposes.17-19 Among 

several methods, (2,2,6,6-tetramethylpiperidine-1-oxyl) TEMPO is one of the most 

widely used and efficient method for functionalizing cellulose under mild conditions, 

which results in the selective oxidation of alcoholic hydroxyl functionalities to 

aldehydes, ketones, and carboxyl functional groups.20 Earlier reports have revealed that 

TEMPO mediated oxidation of hardwood may result in the formation of separated 

cellulose nanofibers of 3-4nm width.21 Such transformation within the nanomaterials 

was accompanied by conversion of primary hydroxyl group to carboxyl group in the 

classic cellulosic domain.22 

To this direction, nanofibrillar cellulose (NFC) possessing several advantages of 

biocompatibility, biodegradability, chemical modification, low density, and high 

mechanical strength has emerged as an excellent candidate for 3D hydrogel scaffold for 

several biomedical applications.23, 24 G. Paul and co-workers reported the bacterial 
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cellulose based nanofibrous scaffold with enhanced adhesion of human vascular 

endothelial cells by functionalizing the nanofibrous cellulose with GRGDS 

oligopeptides via endotransglucosylase mediated coupling.25 Furthermore, cationic 

modification of the nanocellulose to trimethyl ammonium beta hydroxy propyl 

cellulose was observed to enhance the cellular adhesion, proliferation, and promoting 

the formation of 3D network of neuroblastic and eosinophilic cells on this modified 

nanocellulose scaffolds.26 To this end, P. Kallio and co-workers fabricated the 

nanocellulose with negative and positive charges using TEMPO and EPTMAC (2, 3-

epoxy propyl trimethyl ammonium chloride). Furthermore, the effect of surface charge 

on these cellulosic biomaterials was reported towards controlling human dermal cell 

behavior.27 Enhancement in cell adhesion and proliferation was observed on both the 

surfaces, however, anionic surface was found to be comparatively more effective in 

promoting cell proliferation.28 Specific application of NFC, as substitute for ligament 

and tendon was reported by Mathew et al., where the NFC was dissolved in ionic liquid 

for different time intervals.29 The dissolved NFC constituted the matrix while the 

undissolved part constructed the reinforcing phase, making an NFC nanocomposite 

with high mechanical strength, very similar to natural ligament and tendon. The 

resulting nanocomposite supported the adhesion and growth of ligament cells and 

endothelial cells, and thus proposing its application for artificial ligament and tendon.29 

These bio-composites could be used as implants for clinical applications as well as for 

wound dressing materials.30  

Interestingly, these surface charge modifications or functionalization of nanofibrillar 

cellulose allow the covalent attachment of peptides, proteins, and other polymers to 

control and direct cell behavior. In this context, Y. Chau and group reported a 

polyvalent lytic peptide-polymer conjugate, which can overcome multidrug 

resistance.31 In this report, the hexapeptide (KW)3 was conjugated with carboxymethyl 

dextran through click chemistry.31 To this direction, different covalent modification 

strategies have been explored to produce cellulose-peptide conjugates, such as, 

nitroxide-mediated polymerization, atom transfer radical polymerization, or reverse 

addition fragment chain transfer polymerization.32-34 On the other hand, there were only 

few reports present in the literature, which showed the non-covalent interactions 

between polymer and peptide. A report by K. James and co-workers demonstrated the 

differential interaction of crystalline cellulose and cellulose nanowhiskers with a 
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heptapeptide (WHWTYYW), which involves the Y5 amino acid interacting through 

CH/π interaction and hydrogen bonding with the free hydroxyl group as well as six 

membered glucose rings of cellulose.35 However, no reports were available in the 

literature on cellulose conjugates with specific proteins/peptides of biological 

relevance. 

To this direction it is well known that collagen is the most abundant protein, and it plays 

a crucial role in cellular adhesion and proliferation in the extracellular matrix in addition 

to providing structural integrity to the cells.36 Interestingly, recent reports have been 

extensively focused on the preparation of synthetic collagen and collagen like peptides 

to understand their molecular level arrangement and to mimic their complex 

architecture to attain the structural and functional attributes of native extracellular 

matrix (ECM).37-40 As mentioned in chapter 3, we have recently reported two collagen 

inspired ionic complementary pentapeptides, which undergo strong electrostatic 

interaction to create complex hierarchical structure leading to the formation of diverse 

gels. The newly developed scaffolds have demonstrated excellent biocompatibility 

towards fibroblast cells.41 To this direction, it is desirable to keep in mind the higher 

complexity of the native ECM, which consists of a combination of proteins, lipids, and 

polysaccharides.42 So, in order to enhance the scope of the newly developed peptidic 

domain for wide range of cells, it would be extremely attractive to combine these 

bioactive peptides with the highly useful nano-cellulosic materials. Such strategy would 

integrate the mechanical rigidity and bioactivity of the cellulosic nanofibers and 

biochemical cues provided by the collagen inspired peptides (CIPs) to control and direct 

specific cell behaviour. Thus, the present study demonstrates the non-covalent 

conjugation of short CIPs41 with the TEMPO oxidized nanocellulose fibers. We 

hypothesize that several non-covalent interactions are associated with these cellulose-

peptide conjugates, such as CH/π interaction and H-bonding, which drive the self-

assembly to create novel nanostructure. Furthermore, additional interactions are 

expected to take place between the charged amino acid residues and the carboxyl groups 

of cellulose, formed by TEMPO oxidation. Conjugate hydrogels developed from 

nanofibrillar cellulose and collagen inspired peptides are expected to show enhanced 

mechanical strength as compared to the native peptide hydrogel. A combination of these 

variable intermolecular interactions further dictated the morphology of the final 

hydrogel construct with variable pore size distribution. The differential pore 
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distribution presented on the exposed surface of the hydrogel matrix further controlled 

the cellular adhesion and proliferation. To the best of our knowledge, this designer 

composite hydrogel has been reported for the first time, which was fabricated from the 

shortest bioactive collagen inspired peptide and nano-fibrillated cellulose (Figure 6.1). 

Conjugate matrix containing the collagen inspired peptide as epitope could help the 

cells to adhere and proliferate, while the nanofibrous cellulose can create the similar 

architecture of the synthetic matrix. Thus, the presence of these two components may 

allow the conjugate hydrogel to function as a stable matrix with superior properties to 

promote adherence of the cells. The porous network of the nanofibrous cellulose will 

also allow the easy exchange of media to support cellular proliferation. Our study 

further indicated that these hydrogels can hold great potential for developing an 

advanced biomaterial by combining the properties of both bio-functional protein and 

carbohydrate polymer.43-50 

 

Figure 6.1 Schematic representation showing the different nano-structural 

morphologies of nanofibrillar cellulose (a) and its conjugate with collagen inspired 

ionic complementary peptides as associated via non-covalent interactions (b) the 

conjugate hydrogel scaffold can serve as superior matrix to promote cellular adhesion 

reflecting the higher cell population. 
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6.2 Results and Discussion 

6.2.1 TEMPO mediated oxidation of cellulose 

In order to develop a novel synthetic extracellular matrix, we have chosen cellulose 

microfibrils, derived from natural biomass, which would essentially be cost-effective, 

abundant and biocompatible. Further, our strategy was focused on converting the 

microfibrillar cellulose into nanocellulose via TEMPO oxidation.20, 51 TEMPO-

mediated oxidation will introduce a significant amount of carboxylate groups into the 

native cellulose while maintaining their fibrous morphology and crystallinities (Figure 

6.2).52, 53  

 

Figure 6.2 Schematic representation of chemical conversion and functionalization of 

hardwood cellulose into nanofibrous cellulose via TEMPO oxidation. 

At this point, it was crucial to understand the chemical modification at the molecular 

level. To this direction, carboxylate content as formed by the oxidation of the primary 

hydroxyl groups of cellulose with the addition of 5 mmol NaOCl was assessed by the 

electrical conductivity titration method.20 The carboxylate content was found to 

increase with enhancement in time, up to 180 minutes. The saturation point was 
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achieved at 0.56 mmol/g, which further showed no marginal increment afterwards until 

24 hours (Figure 6.3a). To further investigate the presence of carboxyl group, FTIR 

spectroscopy was utilized. The emergence of peak around 1750cm-1 showed the 

presence of carboxyl group (Figure 6.3b). To confirm the formation of cellulosic fibers 

in the nanoscale regime, atomic force microscopy (AFM) was performed to study the 

morphology of nanofibrillar cellulose. The diameter of cellulose nanofibers in AFM 

was revealed as 23±2.5 nm (Figure 6.3c). The above results confirmed the conversion 

of nanofibrillar cellulose from microfibrillar cellulose following the conversion of 

hydroxyl group to carboxyl via TEMPO oxidation. 

 

Figure 6.3 Characterization of nanofibrillar cellulose (NFC); (a) Assessment of 

carboxylate content of the nanofibrillar cellulose prepared from the TEMPO mediated 

oxidation. (b) FTIR spectra of TEMPO oxidized cellulose and (c) Atomic Force 

Microscopy (AFM) images showed fibers like structure. Scale bar 2µm. 

6.2.2 Preparation of peptide cellulose conjugate hydrogel. After successful 

modification to the cellulose nanofibrils, we utilized a simple mixing strategy to 
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construct the composite sugar-peptide hydrogel. In this context, the shortest collagen 

inspired peptides, i.e., NapFFGKO and NapFFGDO were synthesized using a recently 

reported protocol.41 In the previous work, as mentioned in chapter 3, we have reported 

that when these ionic complementary peptides were mixed at an optimum ratio, they 

tend to self-associate with each other through an effective salt-bridge formation leading 

to the fabrication of self-associated hydrogel at physiological pH.41 Two different ratios 

(w/w) of nanofibrillar cellulose vs peptide were used to prepare the cellulose conjugate 

hydrogels (2:1 and 5:1). The dissolved solution of collagen inspired peptides was mixed 

in the dispersed cellulose suspension and the solutions were kept overnight at -2 ℃ for 

gelation. The detailed methodology has been described in the chapter 2 in this thesis. 

Gelation was followed by washing with water so as to get rid of excess base by diffusion 

or solvent exchange method to attain physiological pH (Figure 6.4). 

 

Figure 6.4 Schematic representation of the stepwise hydrogelation methodology of 

cellulose peptide conjugate hydrogels. 

However, the hydrogels formed by nanocellulose and peptide ratio of 2:1 showed mild 

structural disintegration while washing as compared to 5:1 ratio, which was further 

investigated through mechanical strength analysis. Interestingly, NapFFGKO was 

found to induce the formation of hydrogels with nanofiber cellulose at physiological 

pH; however, NapFFGDO failed to form the hydrogel. Such differential behavior of 

the two peptides in the cellulose matrix may have originated from the differential 

surface charge of the peptides at physiological pH.41 As expected, it can be assumed 
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that the positively charged NapFFGKO may interact with the carboxyl group of 

cellulose nanofibers through salt-bridge interaction to induce the association of the 

peptide motif to the cellulose matrix. However, NapFFGDO will experience a charge 

repulsion from cellulose nanofiber and thus failed to form a stable gel with cellulose 

fibers. Charge repulsion between negatively charged peptide and carboxyl groups of 

modified cellulose nanofibers outweighs the possible CH/π and H-bonding to stabilize 

the co-assembly of two molecular components. Interestingly, when both the 

differentially charged peptides i.e., NapFFGKO and NapFFGDO were mixed with 

nanofibrous cellulose, the negatively charged moiety of aspartate is expected to be 

engaged in forming electrostatic interaction with the lysine residue of NapFFGKO and 

hence the composite peptide fiber will not display any negative surface charge for 

imparting the charge repulsion with cellulose nanofibers. Apart from the CH/π and H-

bonding, the conjugate system was now also accommodating the electrostatically 

stabilized peptides, which enhanced the stability of the multi-component biomolecular 

system and thus making it a more stable self-supporting hydrogel-based biomaterial 

owing to the additional intermolecular interactions leading to induction of advanced 

properties. 

6.2.3 Microscopic characterization of conjugate hydrogels. The morphological 

analyses of nanofibrillar cellulose and peptide conjugated cellulose hydrogels were 

carried out using a scanning electron microscope. The conjugate hydrogels showed well 

defined, interconnected, three-dimensional porous networks, similar to nanofibrillar 

cellulose (Figure 6.5). However, the pore size and distribution were different in 

cellulose and cellulose peptide conjugate gels (Figure 6.5d-f). Interestingly, the 

bioactive peptide motifs have marked a clear impact on the differential pore size 

distribution owing to the differential charge display at the exposed surface leading to 

differential structural overlap, as induced by variable intermolecular interaction. For all 

the hydrogels, pore size was found to be in the micron range, however, ionic 

complementary peptides i.e., NapFFGKO and NapFFGDO induced highly porous 

structure compared to other conjugate gels induced by cationic peptide, i.e., 

NapFFGKO (Figure 6.5c). The number of pores can be used to describe the surface 

roughness, as higher pore distribution depicts a more rough surface, whereas a surface 

with lesser pores appears smooth (Figure 6.5d-f).53 The plausible reason for differential 

surface appearance might be due to the ionic interactions between positively charged 
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CIPs and the carboxyl group of cellulose that led to the increased fibril dimension and 

smooth surface. However, the mixed CIPs introduced salt bridge interactions leading 

to a greater extent of CH/π and H-bonding interaction resulting in a relatively more 

compact network with more roughness.  

 

Figure 6.5 Scanning electron micrograph images of NFC (a) and 5:1 cellulose peptide 

conjugate hydrogel (b & c) showing the porous nature of material. Scale bar 50µm. 

Image inset shows the contact angle measurement. Histogram developed from the pore 

distribution in the (d) NFC, (e) NFC + NapFFGKO, and (f) NFC + (NapFFGKO + 

NapFFGDO) hydrogels, representing the amount of pore distributed in the samples. 

Table 6.1 Contact angle measurement of nanocellulose (NFC) and peptide conjugated 

nanocellulose hydrogels. 

 Contact angle 

NFC 44.1 ̊

NFC+NapFFGKO 55.0 ̊

NFC+(NapFFGKO+NapFFGDO) 63.2 ̊

To further confirm the surface roughness and hydrophobicity of the composite 

hydrogels, we measured contact angles.54 Nanofibrillar cellulose showed a contact 

angle of 44.1̊ while the conjugate hydrogel with positively charged peptide showed a 

moderate increase in the contact angle of 55.0̊ and thus indicating a relatively 
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hydrophobic surface. Interestingly, the conjugate composite gels containing the ionic 

complementary peptides together with nanofibrillar cellulose showed a further 

increment in the contact angle to 63.2̊ (Table 6.1), suggesting an incremental 

enhancement in the hydrophobicity of the composite material, which was expected to 

be more favorable for improved cellular adhesion. 

6.2.4 Small Angle X-Ray Scattering (SAXS) analysis. In an attempt to understand 

the mechanism behind the formation of different porous and surface topologies due to 

cellulose peptide interactions, the small-angle X-ray scattering (SAXS) technique was 

used. SAXS intensity I(Q) profiles were measured for NFC, NFC+NapFFGKO and 

NFC+(NapFFGKO+NapFFGDO) gels (Figure 6.6a). The SAXS data were fitted to the 

Debye model, which considers small-angle scattering from monodisperse Gaussian 

polymer55 and the Schulz-Zimm model takes scattering from polydisperse Gaussian 

polymer. Guinier approximation was used at a very small scattering angle to assess the 

SAXS scattering data.56  

 

Figure 6.6 Small angle x-ray scattering profile of cellulose peptide conjugate 

hydrogels; (a) SAXS data profile displaying double logarithmic intensity versus Q plot 

for NFC (black) and NFC-peptide conjugate (red and blue) hydrogels. (b) Pair-distance 

distribution function (PDDF) plot for NFC and NFC-peptide conjugate hydrogel 

obtained through IFT.  

Guinier plot shows the scattering intensity I(q) vs square amplitude of scattering vector, 

q2 (A-2),57 which allows the calculation of radius of gyration and the intensity I (0) at 

zero angle scattering (q=0). The radius of gyration (Rg
2) is the average electron density-

weighed squared distance of the scatters from the center of the object.58 The zero-angle 
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scattering intensity and radius of gyration are used to calculate and generate molecular 

weight and valid structure of the molecule, respectively.59  

Table 6.2: Biophysical properties of NFC and NFC-peptide conjugated hydrogels; both 

model dependent and model independent methods were used to calculate Rg. 

 

 

Rg (nm)  

(Guinier Model) 

Model fit Rg 

(nm) 

(Debye Model) 

Model fit Rg (nm) 

(Schulz-Zimm 

Model) 

Radius 

(nm) 

NFC …. 5.52±0.12 5.58±0.45 7.803 

NFC+NapFFGKO 4.53±0.09 6.71±0.03 6.87±0.03 9.488 

NFC+ (NapFFGKO 

+NapFFGDO) 

3.76±0.02 5.14±0.01 5.03±0.01 7.268 

Guinier plot is shown with the line of best fit, which also provides the information about 

sample aggregation and interparticle interference according to the movement of slope 

of the plot. A linear Guinier plot suggests the sample is free from both aggregation and 

interparticle interference.60 The Rg (radius of gyration) of the NFC from shape 

independent model fit was 5.52 nm, consistent with Guinier analysis (Figure 6.7). The 

Rg of NFC+NapFFGKO and NFC+(NapFFGKO+NapFFGDO) were 6.71 nm and 5.14 

nm, respectively (Table 6.2). It was interesting to note that the Rg value obtained for 

NFC was slightly lower than the NFC+NapFFGKO, suggesting the complete overlap 

of the hydrodynamic volume of cellulose fibers while slightly higher Rg with 

NapFFGKO+NapFFGDO suggests a small overlap between the hydrodynamic volume 

of NFC and combined peptide and maximum part of the NFC were fairly exposed to 

the solvent and not covered by the peptide.56  

Table 6.3 Maximum particle dimensions used for IFT techniques for NFC and NFC 

peptide conjugate gels. 

 Bayesian Dmax Glatter Dmax 

NFC 33.81 34.25 

NFC+NapFFGKO 38.45 39.32 

NFC+(NapFFGKO+NapFFGDO) 39.22 40.32 
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Additional information about the shape of the particle can be measured by calculating 

the pair distance distribution factor (PDDF) (Figure 6.6b). PDDF was calculated by two 

different techniques, Glatter’s61 technique and a tool that uses Bayesian statistics.62 

Both the methods produce the similar radii of gyration (Table 6.3). Higher Dm value of 

NFC peptide conjugates suggested the overlapping of peptide on the surface of 

cellulose fiber, which was less in the case of combined peptide 

(NapFFGKO+NaapFFGDO) while higher in the case of (NapFFGKO) mostly because 

of the greater extent of charge interactions.  

 

Figure 6.7 Guinier plot analysis for (a) NFC, (b)NFC+NapFFGKO and (c) NFC 

+(NapFFGKO+NapFFGDO). 

Using the SAXS I(Q) and P(r) profiles, scattering shape of NFC peptide conjugates 

under different conjugation and association state were computed and was compared 

with the unconjugated NFC to check the structural change in the cross section of NFC 

(Figure 6.8). Moreover, the resultant DAMMIF models63 of peptide conjugates were 

superimposed with NFC by aligning their inertial axes, NFC+NapFFGKO model 

(Figure 6.8b) showed increased cross-sectional area in comparison to the unconjugated 

NFC, confirming the charge-based interaction.  
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Figure 6.8 In-silico modelling of the cellulose peptide conjugate hydrogels (a) 

Scattering shape of NFC hydrogels restored from dummy atom modelling (DAMMIF). 

SAXS envelop of NFC and their overlay with the conjugated models, 

(b)NFC+NapFFGKO and (c)NFC+ (NapFFGKO+NapFFGDO).  

6.2.5 Mechanical property of conjugate hydrogel. It is crucial to understand the 

effect of peptide conjugation with the cellulose fiber on their mechanical strength as it 

plays a crucial role in controlling cellular behavior.64 A moderate increment in storage 

modulus was evident in NFC+NapFFGKO, i.e. 7.5 KPa, compared to NFC, i.e. 6.5 

KPa. Owing to the association of both components with additional electrostatic 

interactions, which has also been reflected in their contact angle enhancement studies. 

The individual peptide showed mechanical strength in the range of 3-4 KPa while the 

co-assembled peptide hydrogels showed mechanical strength in the range of 7-8 KPa. 

Furthermore, the incorporation of NFC matrix influenced the mechanical strength and 

structural rigidity of the matrix, which further enhances the scope of this biomaterial to 
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be used as scaffold for futuristic applications.  However, the combination of the ionic 

complementary peptide in the cellulose matrix showed has a significant influence on 

the gel strength of the conjugate matrix. The value increased to 13.5 KPa and 17 KPa 

depending on the mixing ratio of cellulose and peptide components i.e., 2:1 and 5:1. 

(Figure 6.9), which was further evident from the highest contact angle values of the 

conjugate hydrogel, indicating the significant enhancement in the hydrophobicity. 

 

Figure 6.9 Mechanical strength analysis: (a) frequency sweep performed for the 

cellulose peptide conjugate hydrogels at different mixing ratios. (b) Comparison of 

mechanical strength of conjugate hydrogels at different ratio. 

As illustrated from the mechanical stiffness study, conjugate hydrogels with cellulose 

and peptide in 5:1 ratio were more stable and showed higher mechanical strength. 

Hence, all the experiments, including surface morphology, SAXS analysis, and cellular 

response, were performed, keeping the ratio of cellulose to peptide 5:1.  

6.2.6 Biocompatibility assessment of the conjugate hydrogel. Since its inception, the 

design concept of combining bioactive peptide sequence within cellulose matrix was 

directed to fabricate the next-generation biomaterial, which could essentially mimic the 

microenvironment of native ECM. To this direction, cytotoxicity of the cellulose 

peptide conjugate material was evaluated by MTT assay.65 The fibroblast (L929) cells 

and neural (SH-SY5Y) cells were incubated with cellulose-peptide conjugates at 

different concentrations for 48 hrs. For both the cell lines of different origin almost 

100% viability was observed in unconjugated and conjugated hydrogels up to 1000 

µg/ml concentration, suggesting the highly biocompatible nature of these biomaterials 
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(Figure 6.10a-c). To obtain further supportive evidence for biocompatibility of these 

matrices, bright field images of the cells on the matrices were captured, which showed 

the elongated cells similar to control cells, suggesting no morphological changes in the 

metabolically active cells (Figure 6.10b-d). 

 

Figure 6.10 Biocompatibility studies of cellulose-peptide conjugate hydrogels on (a) 

fibroblast cells (L929) and (c) neural cells (SH-SY5Y) at concentration ranging from 

100µg/ml to 1000 µg/ml. Bright field images of (b) L929 and (d) SH-SY5Y cells 

respectively after 48hrs of incubation with the NFC and NFC peptide conjugate 

hydrogels at 500 µg/ml concentration along with the control. Scale bar 100 µm. 

6.2.7 2D cell culture on conjugate hydrogel. Furthermore, we were quite curious to 

explore this new class of designer biomaterials towards the fabrication of the bioactive 

scaffolds, which can show immense potential for cellular growth and proliferation on 

these matrices.66, 67 To this direction, live-dead staining was performed on these 2D 

constructs. In particular, a thin layer of conjugate hydrogel was set on a glass coverslip, 

which was further perfused with culture medium to check the gel layer stability over 24 
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hrs. Cell culture medium was replaced and both types of cells were seeded onto the 

surface of the prepared conjugate hydrogels. The adhesion of cells followed by 

proliferation were investigated on these biomaterials for 5 days (Figure 6.11and 6.12).  

 

Figure 6.11 Cellular adhesion (2D) study of L929 cells on cellulose-peptide conjugate 

hydrogels. Assessment of cellular adhesion and proliferation on conjugate hydrogels 

by Live/Dead staining. Images of cells after fluorescence staining showing cellular 

adhesion on (a to c) NFC, (d to f) NFC+NapFFGKO, (g to i) NFC+ 

(NapFFGKO+NapFFGDO) after 48 hrs, 72 hrs and 120 hrs respectively. Scale bar 100 

µm. 

Interestingly, a clear difference was evident in cellular proliferation depending upon 

the surface functionality of these gels. It was quite interesting to note a significant 

enhancement in the cell density on these NFC and NFC-peptide conjugate gels over 
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time. The positively charged peptide NFC+NapFFGKO showed a slow progression in 

cellular growth and proliferation as compared to other conjugate gels.  

 

Figure 6.12 Cellular adhesion (2D) study of SH-SY5Y cells on cellulose-peptide 

conjugate hydrogels. Assessment of cellular adhesion and proliferation on conjugate 

hydrogels by Live/Dead staining. Images of cells after fluorescence staining showing 

cellular adhesion on (a to c) NFC, (d to f) NFC+NapFFGKO, (g to i) NFC+ 

(NapFFGKO+NapFFGDO) after 48 hrs, 72 hrs and 120 hrs respectively. Scale bar 100 

µm.  

The possible reason for this differential bioactivity could have been originated from 

their different surface topology.  As smooth surface morphology of the NFC+ 

NapFFGKO conjugate hydrogel provides lesser surface area for cell adhesion and 

proliferation, in contrast to that of rough surfaces of the conjugate gels with ionic 

complementary peptides and cellulose nanofibers, which promotes the adhesion of cells 
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to the surface in the conjugate gels containing ionic complementary peptides.53 The 

confocal microscopic images further confirmed that a more porous and rougher surface 

of NFC+ (NapFFGKO+NapFFGDO) promoted the proliferation of a greater number of 

live cells, suggesting a superior matrix for the adherence of fibroblast cells.  

6.2.8 Cellular proliferation assay on conjugate hydrogels. The above studies have 

clearly demonstrated that the nanofibrous cellulose and peptide conjugated hydrogel 

scaffold were significantly biocompatible and supportive for the improved adhesion 

and growth of both the fibroblast and neural cells. In order to find out the versatility of 

these scaffolds, it will be highly desirable to quantify the total cellular viability and 

cellular proliferation of the cells on these newly designed matrices. Interestingly, 

Alamar blue assay was found to be an exclusive solution to this direction, as it was 

earlier shown to display a significant potential for quantification of cellular 

proliferation.68  

 

Figure 6.13 Evaluation of cellular viability and proliferation via Alamar assay on (a) 

fibroblast cells (L929) and (b) neural cells (SH-SY5Y) with conjugate hydrogels at 5:1 

(NFC:peptide) concentration at different time point. All data presented as mean ± SD. 

* represents P-value ≤ 0.05 ** P-value ≤ 0.01, *** P-value ≤ 0.001 and **** P-value ≤ 

0.0001 (Two-way ANOVA, Bonferroni's multiple comparisons tests). 

Very interestingly, similar cell counts were observed in conjugate gels as that of the 

control sample. Such observation was a clear indication of the cell supportive behavior 

of this conjugate matrix for both the cell lines. Over a longer period of time, i.e., 7 days, 
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NFC+NapFFGKO exhibited decreased cell population compared to that of the 

unconjugated NFC matrix. The anomalous behavior could be correlated with the 

presence of positively charged peptides on the surface of this hydrogel, which may lead 

to the formation of a smooth surface and thereby interfering with cellular adhesion and 

proliferation. However, the association of the two complementary ionic peptides in 

conjugate gels with NFC exhibited a significantly higher proliferation rate, which 

demonstrated a steady enhancement in the proliferation from 72 hrs gradually up to 7 

days (Figure 6.13). Significant enhancement in cell population could be explained 

through the formation of a more porous and comparatively rough surface of the 

conjugate matrix, leading to increased cell density.53 

6.2.9 Cytoskeletal staining. In 2D investigations, live-dead staining with fibroblast 

cells revealed that the matrix was biocompatible, which can support cellular viability 

and growth of cells on nanofibrillar cellulose and peptide conjugated nanofibrillar 

cellulose matrix. The conjugate system with co-assembled peptide showed similar 

adhesion and proliferation as that of the control. Whereas, the positively charged 

peptide (NapFFGKO) conjugate hydrogel showed slow progression in cellular growth 

and proliferation. In order to visualize the change in the cellular morphology, cells were 

stained with phalloidin (Rhodamine Phalloidin) and DAPI for F-actin and nuclei, 

respectively. After labeling the cells adhered to the thin layer of hydrogel with 

phalloidin and DAPI, cellular morphology was monitored at different time points 

(Figure 6.14). The investigation revealed that L929 cells were able to interact with the 

matrix and showed a spread morphology as that of the control. Fluorescence images 

showed the cells on nanofibrillar cellulose and conjugate hydrogel with co-assembled 

peptide [NFC + (NapFFGKO + NapFFGDO)] were spread and had a larger area 

(405±32 and 426±34 μm2, respectively). Conversely, conjugate hydrogel containing the 

positively charged peptide (NFC + NapFFGKO) showed cells with less spread area 

(302±28 μm2) (Table 6.4). The CSI plot indicated that there had been no significant 

difference between all the samples as compared to the control (Figure 6.15). Whereas, 

less spread area was observed in NFC + NapFFGKO, correlating with the 2D culture 

results of differential surface topology led to the differential adhesion and proliferation. 

Further, the calculated CSI value represents the measure of cell shape and size 

parameters. The CSI value close to 1 represents the circular shape, while a CSI value 

close to 0 suggests a linear elongated morphology.  
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Figure 6.14 Cytoskeletal analysis in L929 cells in 2D cell culture on NFC and peptide 

conjugated NFC. Staining of F-actin microfilaments with Rhodamine Phalloidin in 

L929 cells cultured on control coverslips (a-c), (d-f) Nanofibrillar cellulose, (g-i) NFC 

+ NapFFGKO, and (j-l) NFC + (NapFFGKO+NapFFGDO) at different time point 48 

hrs, 72 hrs, and 120 hrs of cell culture, respectively. Scale bar is 10μm. 

 

Figure 6.15 Quantification of (a) cell spreading area and (b) cell shape index of 

fibroblast (L929) cells on uncoated control and hydrogel coated coverslips.  
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Table 6.4 Table on CSI plot and area covered by fibroblast cells in F-actin staining. 

Sample CSI values Area covered 

(μm2) 

Control 0.3605 ±0.04901 321 ± 26 

NFC 0.35867 ± 0.05698 405 ± 32 

NFC+NapFFGKO 0.3445 ± 0.02622 302 ± 28 

NFC+(NapFFGKO+NapFFGDO) 0.35325 ± 0.04884 426 ± 34 

The CSI value of cells on control, nanofibrillar cellulose, and [NFC + (NapFFGKO + 

NapFFGDO)] conjugate hydrogel showed no significant differences. NFC showed a 

CSI value of (0.35 ±0.05), and NFC + (NapFFGKO + NapFFGDO) showed a value of 

(0.35 ±0.04), which were similar to that of the control sample (0.36 ±0.04) (Figure 

6.15). Whereas, NFC + NapFFGKO showed a value of (0.34 ±0.02), suggesting a less 

spread cell morphology. 

6.2.10 Immunostaining. Differentiation-dependent neural expression of class III β-

tubulin in the central and peripheral nervous system can also be reproduced in neuronal 

or neuroblastic tumors. Class III β-tubulin is highly and consistently expressed both in 

neuroblastomas and neuronal neoplasms, but its distribution is more widespread in the 

subpopulation of tumor cells, demonstrating neuronal differentiation.69-71 Differential 

expression of β-III tubulin leads to the differential organization of the actin 

cytoskeleton, which may drive the morphological changes in the neural cells.72 To 

examine the morphological changes in SH-SY5Y cells at different time points on the 

nanofibrillar cellulose and peptide conjugated cellulose hydrogels, the microtubules of 

the cells were visualized using immunofluorescence labeling via confocal microscopy. 

SH-SY5Y cells were seeded on the hydrogel-coated coverslip and were observed for 

the β-III tubulin expression. The cells were visualized for different time points, i.e., 48 

hrs, 72 hrs, 120 hrs (Figure 6.16). The cells on control coverslip and peptide conjugated 

cellulose hydrogel coverslip demonstrated positive staining with marginal difference in 

the cell morphology and cell spreading area. Cell spreading area and cell shape index 

(CSI) were examined to further quantify the change in cellular morphology of the 

adhered cells.  
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Figure 6.16 Expression of neural marker β-III tubulin in SH-SY5Y cells in 2D cell 

culture. Immunofluorescent staining of β-III tubulin in SH-SY5Y cells cultured on 

control coverslips (a-c), (d-f) Nanofibrillar cellulose, (g-i) NFC + NapFFGKO, and (j-

l) NFC + (NapFFGKO+NapFFGDO) at different time point 48 hrs, 72 hrs, and 120 hrs 

of cell culture, respectively. Scale bar is 10μm. 

 

Figure 6.17 Quantification of (a) cell spreading area and (b) cell shape index of neural 

(SH-SY5Y) cells on uncoated control and hydrogel coated coverslips. 
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The spreading area of the cells on peptide conjugate cellulose hydrogel [NFC + 

(NapFFGKO + NapFFGDO)] was found to be similar to the NFC (410±22 and 398±31 

μm2, respectively) (Table 6.5). While the conjugate hydrogel with positively charged 

peptide (NFC + NapFFGKO) showed (315±29 μm2) showed a decrease in the spread 

area (Figure 6.17), as the conjugate hydrogel with positively charged peptide showed 

less cellular compatibility. Further, the calculated CSI value represents the measure of 

cell shape and size parameters. The CSI value close to 1 represents the circular shape, 

while a CSI value close to 0 suggests a linear elongated morphology. The CSI value of 

cells on control, nanofibrillar cellulose, and [NFC + (NapFFGKO + NapFFGDO)] 

conjugate hydrogel showed no significant differences. NFC showed a CSI value of 

(0.46 ±0.03), and NFC + (NapFFGKO + NapFFGDO) showed a value of (0.51 ±0.04), 

which were similar to that of the control sample (0.44 ±0.06) (Figure 6.17). Whereas, 

NFC + NapFFGKO showed a value of (0.67 ±0.07), suggesting a less spread cell 

morphology.  

Table 6.5 Table on CSI plot and area covered by neuronal cells in β-III tubulin staining. 

Sample CSI values Area covered (μm2) 

Control 0.4405 ± 0.06255 439.29067 ± 39.83127 

NFC 0.46167 ± 0.03789 358.643 ± 21.74971 

NFC+NapFFGKO 0.67783 ± 0.07132 314.74317 ± 29.41307 

NFC+(NapFFGKO+NapFFGDO) 0.5193 ± 0.0467 406.2453 ± 22.43296 

 

6.2.11 Cellular migration assay. Cell migration is a crucial process involved in many 

biological processes, as cells should display the potential ability to reach to wound site 

for its closure. Cell migration is an important procedure that governs the suitability of 

any new biomaterial for the development of the next-generation synthetic matrix. The 

cell’s ability to interact with the matrix is a critical component that promotes cellular 

adhesion and proliferation. For wound closure, the synthetic matrix should contain 

bioactive motifs, which promote cellular adhesion, survival, and growth. In this 

direction, collagen, known to be the most abundant protein in ECM, plays a crucial role 

in cell adhesion and migration. As a result, the potential of our minimalistic peptide 
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design coupled with nanofibrillar cellulose in regulating cell migration can be 

investigated. Hence, our minimalistic peptide design conjugated with nanofibrillar 

cellulose can also be explored to reveal their potential in regulating cell migration.  

 

Figure 6.18 Scratch assay to analyze the cellular migration of L929 cells in presence 

of nanofibrillar cellulose and peptide conjugated cellulose. (a) Scratch closure with the 

treatment of all the hydrogels as well as the untreated control at different time point; 0 

hrs, 12 hrs, and 24 hrs. Scale bar is 400 μm. (b) Quantification of the wound closure 

with time i.e., after 12 hrs and 24 hrs. 

We applied a traditionally used method known as scratch wound assay72, 73 to assess 

the cell migration ability of the nanofibrillar cellulose and peptide conjugated cellulose 

hydrogels. The migration of both fibroblast and neural cells was monitored under a 



233 
 

microscope at different time points up to 24 hours with the treatments. No significant 

difference was observed in the migration of L929 cells between nanofibrillar cellulose 

and peptide conjugated cellulose (Figure 6.18). However, a differential response was 

evident in the case of SH-SY5Y cells.  

 

Figure 6.19 Scratch assay to analyze the cellular migration of SH-SY5Y cells in 

presence of nanofibrillar cellulose and peptide conjugated cellulose. (a) Scratch closure 

with the treatment of all the hydrogels as well as the untreated control at different time 

point; 0 hrs, 12 hrs, and 24 hrs. Scale bar is 400 μm. (b) Quantification of the wound 

closure with time i.e., after 12 hrs and 24 hrs. 

In SH-SY5Y cells, a delayed migration was observed in the case of positively charged 

NapFFGKO conjugated with NFC hydrogel. In contrast, the conjugate system 

containing co-assembled peptides showed higher migration, similar to that of the 

control (Figure 6.19). Such observation again correlated that differential surface 
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topology led to differential bioactivity of the matrix. Thus, the cellular migration study 

again strengthens the virtue of these conjugate hydrogels scaffold.      

6.2.12 Quantitative analysis of cellular interaction via FACS. To further support the 

2D culture studies and proliferation results, both fibroblast and neural cells were 

subjected to quantitative live/dead assay using fluorescence-activated cell sorting 

(FACS). Whole population of treated and control cells were stained with live-dead stain 

(FDA/PI).  Q1 region corresponds to the live cells, while Q3 region corresponds to dead 

cells (Figure 6.20). Live cell population of fibroblast cells in the nanofibrillar cellulose 

and peptide conjugate cellulose [NFC + (NapFFGKO + NapFFGDO)] showed similar 

percentage as that of the control. 95.2% cell population of control sample falls in Q1 

region, while cell population in nanofibrillar cellulose and peptide conjugate cellulose 

[NFC + (NapFFGKO + NapFFGDO)] sample showed 92.7% and 96.1% live 

population. Interestingly, NFC + NapFFGKO showed 88.4% population in the Q1 

region, hence corroborating with the results obtained from 2D and proliferation assays.  

 

Figure 6.20 FACS analysis of L929 (a-d) and SH-SY5Y (e-h) cell lines. Live-dead 

population were identified by staining the cells with FDA and PI. Quadrant Q1 and Q3 

indicates the percentage of live and dead cells respectively.   

A similar pattern of the live dead population was observed with neural (SH-SY5Y) cells 

as well. 97.1% control, 97.5% NFC, 94.8% NFC + NapFFGKO, and 97.6% [NFC + 

(NapFFGKO + NapFFGDO)] live population were observed. The results depicted the 
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differential role of surface topology that may control cellular adhesion and 

proliferation. 

 

6.3 Conclusions 

In conclusion, we explored for the first time the conjugation of nanofibrillar cellulose 

with collagen inspired peptides via non-covalent interactions. The interesting class of 

biomaterial was fabricated by a simple mixing strategy, which offers dual advantages 

by combining biochemical cues offered by peptide segments coupled with structural 

stability and mechanical integrity induced by cellulose nanofibril. Our study 

demonstrated that the TEMPO-oxidized anionic cellulose nanofiber matrix was highly 

tunable. The incorporation of positively charged bioinspired peptide triggered the 

physical cross linking of cellulose with peptide motifs through charge pair interaction 

leading to pore closure in the multi-component assembly. Such reduced porous 

structure turns the surface smooth and may interfere with cellular adhesion. Such 

limitations can be overcome when two complementary ionic peptides were used. The 

preferable salt-bridge formation within the two complementary ionic peptides 

backbones further drives the assembly with cellulose through CH/π and H bonding 

interactions leading to fabrication of more porous and rough hydrogel surface to 

promote cellular adhesion. Our study demonstrated that the CIP conjugated NFC 

hydrogels can successfully promote cell adhesion, proliferation, and migration. These 

multi-component biomolecular hydrogel platform combines the biological world with 

the synthetic world through fabrication of a next-generation biomaterial using 

simplistic strategy of exploring non-covalent physical cross-linking and thus offering 

an enhanced scope for designing novel biomaterial, which may otherwise be 

inaccessible via covalent synthetic routes. This attempt further opens up a new avenue 

for bottom-up fabrication in minimalistic biomolecular nanotechnology to enhance 

complexity in multiscale assembly.  

 

Note:  

The permission has been granted by authors and corresponding author of the published 

paper prior to its adoption in the present thesis. The publication associated with this 

work is:  
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Chapter 7 
Designing pH responsive smart shape 

transformable dynamic nano-vehicle based 

on bioactive peptide nano-assemblies for 

antibacterial therapy and wound healing 
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Dual functionality and environmental tunability of a new class of dynamic 

peptide-based bio-nano assemblies inspired from native collagen protein offers 

advancement towards development of nano-vehicle for the antimicrobial therapy 

and wound healing applications. 
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7.1 Introduction 

Recent advancement in the field of peptide self-assembly have revealed that the short 

peptide amphiphiles possess the unique tendency to self-assemble into differential 

nano-assemblies in response to their surrounding environment. These adaptive nano-

assemblies have accomplished several advancements in the field of diagnostics, 

therapeutics, bioengineering, energy, and healthcare.1-6 Over the past few years, 

developing new functional nanomaterial has become one of the utmost focuses of the 

research community, which may offer several solutions to the social problems.7 In this 

direction, supramolecular self-assembly of short peptide subunits has gained immense 

attention as a bottom-up methodology to fabricate several materials at the nano 

dimension.8 Novel nanostructures can be developed by harnessing the advantages of 

dynamic self-assembly and adaptability of the peptide-based biomolecules to the 

changes in the microenvironment of the designer nanostructures.9-12 Furthermore, 

peptide/protein based self-assembled systems have been widely used in developing 

antimicrobial agents because of their structural versatility and functional benefits.9, 13-

19 Several peptides exhibit stimuli-responsive assembly behaviour, and their ability to 

achieve diverse nanoscale structures is highly dependent on the surrounding 

environmental conditions.20-23 Such intrinsic transmorphic properties of peptide 

nanostructures facilitate the development of stimuli-responsive nanomaterials 

displaying efficient antimicrobial properties.24-28 Hence, the emerging paradigm has 

witnessed a shift towards constructing an array of well-defined versatile biomolecular 

nanostructures with diverse antimicrobial functions and several other biomedical 

applications.29, 30 

In this direction, peptide/protein-based nanoparticles have gained immense significance 

as a carrier for drug delivery because of their facile encapsulation ability of hydrophobic 

molecules in the hydrophobic core of the nano-assemblies and on-demand release 

potency upon external stimuli.30 Furthermore, it was interesting to note that over the 

years, one of the hydroxycinnamic acid derivative i.e., ferulic acid (2E)-3-(4-hydroxy-

3-methoxyphenyl) prop-2-enoic acid has been recognized as an abundant phenolic acid, 

which commonly exists in the plant cell wall.31 Despite its abundance in natural sources 

and clinical benefits, the use of ferulic acid is limited due to its strong hydrophobic 
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nature, which leads to its decreased bioavailability.32, 33 Ferulic acid has been reported 

to exhibit antibacterial activity against several pathogenic bacterial species like A. 

baumannii, C. sakazakii etc., via superoxide ion generation, ROS generation, and 

membrane disruption.34, 35 In a study, Borges et al. reported the antibacterial activity of 

ferulic acid against pathogenic bacteria, which leads to irreversible changes in the 

bacterial membrane via local rupture and pore formation.36 Another useful study by 

Pernin et al. demonstrated the inhibitory property of ferulic acid against L. 

monocytogenes in an emulsified system.37 All these reports indicated that ferulic acid 

exhibits its antimicrobial activity at quite high concentration of this antimicrobial agent, 

which is evident in its minimum inhibitory concentration value i.e., 10-30mM. Such 

high concentration requirement for bacterial cell killing might have been originated 

from the less bioavailability of the ferulic acid in the aqueous environment. Such 

limitations of a potential antimicrobial agent enhance the demand for the development 

of a strategy to improve the availability and bio activity of such hydrophobic drug 

molecules. In this direction, the nanoprecipitation technique may offer a more simple, 

less complex, more feasible, and widely applicable method to encapsulate the 

hydrophobic drug without the help of any additive for particle stabilization.38 

Furthermore, several polymeric nanoparticles have been used for encapsulating 

hydrophobic drugs via the nanoprecipitation method.39 Solvent-based precipitation was 

first used to develop a nanocapsule of poly- (D, L-lactide) encapsulating indomethacin 

as a model drug.40 This facile and simple technique of synthesizing polymeric 

nanoparticles was adapted with several other polymers, indicating the abundant use of 

polylactic-co-glycolic acid (PLGA) as one of the most popular candidates for 

nanoprecipitation.41 In this direction, Reisch et al. reported an ultrasmall polymeric 

nanoparticles in the sub-20-nm range using nanoprecipitation technique.42 The presence 

of differentially charged moieties (carboxylate, sulfonate, and trimethylammonium) to 

the polymeric chain (PLGA) affected the size of the nanoparticles formed via 

nanoprecipitation. The study demonstrated that by reducing the concentration of the 

polymer, the particle size could be reduced further to 15 nm without affecting the 

encapsulation efficiency of the nanoparticles.42 In a study by the Mainardes group, it 

was evident that the bioavailability of the drug curcumin has been enhanced by 

incorporating a PLGA-PEG blend to stabilize the nanoparticles.43 This classical study 

further demonstrated that using a single polymer and polymer blend improved the 
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pharmacokinetics of curcumin. A nanoparticle of <200 nm size showed enhanced 

release of curcumin from the polymer blend as compared to the single polymer. Another 

report by the Karnik group showed that the bigger cargos like insulin and other proteins 

could be encapsulated inside polymeric nanoparticles via nanoprecipitation.44 

Encapsulation of the relatively larger moieties inside the polymeric (PLGA-PEG) 

nanoparticles depends on the ionic chelation, buffer condition, and preparation method. 

To this direction, Tarhini et al. demonstrated the development of protein-based (BSA) 

nanoparticles via nanoprecipitation, and the effect of buffer solution, pH, and cross-

linking was monitored to obtain a homogenous population of nanoparticles.45 Hence, it 

has been evident that there is a growing interest in developing a strategy to encapsulate 

the hydrophobic drugs within in these protein/peptide based nanoparticles which may 

enhance their bioavailability. In this context, we have designed and developed a peptide 

amphiphile adapted from the smallest repetitive domain of collagen protein, which can 

mimic the structural and the functional attributes of the native collagen molecule, which 

we have reported in our earlier chapter. In this work, we have explored another attribute 

of this peptide to tune its nanoscale structure using different chemical stimuli. In 

particular, we have utilized this peptide amphiphile to synthesize spherical 

nanoparticles via nanoprecipitation, which allows the otherwise insoluble hydrophobic 

drug to get encapsulated in the hydrophobic core and renders the construct stable in the 

aqueous environment. Interestingly, this collagen-inspired peptide amphiphile has the 

propensity to self-assemble at basic pH to form peptide nanofibers.46  

Figure 7.1 Schematic representation of the encapsulated peptide nanoparticle synthesis 

via nanoprecipitation and structural transition of the peptide nanoparticles via pH 

switch from pH 7.0 to 8.5, leading to the transformation of nanosphere to nanofibers, 

releasing the FA.  
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This unique spontaneous self-assembling capability of this peptide amphiphile into a 

diverse nanoscale structure on pH switch was quite intriguing to utilize this dynamic 

shape transformation towards developing nanocarriers for drug delivery application 

(Figure 7.1). In particular, in order to trigger the release of encapsulated drug molecules 

from the nanoparticles, a small change in pH of the medium will be necessary, which 

will turn the medium weakly basic. Hence, keeping in mind several preclinical 

advantages of ferulic acid, we have attempted to explore the encapsulation and release 

of ferulic acid towards fabricating a novel nanocarrier based on collagen-inspired 

peptide nanoparticles. In particular, we were interested in the antimicrobial property of 

the ferulic acid at the wound site. In a condition of wounded skin, the acidic milieu and 

the surrounding pH (7.0) of neighboring tissues were disrupted. This exposed wound 

site provides a facile site for several microbial infections, which leads to the shift in the 

pH (7.5 - 8.9) of the wound site and makes it chronic.47 Hence, we developed this unique 

strategy that utilizes the weakly basic pH of the wound site to trigger the structural 

transition of the peptide nanoparticles, which induces the self-assembly of the peptide 

to form peptide nanofibers and thus releasing the encapsulated ferulic acid from the 

nanosphere. When administered to these chronic wound sites, the proposed novel 

fabricated nanoparticles help to combat microbial infection, and the peptide nanofibers 

formed due to the pH switch will serve as a synthetic scaffold for promoting the cellular 

growth leading to wound closure. As the peptide nanoparticles were synthesized using 

a collagen-derived amphiphile, it serves dual functions i.e. (a) self-assembled system 

developed can be utilized as the carrier for the hydrophobic drug, and (b) due to its 

tendency to mimic the native collagen-based ECM derived protein, it provides bioactive 

scaffold for wound repair. To the best of our knowledge, this is the first study to 

fabricate a bio-nano construct with dual functionality and environmental tunability, 

which offer multiple advantages in wound healing. Specifically, the ferulic acid has 

been judiciously incorporated in the short peptide nanoparticles via nanoprecipitation 

technique, which not only acts as an antimicrobial agent but can simultaneously offer 

the beneficial effect of collagen inspired peptide to provide a stable scaffold at the 

wound site to recover faster. Such an approach for constructing peptide nanoparticles 

for entrapping hydrophobic drug moiety overcomes the limitations of the solubility of 

the drug and helps in constructing innovative peptide nanomaterials. 
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7.2 Results and discussions 

7.2.1 Synthesis and characterization of nanoparticles. Peptide based nanomaterials 

possess diverse structural and functional properties, providing huge potential in the 

arena of biomedical and material technology.48 Nanostructures developed from 

naturally derived peptide amphiphiles have emerged as a multifaceted potential 

candidate with wide range of applications in biomedicines.49 Herein, we have designed 

and synthesized a positively charged collagen inspired pentapeptide (NapFFGKO) 

through solid phase peptide synthesis using a protocol mentioned in chapter 2.46 The 

hydrophobic moiety of the amphiphilic peptide is composed of naphthoxy acetic acid 

attached to a dipeptide sequence comprising of the classical diphenylalanine motif, 

which is further linked to the short hydrophilic moiety inspired from native tripeptide 

unit of collagen protein i.e., (G-X-O). In particular, the proline residue of the native 

collagen sequence has been rationally modified with the basic amino acid residue, 

lysine to induce differential pH responsive self-assembly behaviour. We have already 

mentioned the biocompatible attributes of this peptide in chapter 3. The pentapeptide 

sequence, NapFFGKO with log P value of 1.03 ionizes at physiological pH and remains 

in the monomeric state at sub-micromolar concentration. The dissolved peptide has the 

tendency to self-assemble slowly into nanofiber in the presence of a weekly basic 

environment otherwise it formed sheet-like structures at physiological pH when it was 

allowed to settle for longer period of time (Figure 7.2).  

 

Figure 7.2 Collagen inspired peptide, NapFFGKO at physiological pH showed the 

formation of sheet like structure at sub micromolar concentration (200 µM) as depicted 

by AFM studies. 
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To this direction, we were curious to explore the ability of this short peptide amphiphile 

to encapsulate the highly hydrophobic drug/therapeutic agent via nanoprecipitation. In 

this direction, we employed ferulic acid (4-hydroxy-3- methoxy cinnamic acid), a 

phenolic acid, which is well known for its wide range of applications as antioxidant, 

anti-inflammatory agents, and in several other areas of biomedicine, like in 

atherosclerosis treatment, as anti-cancerous, and anti-bacterial agents etc.50 Although 

ferulic acid show several important applications, the hydroxycinnamic acid showed 

poor water solubility, which diminishes the scope of its usage in biomedical field.51 In 

recent years, nanoprecipitation have gained immense importance as mode for facile 

encapsulation and release of the small hydrophobic molecules up on activation through 

external stimuli.52 Nanoprecipitation is a simplistic and facile approach for nanoparticle 

formation, which enables dissolving the hydrophobic cargo in a water miscible solvent 

followed by its slow addition into the amphiphilic polymer or peptide solution.42, 53 In 

the present study, we utilized this elegant approach of nanoprecipitation for preparing 

peptide nanoparticles to encapsulate ferulic acid (Figure 7.3).  

 

Figure 7.3 Schematic representation of the synthesis methodology of peptide-based 

nanoparticle via nanoprecipitation for the encapsulation of hydrophobic drug molecules 

(ferulic acid). 



 

249 
 

The synthesized nanoparticles were subjected to dynamic light scattering (DLS) to 

determine the size of the nanoparticles. DLS study revealed that the hydrodynamic radii 

of the synthesized nanoparticles remain in the range of 40-45 nm with a polydispersity 

index (PDI) of 0.235 (Figure 7.4a). The synthesized nanoparticles were incubated for 

36 hours in the aqueous medium at physiological pH. There were no significant changes 

in the size and PDI of the nanoparticles after incubation, which further confirmed that 

the nanoparticles are stable at physiological pH (Figure 7.4b). Moreover, the stability 

of the nanoparticles in nutrient broth and Dulbecco’s modified eagle medium (DMEM) 

containing 10% fatal bovine serum (FBS) were investigated at physiological pH for a 

time period of 36 hours (Figure 7.4 c&d), since the biological assays were carried out 

in the media. DLS and PDI also showed no significant variation in size in the growth 

medium, suggesting the stable nature of the nanoparticles.  

 

Figure 7.4 Characterization of the ferulic acid encapsulated peptide nanoparticles (FA-

NPs): (a) DLS study of the nanoparticles at physiological pH, (b) Hydrodynamic radii 

and polydispersity index of the synthesized nanoparticles confirmed the stability over 

a time period of 36 hours. Stability assessment of nanoparticles in presence of culture 

medium (c) nutrient broth for bacterial culture, (d) DMEM for mammalian cell culture 

studies. 
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We further investigated the surface charge of the nanoparticles to confirm the 

encapsulation of the hydrophobic drug moiety. The zeta potential (ζ) of nanoparticles 

displayed a surface charge of +20.8 mV suggesting the exposed surface of the particles 

bearing array of positively charged lysine (Figure 7.5a). The hydrophilic region of the 

peptide containing lysine tends to face the exterior of the spherical nanoparticles, hence 

giving an overall positive surface charge to the nanoparticles. Trans-ferulic acid showed 

a surface charge of -35 mV in its dissolved state, while collagen inspired peptide 

showed +45 mV in its monomeric state at physiological pH. The absence of the 

additional signature peaks of ferulic acid in the zeta potential study further suggested 

the complete encapsulation of the hydrophobic drug moiety inside the nanoparticles 

(Figure 7.5a). The synthesized nanoparticles were analyzed using to atomic force 

microscopy to determine the morphological aspect of the nanoparticles. Morphological 

analysis of the synthesized nanoparticle revealed the formation of spherical 

nanoparticles in the range of 40-50 nm (Figure 7.5b). 

 

Figure 7.5 (a) Surface charge of the peptide nanoparticles via zeta potential (ζ) 

measurement showing the positive charge on the surface of the nanoparticles at 

physiological pH. (b) AFM image of the nanoparticles showing the particle size in the 

range of 40-50 nm. Scale bar 1.0 μm 

It was evident from the earlier studies that the size and structure of the nanoparticles 

prepared via non-solvent-based precipitation, which is followed by the nucleation and 

growth leading to the generation of superstructure. The methodology is dependent on 

several parameters that are involved in the processing. More importantly, the generation 

of nanoparticles with the encapsulation of hydrophobic molecule within the core can 

be affected by the alteration in any of these steps, which may lead to the formation of 
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heterogenous particles.45 Hence an optimized protocol was adopted that includes 

continuous stirring and a steady and controlled addition of the non-solvent containing 

hydrophobic moiety was designed so that it can result in the formation of monodisperse 

nanoparticles of dimension in the range of 40-50 nm.  

7.2.2 Transmorphic behaviour of nanoparticles. At this point, we were curious to 

study the mode of release of the encapsulated ferulic acid. It would be extremely 

interesting to get the insights into the physical or chemical stimuli that may assist in the 

release of the hydrophobic drug.  

 

Figure 7.6 Structural transition of the nanoparticles: (a) nanoparticle size distribution 

at physiological pH 7.0 and at slightly basic pH, 8.5, showed the drastic change in the 

size of the nanoparticles, (b) time dependent size analysis at a due course of 6 hours, 

(c) AFM of the peptide nanofibers as converted from spherical nanoparticles under pH 

stimuli (at pH 8.5) after 6 hours. Scale bar 1.0 µm. 

As the earlier study indicated that the positively charged peptide display a pH 

responsive dynamic shape transition, particularly it has the tendency to self-assemble 

into higher order structure at slightly basic pH, hence we have checked the pH response 
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of these nanoparticles by exposing them to a weakly basic pH 8.5 in the aqueous 

medium. Structural transformation was observed immediately after changing the pH of 

the medium. This was evident in the change of the hydrodynamic radii of the 

nanoparticles, which was increased over time at basic pH and reached up to micron size 

(Figure 7.6 a&b). As shown in (Figure 7.6a, b) particle size was found to increase from 

the 40 nm to submicron level (2-3 micron) over the time period of 6 hours while 

exposed at pH 8.5. The major transformation in particle size was observed in the first 

hour of pH switch (Figure 7.6a), which further showed marginal shift in the 

enhancement of the size of the particle with time owing to the transformation of the 

nano particles to nanofibers. To this direction, we performed atomic force microscopy 

to understand the change in the morphology of the nanoparticles after pH switch. 

Interestingly, the nanoparticles incubated for 6 hours at basic pH (8.5) were found to 

demonstrate a structural transition from nanosphere to nanofibers (Figure 7.6c).  

 

Figure 7.7 Time dependent structural transition of the nanoparticles upon switching the 

pH of the aqueous medium from neutral (7.0) to basic (pH 8.5) via AFM studies. Scale 

bar 500 nm 

To understand the multi-scale assembly of peptide governed via thermodynamic and 

kinetic variables, we performed time dependent AFM study to understand the dynamics 

of the nucleation and growth of the nanofiber formation from nanosphere upon 
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changing the pH.54, 55 The time dependent AFM showed the structural transformation 

at the time periods of 5 minutes, 10 minutes, 30 minutes, 60 minutes, and 3 hours. After 

the pH switch, nucleation of the short fibers can be observed at a time point of 5 

minutes, which was further followed by the growth over the time and formed long 

nanofibers were generated leading to higher order network of nanostructure (Figure 

7.7). Since the peptide moiety containing the lysine residue has a high propensity to 

self-assemble at basic pH, we observed the spontaneous self-assembly of the collagen 

inspired peptide monomer as soon as the pH of the medium adjusted to basic pH owing 

to the minimization of the charge repulsion resulting from positively charged lysine 

residues at physiological pH. This slow nucleation at weakly basic pH leads to the 

growth of long fiber of peptide molecules and thus releasing the encapsulated ferulic 

acid into the medium. 

7.2.3 Equivalence point and H-bonding. The ability of the nanoparticles to show the 

structural transformation at different pH values can be understood by the protonation 

and deprotonation of the amine group of the lysine residue in the peptide amphiphile. 

To understand the differential protonation state of the peptide at the physiological pH 

and the weakly basic pH, we performed acid-base titration of these peptide. This 

investigation would be beneficial as the differential ionization of the peptide is expected 

to dictate the differential self-assembly pattern of the peptide monomer and thus leading 

to the structural transformation of the peptide nanoparticles. In this context, the detailed 

understanding of the molecular mechanism is highly essential to fabricate the 

nanocarrier, which may release the cargo on demand. The titration curve showed the 

peptide stayed in the ionized form (NH3
+) at physiological pH and as the pH reaches 

close to 9, it gets deprotonated (NH2) (Figure 7.8a). The pKa of 3.65 and equivalence 

point of 9.12 were observed for the positively charged lysine residue of collagen 

inspired peptide. Based on the titration analysis, we can predict that the peptide 

amphiphiles exist in the ionized (NH3
+) form at the neutral pH and up on increasing the 

pH to 8.5, a major fraction of the peptide monomer gets deprotonated and hence, the 

charge repulsion was found to decrease. Such changes in the ionization further could 

result in the increased affinity of the monomer to interact among themselves via 

hydrogen bonding, π-π stacking, van der Waal interactions, and hydrophobic 

interactions. Such enhancement in the intermolecular interactions has led to the 

formation of self-assembled structures of peptide nanofibers, showing a structural 
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transition at slightly basic pH. The instant change in the hydrogen bonding interactions 

among the peptide on pH switch leading to the structural transition can be further 

confirmed by Fourier transform infrared spectroscopy (FTIR). A broad transmittance 

signal around 3300-3500 cm-1 in the self-assembled state of the peptide nanostructure 

showed the presence of H-bond among the peptide amphiphile, which arises upon 

interaction between -NH and the -CO due to pH change. Furthermore, the appearance 

of the peak at around 1640 cm-1 confirmed the formation of nanofibrillar structure 

formation (Figure 7.8b).46 

 

Figure 7.8 (a) Acid-base titration curve to determine the equivalence point and the pKa 

value of the positively charged collagen inspired peptide, (b) FTIR spectra of the 

nanoparticles and peptide nanofibers.        

The peptide in its monomeric state undergoes assembly via non-solvent-based 

precipitation to form spherical nanoparticles, owing to the lacking of the sufficient of 

H-bonding interactions among the peptide monomers. Whereas, upon pH shift, the 

peptide self-assemble to form peptide nanofibers and an increased peak intensity of N-

H bending at 1640 cm-1 suggested the formation of β-sheet like structures in these 

nanofibers.56 Thus, spectroscopic studies provided the detailed insights into interaction 

mechanism among the peptide amphiphiles at molecular level, which remarkably helps 

in understanding the differential modes of self-assembly towards constructing smart 

peptide nanomaterials.  

7.2.4 Drug encapsulation efficiency. In order to explore this unique shape transition 

behaviour of this collagen inspired peptide towards fabrication of a smart delivery 

vehicle for the therapeutic agent, it is essential to assess their encapsulation efficiency. 
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First of all, the encapsulation yield of the hydrophobic drug would ideally depend on 

factors like solvent miscibility, precipitation speed and drug solubility into the peptide 

amphiphile solution used for encapsulation.57 In order to check the drug loading 

capacity of the synthesized nanoparticles, we further calculated the amount of ferulic 

acid encapsulated and released from the peptide nanoparticles via UV-Vis spectroscopy 

(UV-2600 Shimadzu).  

 

Figure 7.9 Absorbance of nanoparticles: (a) UV-Vis spectra of the nanoparticles at pH 

7.0 (black) and at pH 8.5 (red), respectively. The spectra at pH8.5 shows the presence 

of the characteristic peaks of ferulic acid, indicating the release of the encapsulated 

ferulic acid at pH 8.5. (b) UV-Vis spectra of the ferulic acid at different concentrations 

to make standard curve for the determination of the encapsulation efficiency. (c) 

Standard curve drawn from the respective absorbance obtained at 215 nm for 

determining the loading capacity of the peptide nanoparticles. (d) Cumulative release 

percentage of ferulic acid from the nanoparticles at weakly basic pH (8.5). 

The UV spectra of the peptide itself exhibit a prominent absorption at 224 nm while 

ferulic acid showed its characteristic peaks at around 215 nm, 287 nm and 312 nm, 

respectively (Figure 7.9a). UV spectra of nanoparticles at physiological pH displayed 
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only the absorption peak of the peptide amphiphile, suggesting the exposure of the 

peptide monomers at the surface of the nanoparticles and also indicated the complete 

encapsulation of the hydrophobic drug. The standard curve has been made with a set of 

differential concentrations of ferulic acid to estimate the encapsulation efficiency. UV 

spectra of peptide nanoparticles after every 30 minutes up to 6 hours at pH 8.5 were 

used to calculate the total loading capacity of the nanoparticles. The encapsulation 

efficiency was calculated via the below formula: Encapsulation efficiency = 

(concentration of drug obtained in the nanoparticle /concentration of drug added) × 100. 

To calculate the encapsulation capacity and release of the ferulic acid, we obtained the 

UV-Vis spectra of the ferulic acid at different concentrations (Figure 7.9b). Complete 

disappearance of the signature peaks of ferulic acid from the nanoparticle solution 

suggested the maximum loading of the ferulic acid (Figure 7.9a). A standard curve has 

been drawn from the extent of differential absorption of ferulic acid at different 

concentrations (Figure 7.9c). The calibration curve was further utilized to evaluate the 

released amount of ferulic acid after 6 hours. The encapsulation efficiency of ferulic 

acid obtained after the release was 82 ± 3% (Figure 7.9d).  

7.2.5 Exploration of this peptide based novel nanomaterial as an advanced 

biomaterial for application in antibacterial therapy. We further explored the unique 

intrinsic stimuli responsive differential self-assembling property of the collagen 

inspired peptide to encapsulate and on-demand release of a hydrophobic drug. In 

particular, the drug encapsulated peptide nanoparticles when administered to the wound 

site, can easily release the entrapped drug as the pH of the chronic wounds are slightly 

basic 8.0 - 9.0. The novel nanomaterial will play a dual beneficial role; (a) it will act as 

carrier to deliver an antimicrobial drug to the chronic wound site, which will protect 

the wound from microbial infection while (b) the peptide nanofibers will act as 

synthetic scaffold for the wound repair. Thus, pH responsive structural transition will 

not only lead to an effective way of antimicrobial drug transportation at the wound site, 

simultaneously it will display a dual advantage by delivering the therapeutic agent for 

efficacious antibacterial therapy and providing effective scaffold for tissue engineering 

and regeneration. 

7.2.5.1 Determination of antimicrobial property. In order to assess the antimicrobial 

potential of ferulic acid while released on-demand from the peptide nanoparticles both 

Gram-positive and Gram-negative bacterial strains were utilized. Bacterial strains, 
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Escherichia coli and Staphylococcus aureus were used to determine the antimicrobial 

property of the FA-NPs. Single colony was inoculated and incubated for 6 hours up to 

achieve 0.4 OD to prepare the primary culture, which was further used for determining 

minimum inhibitory concentrations (MIC) and for other assays. To determine the 

minimum inhibitory concentration of the nanoparticles, bacterial cells of 0.4 OD were 

incubated with nanoparticles at a concentration range of 0 to 1000 µg mL-1 for 6 hours. 

To confirm the complete release of the ferulic acid from the nanoparticles and to obtain 

more compelling results, we have modified the growth medium, wherein, the pH of the 

medium was maintained to 8.5 to carry out all the antibacterial assays. After incubation, 

treated bacterial cells were again checked for the change in the bacterial population in 

comparison to control. Figure 7.8a depicts that at concentration of FA-NPs (900 µg mL-

1 or 4.63 mM) at which both the bacterial cell populations were adversely affected and 

showed complete death of the bacterial population. To further confirm the cell death, 

100 µL of the sample was plated on the LB agar medium and incubated overnight to 

check the growth of the bacterial cells on agar plate.  

 

Figure 7.10 Antimicrobial assay: (a) Determination of minimum inhibition 

concentration (MIC) against E. coli (Gram -ve) and S. aureus (Gram +ve) strains and 

(b) the respective colony forming unit (cfu) of both bacterial strains and their 

microscopic views at different concentrations of released FA, i.e., 750 µg/mL and 900 

µg/mL. Scale bar 50 µm 
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Agar plates with two different concentrations 750 and 900 µg mL-1 showed a clear 

difference in the cfu counts (Figure 7.10b), which can also be observed in the 

microscopic images taken at 40X. Bright field images showed negligible number of 

bacterial cells at 900 µg mL-1 concentration, suggesting complete inhibition of the 

bacterial populations. The minimum inhibitory concentration reported in the present 

study showed an advancement in the bactericidal efficacy of the ferulic acid and a 

reduced MIC in comparison to the prior studies36, 37 To this direction, both the cells 

were further stained with LIVE/DEAD Backlight Viability Kit to quantitate the 

bacterial population with damaged membrane via confocal laser scanning microscopy 

(CLSM). The viability kit contains two different dyes; SYTO 9 (green fluorescent),36 

which stains the nucleic acid irrespective of the live and dead populations, and 

propidium iodide (red fluorescent),36 which only stains the bacterial population with 

damaged cell membrane.36 Presence of green fluorescence in both the control bacterial 

samples (Figure 7.11) suggested the presence of live cells, while at concentration of 

750 µg mL-1 of the ferulic acid, it was evident from the respective images that a small 

fraction of bacterial population are displaying merged fluorescence of red and green.  

 

Figure 7.11 Live-Dead assay via CLSM, panel 1: live cells (stained with SYTO 9), 

panel 2: dead cells (stained with PI). Panel 3: merged population (stained with SYTO 

9/PI). (a-c) control E. coli cells (untreated), (d-f) cells exposed to FA-NPs at 750 

µg/mL, (g-i) cells exposed to FA-NPs at 900 µg/mL. (j-l) control S. aureus cells 

(untreated), (m-o) cells exposed to FA-NPs at 750 µg/mL, (p-r) cells exposed to FA-

NPs at 900 µg/mL. Scale bar 10 µm  



 

259 
 

Bacterial population at 900 µg mL-1 showed red fluorescence, which indicated 

maximum number of dead cells, suggesting the killing of bacterial population. At this 

concentration, it was evident that the dead populations were stained with PI, which 

displayed red fluorescence while the green fluorescence was found to be significantly 

reduced, as it merged with the red fluorescence and the cells appeared orange in color. 

Further quantification of live and dead population was carried out using fluorescence 

assisted cell sorting (FACS). Flow cytometry allows fluorescent labelling at single-cell 

level and can differentiate a heterogenous subpopulation present in a sample treated 

with an antibacterial material.58  

 

Figure 7.12 Live-Dead assay via FACS (Quadrant 1: live cells, Quadrant 2: doubled 

stained cells, Quadrant 3: dead cells, Quadrant 4: unstained cells): (a-c) E. coli cells 

exposed to the different concentrations of nanoparticles with control cells. (d-f) S. 

aureus cells exposed to the different concentrations of the nanoparticles with control 

cells i.e., 750 µg/mL and 900 µg/mL.  

It was clearly observed that the cell population from quadrant 1 (Syto9+) shifted to 

quadrant 2 (Syto9+/PI+) with an increase in the concentration of the nanoparticles to 

900 µg mL-1 (Figure 7.12 b,c &e,f). The control sample showed higher cell population 

in the Q1 region (97.0%) and only a negligible amount of about 3% population in the 

Q2, Q3 and Q4 region. Whereas, upon treatment with the nanoparticles at different 
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concentration of 750 and 900 µg mL-1, the maximum cell population were drifted to the 

Q2 region (78.1% and 98.4% respectively), suggesting the quantitative assessment of 

the cell death at the respective nanoparticle concentrations (Figure 7.12a-c). Similar 

pattern of antimicrobial behaviour was observed with Gram positive strain as well. 

Control sample of S. aureus showed maximum population of 98.2% in Q1 region and 

rest in the unstained region. Whereas upon treatment with the nanoparticles at 750 and 

900 µg mL-1, the cell population shifted to quadrant 2 with 88.12% and 97.4%, 

respectively suggesting bactericidal effect of released ferulic acid (Figure 7.12d-f). 

These observations concluded the pronounced antibacterial effect of FA-NPs at 900 µg 

mL-1 concentration on bacterial cells, leading to the death of maximum cell population. 

7.2.5.2 Assays for antimicrobial mechanism. At this point, it is crucial to understand 

the mechanism behind the antimicrobial property of the FA-NPs exposed to the 

bacterial cells, which can be attributed to the damage in the cell membrane causing the 

ion leakages and proton influx.59 Disturbance in the cell membrane up on action by 

ferulic acid may lead to the change in intracellular ATP concentration, membrane 

potential and pH shift of the bacterial cells.35 The generation of reactive oxygen species 

(ROS) above a cell’s normal threshold is the most important factor in bacterial cell 

death 34. In this direction, it was crucial to estimate the amount of free radicals generated 

in the treated bacterial cells.  

 

Figure 7.13 Mechanism of antimicrobial property: (a) DCFH-DA assay to determine 

the ROS production via relative fluorescence intensity. (b) Malondialdehyde assay to 

determine the lipid peroxidation leading to the cell membrane disruption. 
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To quantify the level of ROS generation, we have used 2’,7’ -dichlorofluorescin 

diacetate (DCFH-DA), a non-fluorescent molecule, which shows fluorescence emission 

only after reacting to the intracellularly generated ROS.34 A clear difference in the 

fluorescence count of the nanoparticle treated samples were observed in comparison to 

the untreated control cells (Figure 7.13). The extent of ROS generation was more 

prominent at 900 µg mL-1 in both the bacterial strains. The enhanced ROS level 

observed at 900 µg mL-1 as compared to the control cells depicts the detrimental activity 

of the ferulic acid to the bacterial cells and thus acting as an antimicrobial agent (Figure 

7.13a). The pronounced level of ROS within the treated cells further suggested the 

internalization and release of the ferulic acid within the target cells. It can be realized 

that the gradual increase in the oxidative stress due to the membrane damage is the 

major outcome of the ROS generation and its accumulation in the bacterial cells. 

Moreover, ferulic acid was also known to damage the cellular membrane of the 

bacterial population.60 To this direction, we have also performed malondialdehyde 

(MDA) assay to estimate the extent of damaged cellular membrane via lipid 

peroxidation.61 A remarkable difference in the lipid peroxidation was observed in the 

nanoparticles treated bacterial samples as compared to the control untreated cells. A 

significantly higher level of MDA content was evident at 900 µg mL-1 as compared to 

the concentration 750 µg mL-1 in both the bacterial strains (Figure 7.13b). These 

observations clearly suggested the mode of action of ferulic acid towards displaying the 

detrimental effect against pathogenic bacterial strains. Both assays demonstrated the 

inhibitory mechanism of the ferulic acid towards bacterial population. It can be inferred 

that an increased level of reactive oxygen species (ROS), along with the morphological 

changes and the disintegration of the bacterial cell membrane due to lipid peroxidation 

are the probable reasons for the inhibition of the growth as well as survival of the 

bacterial populations.  

7.2.5.3 Microscopic examination of damaged cell membrane. It has been already 

documented through DCFH-DA and MDA assays that the bacterial cell death took 

place due to the compromised cell membrane of the treated bacterial cell populations. 

A chain of oxidative degradation leads to the removal of electron from the lipid, which 

results in the damaged cell membrane.62 Disruption in the cell membrane integrity and 

its structure was further visualized by FE-SEM in the FA-NPs treated bacterial cells 

(Figure 7.14). The typical rod shape of E. coli (2-3 µm long and 0.4-0.5 µm wide) and 
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cocci shape of S. aureus (0.5-0.8 µm diameter) with even cell boundary and intact cell 

membrane without any damaged section were observed in the untreated cells (Figure 

7.14 a,d). The FA-NPs treatment at 750 µg mL-1 showed mixed bacterial population 

with reasonably distorted cell morphologies, which corroborates with the prior results 

of 75-80% cell death (Figure 7.14 b,e). However, bacterial cells treated with 900 µg 

mL-1 FA-NPs led to the loss of structural integrity, loss of cytoplasmic content, 

deformed cell shape, referring to the cell death in both types of bacterial populations 

(Figure 7.14 c,f). 

 

Figure 7.14 Field Emission Scanning Electron Microscopic (FE-SEM) images of the 

control bacteria cells (a, d) showing intact cellular membrane. Bacterial cells at 750 µg 

mL-1 treatment showed stressed population (b, e) and at 900 µg mL-1 FA-NPs showed 

damaged cell membrane (c, f). Scale bar 1µm 

7.2.5.4 Biocompatibility of these nanostructures to the mammalian cells. 

Furthermore, the assessment of the biocompatibility of these dynamic nanostructures is 

highly desirable in order to design a next-generation nanocarrier for antimicrobial 

therapy. The cytocompatibility of these novel fabricated nanoparticles with fibroblast 

cells were carried out using MTT reduction assay. As indicated in chapter 3, our earlier 

report established that the collagen inspired peptide (NapFFGKO) were highly 

biocompatible, which was evident from their cellular viability against fibroblast cells, 

of around 85-100% at different concentrations of peptide.46 To this direction, it was 

essential to monitor the effect of the spherical nanoparticles formed by the peptide 
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monomer towards mammalian cells. We speculate that the change in surface topology 

of the peptide nanoparticles and ferulic acid released at pH 8.5 might show an adverse 

effect on the mammalian cells. Therefore, we were curious to check the behaviour of 

the mammalian cells after exposure to the intact spherical nanoparticles and the peptide 

nanofibers with the released ferulic acid. We have chosen fibroblast cells (L929) to 

study the biocompatibility of the synthesized nanoparticles as the peptide construct was 

inspired from collagen molecule, which is the major protein associated in the wound 

healing process.63 The cell viability was assessed after 24 hours for both types of 

peptide nanostructures, i.e., nanosphere with encapsulated with encapsulated drug and 

the nanofibers with the released drug. The FA-NPs and the peptide nanofibers with 

released drug showed biocompatible behaviour up to concentration 900 µg mL-1 with 

the cell line, which can be observed from the bright field images (Figure 7.15). It is 

very crucial to assess whether there is any differential effect of the bactericidal agent, 

exists between the bacterial cells and the mammalian cells before considering it to be 

used as a therapeutic agent. 

 

Figure 7.15 Cellular viability of the nanoparticles with fibroblast cells; (a) 

Biocompatibility studies to compare the effect of FA-NPs and released ferulic acid. (b) 

Bright field images of L929 cells with FA-NPs and (c) Bright field images of L929 

cells with released ferulic acid at 900 µg/mL. Scale bar 100 µm 

Ideally, it can be envisioned that the concentration that triggered the toxicity to the 

bacterial cells, should not induce any toxic effect to the mammalian cells. It was very 
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interesting to note that the drug encapsulated peptide nanoparticles at the 900 µg/mL 

concentration was highly biocompatible to the fibroblast cells, which was revealed by 

the MTT assay, although at this concentration, these nanoparticles show toxicity to the 

bacterial cells. Thus, the biocompatible nature of the synthesized nanoparticles 

enhances the scope of these dynamic nanostructures for the futuristic applications. 

7.2.5.5 Cellular migration assay (Wound closure) 

Cell migration is an important component in many biological processes as this gives 

the ability to reach to the wound site for its closure.  

 

Figure 7.16 Scratch wound assay to analyze the migration ability of the fibroblast cells 

in presence of peptide nanofibers; (a) Scratch closure with the treatment at different 

time points. Scale bar 400 μm. (b) Quantification of the wound closure with time i.e., 

after 12 hours and 24 hours.  



 

265 
 

In order to function as a synthetic matrix for wound healing application the peptide 

nanofibers should be able to interact to the cells and improve the process of cellular 

migration.64 The synthetic matrix contains bioactive motifs as discussed in the previous 

chapters, which promote the cellular adhesion, survival and growth. In this direction, 

the pH responsive dynamic nanofiber network evolved from our minimalistic peptide 

design was further explored to assess its potential in regulating cellular migration. We 

applied a well-known technique of scratch wound assay65, 66 to assess the cellular 

migration ability of the nanofibrillar peptides. The migration of fibroblast cells was 

monitored under a microscope at different time points up to 24 hours with the peptide 

nanofibers as treatment. An increased migration rate was observed in the peptide treated 

samples, suggesting the supportive nature of the peptide nanofibers towards function as 

material for wound healing (Figure 7.16). Thus, the cellular migration study strengthens 

the virtue of these peptide nanofibers working as synthetic scaffold. 

7.3 Conclusions 

In conclusion, we present for the first time the fabrication of a bio-nano construct based 

on bioactive peptide domain of a native ECM protein which offers dual functionality 

and environmental tunability, and thus displayed numerous advantages in wound 

healing applications. Specifically, we have explored the unique intrinsic stimuli 

responsive differential self-assembling property of the collagen inspired peptide to 

encapsulate and release the hydrophobic drug molecule and thus enhancing its 

therapeutic efficacy. A novel nano-formulation was fabricated in the form of spherical 

nanoparticles using the peptide amphiphile to encapsulate the hydrophobic drug ferulic 

acid, which renders the construct stable in aqueous environment. Interestingly, the 

peptide amphiphile has a propensity to show a dynamic behaviour up on pH switch, 

which is evident from its structural transition from nanosphere to nanofibers at weekly 

basic pH of 8.5 to release the antimicrobial drug at the wound site that displays a 

surrounding pH of 7.5-8.9. Hence, we developed this unique strategy that utilizes the 

weakly basic pH of the wound site to trigger the structural transition of the peptide 

nanoparticles, which induces the self-assembly of the peptide to form peptide 

nanofibers and thus releasing the encapsulated ferulic acid from the nanosphere. The 

proposed novel fabricated nanoparticles showed an enhanced efficacy of ferulic acid, 

which was evident in a lower value of MIC as reported earlier for ferulic acid ferulic 

acid in aqueous medium.36 We envisage that these novel nano-constructs will offer a 
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dual advantage. In particular, the released drug from the nanosphere will help to combat 

microbial infection, and the peptide nanofibers formed due to the pH switch will serve 

as a synthetic scaffold for wound regeneration. Such pH responsive structural transition 

will lead to an efficient way of drug transportation to show the antimicrobial activity. 

The present study provides the insights into designing of transformable peptide-based 

nanostructure and demonstrate their application in antimicrobial therapy to construct 

next-generation biomaterial. 
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Chapter 8 
Conclusions and Future perspective 
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Schematic representation depicting the fabrication of the diverse nanostructure 

accessed in the single gelator domain derived from short collagen inspired peptide, 

which offer significant potential in diverse regime of biomedical nanotechnology-

based applications. 
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8.1 Summary 

Focusing on the notion of utilizing the classical and elegant strategy of molecular self-

assembly through exclusively choosing a minimalistic approach and emulating the 

bioactivity of natural design, we have tried to overcome the challenges involved in the 

design and synthesis of peptide-based biomaterials. Advanced tissue scaffolds 

developed from these short peptide amphiphiles are intended to govern the cellular 

behaviour by actively engaging with the cells and regulating the cellular proliferation 

rather than just functioning as sessile scaffold that provide structural support to hold 

the cells at the target region. We concentrated on building bioactive scaffolds based on 

the short/truncated bio-functional sequences of proteins found in the natural ECM. The 

rationale for targeting the ECM derived proteins relies on mimicking the similar 

microenvironments of the cells of choice to provide a more suitable habitat for the cells 

to achieve better adaptability. Furthermore, the constructed scaffolds allowed for a 

better understanding of the necessary parameters for controlling and regulating the 

physiochemical characteristics of the native ECM. For designing these biomolecular 

hydrogel scaffolds, we have utilized a well-known bioinspired bottom-up strategy i.e., 

molecular self-assembly. Molecular self-assembly offers a better control over the 

interactions, which allows achieving of the higher level of complexity, and thus creating 

a network very similar to that of the natural systems. This strategy was used in this 

thesis to design two ionic complementary collagen inspired peptide amphiphiles and 

tune their self-assembly behaviour through utilization of different external stimuli to 

achieve differential molecular organization. Such non-conventional approach of 

molecular self-assembly leads to fabrication of diverse nanostructures, which 

demonstrated different biological applications. Moreover, the peptides and proteins 

only represent a single component of biomacromolecules present in the native ECM. 

Thus, development of biomaterial solely using peptides to achieve the similar level of 

structural and functional complexity of the native ECM would not be a rational 

approach. In this direction, our smart approach was focused to design and develop a 

conjugate system containing the benefits of bioactive motifs of peptide for favorable 

cellular interactions and the biological polymer, which can provide the structural 

stability as well as mechanical rigidity to the scaffold. Further, we have demonstrated 

the fabrication of a new class of peptide-based bio-nano construct, which provides dual 
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functionality and environmental tunability offering the advancement in the microbial 

therapy and wound healing application.  

The thesis begins with an overview of the current state of the art strategies that are 

developed in the advancement of bioinspired synthetic scaffolds, which is followed by 

a discussion on the importance of peptide-based bioactive materials in tissue 

engineering and regenerative medicine. Further we attempted to provide a thorough 

details of the advanced molecular-self-assembly strategies, which are frequently used 

in the fabrication of peptide-based biomaterials. This section is further followed by the 

various non-covalent interactions that guide peptide self-assembly and the specific 

gelation routes that are used to construct different scaffolds out of peptide-based 

building blocks. We've also discussed the relevance of biopolymer-peptide interactions 

in constructing a biomimetic advanced scaffold for tissue engineering applications in 

subsequent sections. Finally, we discussed the uses of peptide-based hydrogels in a 

variety of biological sectors. In summary, this chapter explores peptide-based 

supramolecular structures to offer an overview of the recent advancements in the field 

of biomaterial science. The materials and technique used for the synthesis, 

characterization, and assessment of the biological activity of the designer peptide 

hydrogels were discussed in the second chapter. The development of bioactive peptide 

hydrogels to attain structural and functional complexity in a gradual way, starting with 

peptide molecular assembly and progressing to multi-component co-assembly to 

construct next-generation biomaterials, was illustrated in the following chapters. 

The main findings of the research work presented in thesis can be summarized as: 

1. In chapter 3, we report the crucial molecular design of oppositely charged 

collagen inspired shortest bioactive pentapeptide sequences, as a minimalistic 

building block for the development of next-generation biomaterials. The peptide 

features the repeating unit of collagen molecule (Gly-Pro-Hyp), where proline 

has been replaced with two oppositely charged amino acids, lysine and aspartate 

in two ionic complementary sequences. The designed sequences showed 

effective self-assembly either at acidic/basic pH depending up on their overall 

surface charge. However, such phenomenon limits their bio-applications. 

Surprisingly, simple mixing of the two peptides were found to induce the co-

assembly of these designed peptide, which drives the formation of self-
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supporting hydrogel at physiological pH and thus enhanced the potential of 

exploring these peptides for biomedical purposes. Initiation of the electrostatic 

interaction was found to have profound effect on gelation behavior of the short 

bioactive peptides. The minimum gelation concentration of the individual 

peptides has been reduced with an increase in their mechanical strength at 

physiological pH for their co-assembled state. Such interesting feature enhanced 

the scope of these designed gels to be explored as smart biomaterial to support 

their biological functions. Interestingly, these bioinspired peptide sequences 

showed excellent biocompatibility with the fibroblast cells, which provides the 

evidence for developing such functional materials for biomedical applications. 

2. In chapter 4, we present the cooperative effect of biologically relevant metal ion 

coordination in a minimalist bioactive peptide molecular domain to promote 

hydrogelation at physiological pH. By simply adding metal ions, the detrimental 

effect of surface charge of the peptide can be minimized, which has direct 

implication in promoting cellular proliferation to develop next-generation 

biomaterial for tissue engineering applications. We have explored the 

previously designed native collagen triple helical peptide sequence (Gly-Asp-

Hyp) that display negatively charged surface at physiological pH and thus self-

assemble at pH 5.0. Since, the peptide monomer failed to self-assemble at an 

ambient condition, hence its application in biomedicine is limited. Interestingly, 

the negatively charged peptide shifted its equilibrium point of self-assembly and 

showed conversion from sol to gel in the presence of divalent metal ions 

(Ca2+/Mg2+) at physiological pH. Moreover, highly tunable hydrogels with 

diverse mechanical strength can be developed by simply tuning specific metal 

ions of biological relevance and their relative concentrations in the solution. 

Thus, this simple methodology can be utilized as a powerful approach that can 

overcome the limitations of charged peptide construct. In this regard, we 

achieved diverse gels with higher mechanical strength at a much lower 

concentration, as reported earlier. The changes in physical properties were 

found to bring in a difference in biological activities. The differential cellular 

response was observed in the new designer construct i.e., metal coordinated 

hydrogels. Cellular viability, adhesion, and proliferation demonstrated the 

importance of metal ions in modulating the collagen inspired peptide assembly 
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as a next-generation biomaterial. Furthermore, the new constructs with metal 

ions promoted cellular functions, as evident from the F-actin and β-III tubulin 

staining studies. Interestingly, significant enhancement in cellular viability, 

adhesion, and proliferation was evident in peptide hydrogels prepared with 

magnesium coordination compared to calcium ions, which may be attributed to 

their differential spatiotemporal arrangement in the self-assembled state. This 

may generate differential physical cues to the specific cell types. Such 

interesting cooperative self-assembly enhances the scope of these biomaterials, 

which can be applied in developing extracellular matrix mimics for futuristic 

applications. 

3. In chapter 5, we demonstrated the cooperative deposition of calcium phosphate 

on the collagen fiber with preliminary growth of hydroxyapatite crystals. The 

overall mechanism involves the mutual and combined interaction of all the four 

components (peptide fiber, calcium chloride, disodium phosphate, and glutamic 

acid) to nucleate the mineralization. The glutamic acid adsorbed onto the 

peptide fiber surface interact through the electrostatic interaction between the 

positively charged lysine moieties present on the fiber surface. It was evident 

that the area of calcium deposits, which were considered as the site of nucleation 

further grows to cover the entire peptide nanofiber. Microscopic and 

spectroscopic characterization revealed that the presence of hydroxyapatite 

crystal on the peptide fiber. These mineralized fibers were also found to be 

biocompatible with the osteoblast and found to promote cellular proliferation of 

both the cell lines 7F2 and Saos-2. Furthermore, the mineralized peptide showed 

increased production of alkaline phosphatase (ALP) after 7 days of incubation 

and the similar phenomenon was observed in Alizarin Red S staining. Thus, this 

novel approach demonstrated that the mineralized collagen peptide is capable 

of promoting osteogenesis and enhances mineralization ability of the collagen 

fibers. This strategy further reinforced the potential application of the 

mineralized collagen fibers towards effectively fabricating the grafts for bone 

tissue engineering. 

4. In chapter 6, we explored for the first time the conjugation of nanofibrillar 

cellulose with collagen inspired peptides via non-covalent interactions. The 

interesting class of biomaterial was fabricated by a simple mixing strategy, 
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which offers dual advantages by combining biochemical cues offered by peptide 

segments coupled with structural stability and mechanical integrity induced by 

cellulose nanofibril. Our study demonstrated that the TEMPO-oxidized anionic 

cellulose nanofiber matrix was highly tunable. The incorporation of positively 

charged bioinspired peptide triggered the physical cross linking of cellulose 

with peptide motifs through charge pair interaction leading to pore closure in 

the multi-component assembly. Such reduced porous structure turns the surface 

smooth and may interfere with cellular adhesion. Such limitations can be 

overcome when two complementary ionic peptides were used. The preferable 

salt-bridge formation within the two complementary ionic peptides backbones 

further drives the assembly with cellulose through CH/π and H bonding 

interactions leading to fabrication of more porous and rough hydrogel surface 

to promote cellular adhesion. Our study demonstrated that the CIP conjugated 

NFC hydrogels can successfully promote cell adhesion, proliferation, and 

migration. This multi-component biomolecular hydrogel platform combines the 

specificity and biochemical functionality of the biological world with the 

synthetic world through fabrication of a next-generation biomaterial using 

simplistic strategy of exploring non-covalent physical cross-linking. Thus, this 

simple mixing strategy has been offering an enhanced scope for designing novel 

biomaterial, which may otherwise be inaccessible via covalent synthetic routes. 

This attempt further opens up a new avenue for bottom-up fabrication in 

minimalistic biomolecular nanotechnology to enhance complexity in multiscale 

assembly.  

5. In chapter 7, we present for the first time the fabrication of a bio-nano construct 

with dual functionality and environmental tunability, which offers numerous 

advantages in wound healing applications. Specifically, we have explored the 

unique intrinsic stimuli responsive self-assembling property of the collagen 

inspired peptide to encapsulate and release the hydrophobic drug molecule. A 

novel nano-formulation was fabricated in the form of spherical nanoparticles 

using the peptide amphiphile to encapsulate the hydrophobic drug ferulic acid, 

which renders the construct stable in aqueous environment. Interestingly, the 

peptide amphiphile display the propensity to show a dynamic behaviour under 

pH switch, which is evident from its structural transition from nanosphere to 
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nanofibers at weekly basic pH of 8.5. At this pH, it tends to release the 

antimicrobial drug at the wound site that displays a surrounding pH of 7.5-8.9. 

Hence, we developed this unique strategy that utilizes the weakly basic pH of 

the wound site to trigger the structural transition of the peptide nanoparticles, 

which induces the self-assembly of the peptide to form peptide nanofibers and 

thus releasing the encapsulated ferulic acid from the nanosphere. The proposed 

novel fabricated nanoparticles showed an enhanced efficacy of ferulic acid, 

which was evident in a lower value of MIC as reported earlier for ferulic acid 

ferulic acid in aqueous medium. We envisage that these novel nano-constructs 

will offer a dual advantage. In particular, the released drug from the nanosphere 

will help to combat microbial infection, and the collagen derived peptide 

nanofibers formed due to the pH switch will serve as a synthetic scaffold for 

wound regeneration. Such pH responsive structural transition will lead to an 

efficient way of drug transportation to show the antimicrobial activity. This 

unique study provided the insights into designing of transformable peptide-

based nanostructure and demonstrated their applications in antimicrobial and 

biomaterial generation. 

8.2 Future perspectives 

In the coming years, researchers will continue to be fascinated by the extraordinarily 

complicated and advanced functions performed by peptides, proteins, and sugars 

derived from the native ECM. Such unique advantages offered by the biomolecules will 

help the researchers to design biomimetic systems that govern cellular activity in vitro. 

Hydrogels made from short self-assembling peptides are an advanced class of 

biomaterials with a lot of potential for tissue engineering applications. The core 

structure of the basic building blocks may be easily changed to attain desired biological 

function due to their simple design flexibility. The self-assembly of peptides is 

primarily driven by non-covalent interactions, which constructs the final hydrogel 

material with specific structural and functional tunability. In comparison to previous 

synthetic systems investigated for tissue engineering applications, the physical 

characteristics, nano-topography, morphological traits, etc. can easily be modified in 

these macromolecular ensembles owing to the molecular association resulting from 

weak non-covalent interactions. Their advantageous attributes, including 

biocompatibility, optimal degradation rates, and simplicity of ligand presentation, make 
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them a great choice for further exploration. Furthermore, for the development of 

sophisticated tissue mimics, the combinatorial strategy exploiting the benefits of 

including diverse components of natural ECM such as peptides, sugars, vitamins, and 

growth factors inside a single scaffold is likely to gather enormous attention in the 

future. Furthermore, the tunability of peptide-based biomaterials to control 

physicochemical properties makes them an ideal candidate to be explored for other 

futuristic applications such as the development of environmentally friendly energy 

harvesting systems, wearable electronics by exploring peptide piezoelectric response, 

stimuli-responsive on-demand drug delivery vehicles for various diseases, 

biocompatible scaffolds for catalytic reactions, and probes for bioimaging purposes. 

We anticipate that present understanding and fundamental knowledge acquired in 

peptide self-assembly, as well as future advances in the area, will considerably 

contribute in overcoming the current clinical challenges in tissue engineering and 

regenerative medicine. 
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