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Lay Summary 
 
     Peptides are widely acknowledged as highly versatile building blocks for the fabrication of bioactive 

materials due to their relative ease of synthesis and scalability. Comprised of amino acids, which are 

naturally abundant in the body, peptides demonstrate inherent biocompatibility. Under the influence of 

external stimuli, such as pH, temperature, solvent, and counter ions, peptides undergo self-assembly and 

give rise to a diverse array of architectures in nano dimension, which includes vesicles, micelles, fibres, 

tubes, tapes, and ribbons. By modifying the amino acid composition or functionalization, these self-

assembled peptides can be designed for various biomedical applications. In addition, their design can be 

further optimized to induce specific responses from cells by integrating bioactive epitopes, such as cell 

adhesion motifs, growth factors, or enzyme-mimicking sequences. Over the past two decades, there has 

been extensive research into the use of self-assembled, peptide-based scaffolds for tissue regeneration. 

This thesis outlines the utilization of self-assembled peptide-based nano assemblies to manage difficult 

to heal wounds (chronic wounds) and bone defects (bone regeneration). Chapter 1 provides an overview 

of peptide self-assembly, factors influencing it, and a review of its diverse biomedical applications. In 

addition, this chapter also provides the summary of challenges in the field and outlines the objectives of 

the thesis to address those challenges. Chapter 2 presents a multifunctional wound healing peptide gel 

with antibacterial, anti-inflammatory, and angiogenesis promoting properties. Chapter 3 discusses the 

development of cyclic hexapeptide nanotubes for promoting growth of damaged blood vessels in 

difficult to treat diabetic wounds. The fabrication and assessment of alkaline phosphatase (ALP)-

mimicking cyclic peptide nanotubes for bone regeneration to treat bone defects is detailed in Chapter 4. 

Chapter 5 present the major conclusions of the thesis with a summary of the work done and its 

contribution to the field. It also discusses the future perspectives for the peptide-based gels and 

nanotubes developed in this thesis. 
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Abstract 

Molecular self-assembly is a process of bottom-up development in which molecular building blocks 

interact at the nanoscale level upwards via non-covalent interactions to allow ordering into highly 

organized supramolecular materials with desired functionalities. The non-covalent interactions involved 

are hydrogen bonding, van der Waal's forces, electrostatic, and hydrophobic interactions. At the 

molecular level, biomolecules like DNA, RNA, phospholipids, polysaccharides, proteins, and peptides 

can spontaneously form self-assembling structures. However, self-assembling peptide-based systems 

have emerged as the most prevalent due to the significant advantages over the other polymeric 

biomaterials. They are easy to synthesize with tailored functional groups, scalable, and mimic the natural 

nanofibrous morphology of in vivo extracellular matrix (ECM). While the polymeric biomaterials 

generate an immunogenic response, the biodegradation products of peptides, amino acids, are in general, 

non-toxic to the surrounding cells and tissues. As the structural and functional domains of naturally 

occurring proteins, peptides have been widely used to fabricate biomaterials to promote wound 

healing and bone regeneration. By introducing different amino acids, peptides can be self-assembled 

into nanostructures like vesicles, micelles, rods, ribbons, tapes, tubes, and nanofibers under the given 

physicochemical conditions, which can further be utilized for different biomedical applications. The 

majority of existing peptide-based biomaterials either involve the utilization of growth factors or drugs 

for their therapeutic responses. However, the erratic release of the drugs, stability of growth factors, and 

immunogenic responses limit their clinical translation. In this thesis, we have addressed these challenges 

by developing growth factor and drug-free peptide-based nanoarchitectures adorned with bioactive 

functional groups to promote chronic wound healing and bone regeneration. These scaffolds address the 

existing knowledge gaps in the field and provide a novel approach to promote tissue regeneration. The 

thesis has been organized into five chapters. 

Chapter 1 introduces the self-assembled peptide scaffolds, with emphasis on their significance in 

wound healing and bone regeneration. An overview is provided on the peptide self-assembly, interaction 

involved, factors affecting the process of self-assembly, nanostructure formation along with their 

biomedical applications in wound healing and bone regeneration. The role of extracellular matrix (ECM) 

and the need for biomaterials mimicking native extracellular matrices is also explained. The chapter also 

presents comprehensive literature survey, knowledge gap/problem definition, thesis objectives and 

scope, and organization of thesis.  

Chronic wounds are a major healthcare burden worldwide, seriously affecting the life quality of patients. 

The pathophysiological mechanisms of chronic wounds are complex and, therefore, multipronged 

approaches that address several different biological mechanisms are desirable. Conventional bandages, 

gauzes, and hydrogels merely provides a physical barrier and absorb the wound exudates keeping the 
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moist environment. However, they overlook the underlying complex cellular mechanisms in chronic 

wounds. Therefore, in chapter 2, we have developed a multifunctional, nanofibrous lauric acid-peptide 

conjugate gel incorporating bioactive Y2O3 nanoparticles targeting various aspects of chronic wound. 

The gel exhibited potent ROS scavenging and bactericidal properties against E. coli and S. aureus, the 

prevalent strains at the wound site. The material was cytocompatible and provided a matrix for cell 

migration and proliferation, thus, resulting in efficient wound healing. The Y2O3-loaded gel also 

exhibited the angiogenic properties by activating hypoxia-induced cellular pathways. The peptide gel 

provides a drug-free, multifunctional approach for wound healing with proangiogenic, ROS scavenging, 

and antibacterial properties.  

Diabetes mellitus is a chronic disease characterized by hyperglycemia due to defects in insulin secretion 

or function. Elevated proteases and dysfunctional cellular pathways in diabetes compromises the 

angiogenesis. The strategies of exogenously delivering growth factors, angiogenic drugs, and gene 

therapies have major challenges of immunological reactions, degradation, and batch-to-batch variability 

in efficacy. Therefore, chapter 3 involves the development of growth factor-free proangiogenic cyclic 

hexapeptide (PWLSEKs) nanotubes. Nanotubes have heparin-mimicking functional groups to 

endogenously effect the angiogenic cellular pathways to promote diabetic wound healing. The 

nanotubes exhibited excellent cytocompatibility and induced no immunogenic response. The 

proangiogenic studies on hyperglycemic human umbilical vein endothelial cells (HG-HUVECs) showed 

an upregulated expression of proangiogenic marker proteins and genes. The nanotubes elevated the 

endothelial tube formation with a significant increase in tube length, number of nodes, junctions, and 

master segments. The in vitro wound healing studies on HG-HUVECs showed an increase in 2D and 

3D-cell migration and invasion, thus, resulting in efficient wound healing in diabetic conditions. 

Proangiogenic cyclic peptide nanotubes, therefore, offer a promising approach for accelerating 

diabetic wound healing without the need for exogenous growth factors, drugs, and glycosaminoglycans, 

like heparin. 

The Bone Health and Osteoporosis Foundation estimates the total cost of care associated with 

osteoporotic and non-union fractures will reach $95 billion in 2040. The use of gold standard, allografts, 

are impeded by potential infection, limited availability, a high non-union rate, and risk of consequent 

surgeries. Thus, there is requirement of bio-interactive materials inducing the osteogenesis and bone 

mineralization. The use of natural enzymes in regenerative scaffolds are hampered by their vulnerability 

to denaturation, time, cost, and effort required for their purification and processing. Therefore, the 

development of synthetic biomaterials mimicking enzymes is critical for tissue regeneration. In chapter 

4, we focused on developing alkaline phosphatase (ALP)-mimicking cyclic peptide nanotubes to induce 

osteogenesis and bone mineralization. The nanotubes consist of histidine residues with imidazole rings 

in close proximation, which is a critical group in the functional domain of ALP. Nanotubes demonstrated 
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compatibility with murine pre-osteoblast MC3T3-E1 cells along with a notable ROS scavenging and 

anti-inflammatory properties. The enhanced phosphatase activity and formation of bone-like nodules 

showed osteogenic differentiation and bone mineralization. Subsequently, the biomaterial was found to 

upregulate the expression of genes marking osteogenic differentiation, namely osteopontin, osteocalcin, 

alkaline phosphatase, and runt-related transcription factor-2, following incubation periods of 7 and 14 

days. Furthermore, the nanotubes were shown to inhibit osteoclastogenesis by reducing the expression 

of critical cytokines involved in this process, RANKL and TRAP. The developed biomaterial promoted 

the differentiation of preosteoblast cells into osteoblasts, which is a significant challenge for the 

currently available bone grafts. These biocompatible enzyme-like, peptide scaffolds can be exploited to 

develop novel multifunctional biomaterials for bone regeneration. 

Chapter 5 presents the major conclusions of this thesis, contributions made to the field of peptide-based 

scaffolds for promoting wound healing and bone regeneration, and future perspectives, which includes 

future research directions and potential clinical applications. 
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 Chapter 1      

 Introduction  

1.  Introduction 
1.1.  Molecular self-assembly  

Molecular self-assembly is the development of nanostructures through the organization of 

molecular building blocks by intra- and inter-molecular interactions. The potential of the self-

assembled structures is as vast as the types of molecules being studied, as it allows for the facile 

production of materials with tailored properties and performance.1 Molecular self-assembly 

broadly refers to a bottom-up assembly approach, in which molecular building blocks engage 

primarily through non-covalent interactions, leading to the formation of hierarchical, 

supramolecular structures endowed with specific functions.2 The non-covalent interactions 

involved in the self-assembly are hydrogen bonding, van der Waal’s forces, electrostatic 

interactions, π-π, metal-π, and hydrophobic interactions.3 Additionally, the strategically formed 

covalent bonds like disulfide linkages have also been exploited to drive the supramolecular self-

assembly.4 The individual molecular units can be assembled via multiple reversible or 

irreversible pathways,5,6,7 with the ability to tune the interactions to drive the desired molecular 

organization into materials with targeted structure and function. 

In nature, self-assembly is ubiquitous in systems like DNA double helix, collagen triple helical 

structure, and folding of other proteins, which play a crucial role not only in carrying out various 

physiological functions but also inspiring the design of multiple synthetic functional, dynamic, 

and reversible architectures.8,9 Natural and synthetic molecules like DNA,10 proteins, peptides,11 

phospholipids,12,13 polysaccharides14 and polymers15 have been employed to design self-

assembled architectures. The self-assembling peptide systems, however, have attracted the most 

attention due to the advantages they offer, from their ease of design and synthesis to industrial-

level scaling-up. 16 They have an inherent biological origin, structural programmability, good 

biocompatibility and biodegradability, low immunogenicity, versatile functionality, easy 

availability, and cost-effectiveness. In addition, their biodegradation products, which are amino 

acids, are non-toxic to the surrounding cells and tissues.17 
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Figure 1.1. The timeline showcasing the development and applications of self-assembling 

peptides since their discovery in 1990s. 

1.2. Self-assembled peptides 

Peptides are the short amino acid sequences that form the structural and functional domain in 

naturally occurring proteins. Peptide-based self-assembled nanomaterials are considered highly 

versatile owing to their inherent advantages and broad application prospects in biomaterials 

science. The amino acid sequences can be modified with different functional groups at the 

molecular level, yielding biomaterials with customized properties.18 Since the accidental 

discovery of the first self-assembling peptide EAK16-II by Zhang et al. over 30 years ago in the 

1990s from the baker’s yeast protein zuotin, a flurry of interest has been seen in the field of 

peptide self-assembly.19 EAK16-II was referred to as “peptide Lego” as, like Lego bricks, it has 

hydrophilic pegs and hydrophobic holes, allowing them to form complementary ionic bonds and 

self-assemble into larger structures.20 During a similar period in 1993, Ghadiri and co-workers 

reported for the first time a class of organic nanotubes derived from cyclic peptides with an even 

number of alternating D-and L-amino acids.21 The field has grown enormously since then 

(Figure 1.1), and multiple research groups worldwide are working on self-assembled peptides 

and exploring their potential in various applications ranging from electronics to nanomedicine. 

Self-assembled peptides (SAPs) have found significant applications in drug delivery,22 

biosensors,23 biocatalysis,24 bioimaging,25 phototherapy,26 gene therapy27 and tissue 

engineering.28  

Peptide self-assembly is an efficient method of fabricating functional biomaterials with 

hierarchical structures. Self-assembly of peptides is governed by the folding of individual 

peptides in the solution, which determines whether the self-assembly occurs or not. Secondary 
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structures like α-helices, β-sheets, β-hairpin, and random coils promote self-assembly by 

constructing morphologies at the nanoscale with well-defined 0-D (nanospheres and 

nanoparticles), 1-D (nanofibers and nanowires), 2-D (nanosheets and nanoribbons), and 3-D 

(hydrogel/gels) architectures. The rational modulation of intrinsic and external factors serves as 

a measure for controlling the peptide self-assembly, thereby, affecting the size and morphology 

of the formed biomaterials. The inherent factor includes the sequence, number of amino acids, 

and the functional groups on the side chains of amino acids. In contrast, the external factors 

include the temperature, pH, and solvent. 

 

Figure 1.2. Peptide self-assembly into different secondary structures, leading to the formation 

of various nano-assemblies. 

1.2.1. Secondary structures 

The secondary structure of peptides represents the first level of folding beyond the primary 

sequence of amino acids, forming recurring patterns that contribute to the overall 3D 

architecture.29 These are specific local conformations of the peptide backbone, stabilized 

primarily by hydrogen bonds. The most common secondary structures in peptides are α-helices, 

β-sheets, β-hairpin, and random coils (Figure 1.2). 

 

α-Helix. Alpha helices are the right-handed coils where each backbone N-H group forms a 

hydrogen bond with the C=O group of the amino acid four residues earlier. The helical structure 

has a periodicity of 3.6 residues per turn, with side chains projecting outward, thus, minimizing 

steric hindrance and allowing for various interactions with the surrounding environment.30 

When two or more alpha-helices wound around each other, a supercoiled structure stabilized by 
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hydrophobic interactions and ionic bonds between the helices is formed, which are called coiled-

coil structures. 

 

β-Sheets. Beta sheets consist of beta-strands connected laterally by at least two or three 

backbone hydrogen bonds, forming a sheet-like array.31 Strands can run in parallel or anti-

parallel directions, with the side chains alternating above and below the plane of the sheet. This 

structure is stabilized by the extensive hydrogen bonding network between the strands, 

contributing to its rigidity and strength. 

 

β-Hairpins. Beta hairpin structures consist of two anti-parallel beta strands connected by a short 

loop or turn. This loop typically consists of a few residues, creating a sharp, hairpin-like turn 

that brings the strands close together. The beta-strands are stabilized by hydrogen bonds 

between the carbonyl oxygen and amide hydrogen of the backbone. Beta hairpin structures can 

drive the self-assembly of peptides into more extensive, ordered aggregates, such as fibrils and 

beta-barrels. 

 

Random coils. Random coil peptide structures lack a fixed or regular secondary structure, such 

as alpha-helices or beta-sheets.32 The backbone dihedral angles of random coils vary widely, 

and there is no consistent pattern of hydrogen bonding. Despite their lack of defined structure, 

they play essential roles in the functioning of SAPs by providing flexibility for molecular 

interactions and enabling conformational changes necessary for biological activity. 

1.2.2. Self-assembled peptide nanomaterials 

Amino acid residues and their sequence in peptide chains affect the self-assembly of peptides 

through different arrangements and combinations to form different nanostructures, including 0-

D nanoparticles and nanospheres, 1-D nanofibers, nanowires, nanotubes, and nanorods, 2-D 

nanosheets and nanoribbons, as well as 3-D peptide hydrogels/gels.33 These nanostructures 

exhibit structural stability, biocompatibility, and tunable properties, making them ideal for 

various biological applications. 

1.2.2.1. 0-D peptide nanostructures 

Zero-dimensional peptide nanostructures are compact assemblies formed when peptides self-

assemble into discrete, three-dimensional shapes at the nanoscale. These structures, typically 

ranging from a few to several nanometres in size, are meticulously engineered through 

controlled interactions between peptide molecules. These nanostructures include peptide 

nanoparticles and nanospheres. An example of this is the fabrication of self-assembled peptide 

nanoparticles of diphenylalanine amide. The nanoparticles were prepared by the cross-linking 
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of diphenylalanine derivatives with glutaraldehyde in hexafluoroisopropanol (HFIP). The 

resulting nanoparticles modified with pencil graphite electrodes have been utilized for 

electrochemical cytosensing of DLD-1 cancer cells.34 Zhang et al. employed ultrasound to 

induce the self-assembly of soybean peptides, resulting in peptide nanoparticles that 

were utilised as a stabilizer for the O/W emulsion system.35 

1.2.2.2. 1-D peptide nanostructures 

One-dimensional (1D) peptide nano-assemblies are elongated nanostructures formed by the 

self-assembly of peptides into linear or filamentous shapes. These structures are characterized 

by their extended length in one dimension while being confined in the other two, typically at the 

nanoscale. Their formation is driven by specific interactions like hydrogen bonding, 

hydrophobic interactions, and van der Waals forces, often guided by the intrinsic properties of 

the peptide sequences. It includes the assemblies like, nanofibers, nanotubes, and nanowires. 

Nanofibers are formed by the alignment of beta-sheets or alpha-helices in a linear arrangement, 

resulting in long, thread-like structures. Peptide nanotubes are the cylindrical structures formed 

by amphiphilic peptides aligned in a circular arrangement. Self-assembling	cyclic peptides stack 

into supramolecular cyclic peptide nanotubes, driven by β-sheet-like hydrogen bonding. The 

larger surface area and aspect ratio of these nanostructures provides them with greater number 

of bioactive sites making them ideal candidates for drug delivery. Peptide nanofibers can mimic 

the extracellular matrix and support the cell growth and tissue regeneration. The surfaces of 

peptide nanowires and nanotubes can be functionalized to design sensitive biosensors for 

biomolecules, pathogens, or environmental toxins. Wei et al. fabricated peptide nanofibers of 

different lengths from KIIIIKYWYAF peptide, and hybridized them with other materials to 

form biomaterials with specific functions, which demonstrated their ability in photothermal 

therapy, and as colorimetric and electrochemical sensors.36,37 

1.2.2.3. 2-D peptide nanostructures 

Two-dimensional (2D) peptide nanostructures are flat, sheet-like assemblies formed by the self-

organization of peptides into extended, planar arrays. The inherent properties of the peptide 

sequences and lateral alignment of beta-strands are responsible for the formation of flat and 

layered structures of 2D beta nanosheets and nanoribbons. The surface of 2D peptide 

nanostructures is rich in functional groups that provide excellent platforms for the fabrication 

of hybrid nanomaterials. The 2D peptide nanostructures have diverse applications like 

biosensing, catalysis, tissue engineering, and drug delivery due to their unique planar 

morphology and surface properties. Their self-assembly can also be regulated by the external 

environment as Montenegro and co-workers demonstrated that 1D peptide nanotubes formed 

by the self-assembly of cyclic peptides with alternating D- and L-amino acids can be further 
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assembled into 2D nanosheets by heating the cyclic peptide solution to 80 ℃ for 1.5 h and then 

allowing its self-assembly at room temperature.38 

1.2.2.4. 3-D peptide nanostructures  

Three-dimensional (3D) peptide nanostructures comprise self-assembling nanofibrous 

hydrogels/gels, which are developed by the entanglement of peptide nanofiber networks to form 

a gel-like matrix that retains structural integrity while holding a significant quantity of water. 

The 3D nanostructures also include peptide nanocrystals and nanocages formed through the 

precise intermolecular interactions. These 3D nanofibrous peptide gels can mimic the 

extracellular matrix and have been explored widely for wound healing, tissue regeneration, and 

drug delivery vehicles. RADA16 peptide self-assembles to form nanostructured scaffolds in 

phosphate-buffered saline, which can mimic the extracellular matrix. These self-assembled 

nanoscaffolds have been used to culture mouse neural stem cells.39 Cui et al. reported the 

fabrication of instant self-assembled peptide hydrogel as a dual drug delivery system. The 

hydrogel fabricated from the Nap-Gly-Phe-Phe-Lys-His self-assemble outside the microfluidic-

based alginate microfibers at a pH of 6. The hydrogel was applied as a delivery vehicle for 

recombinant bovine basic fibroblast growth factor (FGF-2) and antibiotics (ampicillin and 

lincomycin).40  

1.3. Fabrication of peptide self-assembly 

Peptide self-assembly can be induced by various strategies like pH-switch, temperature 

variation, enzymatic triggering, ionic strength variation, co-solvent 

approach, and ultrasonication, which provides further avenues for directing peptide assembly 

with precision, enabling the creation of tailored nanostructures for specific applications. 

pH-switch. The pH-triggered self-assembly mechanism in peptides involves the molecular 

dissolution of peptides with charged side chains in a solvent, which exist freely due to the 

repulsion between similar charges.41 A change in pH initiates protonation or deprotonation of 

side chains, leading to the reduction in the overall charge and consequent decrease in repulsion. 

As a result of the decreased repulsion, the peptides start to come closer and engage in 

interactions like aromatic stacking and hydrophobic interactions, contributing to peptide self-

assembly.  

Temperature-triggered. Temperature-induced peptide self-assembly is a technique that relies 

on the influence of temperature changes on the peptide's intermolecular interactions.42 The 

temperature affects the thermodynamics of the assembly process by either promoting or 

disrupting the formation of ordered structures.  
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Enzymatic triggering. Enzymes can trigger the self-assembly of peptides by converting a non-

assembling peptide precursor into a self-assembling peptide either by causing some cleavage or 

inducing a conformational change that promotes assembly.43 This approach allows for site-

specific or condition-specific assembly.  

Ionic strength variation. The concentration of ions substantially impacts the stacking of 

molecules and the structure and functionality of peptides.44 Elevating the ionic strength through 

the addition of salt ions can lead to the neutralization of charged repulsive forces, thereby 

resulting in reduced electrostatic interactions between molecules and facilitating the self-

assembly.  

Co-solvent approach. Changing the solvent composition can alter peptide solubility, leading to 

the self-assembly.45 Peptides are typically dissolved in an appropriate solvent, maintaining them 

in a monomeric or unassembled state. The gradual introduction of a poorer solvent decreases 

the solubility of peptides. This reduction in solubility forces the peptides to aggregate and self-

assemble into ordered structures. 

Ultrasonication. Ultrasound presents a non-invasive external stimulus capable of modulating 

peptide self-assemblies through adjustable mechanical perturbation.46 The process of 

ultrasonication can initiate the nucleation for self-assembly either by disrupting intra-molecular 

bonds or by energizing self-assembling peptides (SAPs) to enter a metastable state. Moreover, 

ultrasound not only impacts the kinetics of peptide assembly but also the capability to induce 

morphological transformations. It can break down large aggregates, thus, allowing for the 

controlled assembly.  

1.4. Characterization of peptide self-assembly 

The characterization of peptide self-assembly holds significant importance in comprehending 

the structure, characteristics, and functioning of the resultant nanostructures. A variety of 

methodologies are employed to examine the morphology, molecular interactions, and 

mechanical properties of self-assembled peptides. 

Microscopy techniques. Electron microscopic techniques like scanning electron microscopy 

(SEM) and transmission electron microscopy (TEM) provide insight into the surface 

morphology, shape, size, and organization of peptide-based assemblies at nanoscale. Atomic 

force microscopy (AFM) allows for the 3D imaging of peptide assemblies on surfaces, giving 

insights into their height, roughness, and mechanical properties. AFM can also be used in force 

spectroscopy mode to measure the stiffness and elasticity of peptide assemblies.47 
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Spectroscopic techniques. Fourier-Transform Infrared Spectroscopy (FTIR) and Circular 

Dichroism (CD) Spectroscopy are used to analyze the secondary structure of peptides within the 

assemblies. CD spectroscopy can also provide the information about the overall conformation 

of the peptides by measuring the differential absorption of left- and right-handed circularly 

polarized light.48 FTIR can be further employed to analyze the chemical bonds and molecular 

interactions between peptide chains. Nuclear Magnetic Resonance (NMR) Spectroscopy 

provides detailed information on the molecular structure and dynamics of peptides in solution 

or within assembled states. It is particularly useful for studying the interactions between peptide 

monomers in assemblies. Further, Raman spectroscopy has also been used for the analysis of 

amino acids (composition) or structural features (secondary structure).49 

Rheological analysis. Rheology measurements determines the mechanical properties of 

peptide-based hydrogels.50 By applying shear stress, the viscoelastic properties, such as storage 

modulus (G') and loss modulus (G''), can be determined, providing insights into the stiffness and 

gelation behavior of the material.  

Zeta potential measurements. The surface charge of the peptide-based nano-assemblies in the 

solution can be determined using zeta potential. It provides insights into the stability of the 

nanomaterial.47 

Dynamic Light Scattering. DLS determines the size distribution of peptide assemblies in 

solution by investigating the scattered light from particles moving in Brownian motion.51 It is 

used for the estimation of hydrodynamic radius of peptide based-nanoparticles, micelles, 

and vesicles.  

1.5. Factors affecting peptide self-assembly 

Peptide self-assembly is governed by various intrinsic and external parameters that determine 

the final structure and properties of the nanostructures.52 Understanding these factors is crucial 

for designing peptides that can form desired nanostructures with specific functions. 

1.5.1. Intrinsic factors 

Amino acid side chain. Amino acid side chains significantly influence the self-assembly of 

peptides by dictating the types of interactions that can occur between individual peptide 

molecules. The interactions between the side chains affect the morphology of nanostructures, 

mechanical properties, and speed of self-assembly. The side chains can be categorized based on 

their chemical properties into hydrophobic, hydrophilic, charged, and aromatic groups. Peptides 

with both hydrophobic and hydrophilic residues can form amphiphilic structures that self-

assemble into micelles or bilayers, with hydrophobic cores and hydrophilic surfaces. Peptides 
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with complementary charged residues can form highly stable, ordered structures through ionic 

interactions and hydrogen bonding. The presence of aromatic residues can enhance the stability 

of these assemblies and introduce specific binding sites or structural motifs. Gazit et al. reported 

the effect of the side chain on the self-assembly, where the spherical nano assemblies were 

formed by diphenylglycine, whereas the diphenylalanine and its analogs self-assemble into 

nanotubes.53 While they have similar chemical properties but the side chain of phenylglycine is 

more rigid than that of phenylalanine as it lacks the methylene group, which provides 

diphenylalanine the ability for lateral growth. 

Sequence of amino acids. The specific arrangement or order of amino acids in a peptide 

sequence plays a pivotal role in determining the self-assembly process. It regulates the ability 

of peptides to form specific secondary structures, interact among themselves, environment, and 

ultimately aggregate into higher-order nanostructures. Specific sequences are known to stabilize 

particular secondary structures. For example, sequences with repeated alanine residues tend to 

form alpha-helices, while alternating hydrophobic and hydrophilic residues can promote beta-

sheet formation.54 By strategically designing the sequence, the morphology, stability, and 

properties of nanostructures can be controlled. Lee et al.  studied the effect of the order of amino 

acid sequences on the morphology of self-assembled structure. Peptides with sequences Ac-

(FKFE)2-NH2 and Ac-(FK)2(FE)2-NH2 self-assemble into β-sheet nanoribbons under acidic 

conditions, while Ac-FFKEKEFF-NH2 peptide form micelle-like aggregates.55 

Number of amino acids. The number of amino acids in a peptide, often referred to as peptide 

length, significantly influences its self-assembly behaviour.52 The length of a peptide can 

determine its ability to form stable secondary structures, influence its solubility, and affect the 

interactions that drive the self-assembly process. Longer peptides have more interaction sites 

and have a greater propensity to form stable secondary structures, such as alpha-helices and 

beta-sheets. The loss of conformational entropy upon assembly is compensated by a favorable 

enthalpic gain from intermolecular interactions. Wang et al. studied the dynamic self-assembly 

of peptides A6K and A9K.56  They observed that with the increase in the hydrophobic chain 

length, A9K self-assembles faster and form nanorod morphology, while A6K forms 

nanoaggregates, which act as building blocks for short nanofibers.  

1.5.2. External factors 

pH. The self-assembly of peptides into nanostructures is influenced by the pH of the surrounding 

environment, which affects the ionization state of amino acid residues in the peptide 

sequences.57 This, in turn, impacts intermolecular interactions like hydrogen bonding, 

electrostatic interactions, and hydrophobic effects. As a result, different morphologies of peptide 

assemblies can be achieved based on the pH levels. Zhao et al. observed the pH-responsive self-
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assembling behaviour of RATEA16 peptide hydrogel. RATAE16 peptide sequence is composed 

for four cationic and two anionic amino acids residues. It has exhibited pH reversible transitions, 

changing from viscous solution to elastic hydrogel to precipitated state.58 Stupp et al. studied 

the change in the morphology of self-assembled C16H31O-VEVEGRGD at different pH 

conditions.59 At low pH, multi-layered nanobelts are formed because most of the COOH groups 

are protonated. At high pH, the deprotonation of COOH was increased, leading to nanobelt 

dissociation in response to electrostatic repulsion among glutamate side chains and generates 

the 2 nm grooves on the surfaces of the nanobelts.  

Temperature. Temperature plays a crucial role in the self-assembly of peptides by influencing 

the kinetic and thermodynamic properties of the assembly process.60 The effect of temperature 

on peptide self-assembly is complex, as it can impact various interactions, such as hydrogen 

bonding, hydrophobic interactions, and van der Waals forces that drive the self-assembly 

process. The elevated temperature weakens the hydrogen bonds while strengthens the 

hydrophobic interactions. Moreover, at low temperatures, the kinetic energy of peptide 

molecules is reduced, slowing down the self-assembly process, which can lead to the formation 

of highly ordered and stable structures. Temperature-induced reversible self-assembly of 

diphenylalanine peptide was observed by Huang et al. where a clear solution in ACN/H2O was 

formed at 90 ℃, which turned into self-assembled nanowires as the temperature gets reduced 

to 25 ℃.42	In another study, Luo et al. reported the structural dynamics of d-EAK16 peptide, 

where at 25 ℃ peptide showed a β-sheet structure while with increase in temperature to 80 ℃, 

it transitioned to typical α-helix structure.61 

Solvent. Solvents influence the self-assembly by affecting the peptide solubility and 

interactions, which are key determinants of the self-assembly process.62 Aqueous solvents drive 

the aggregation of hydrophobic residues, promoting the formation of nanostructures. Polar 

solvents can disrupt intramolecular and intermolecular hydrogen bonds within peptides, while 

non-polar solvents allow stable hydrogen-bonded structures to form. Mixed solvents provide a 

tunable environment by balancing these interactions to control the self-assembly process and 

resulting structures. Huang et al. reported a solvent based approach for controlling the self-

assembly of diphenylalanine peptide.63 They observed the structural transition of peptide 

microtubes assembled in the aqueous phase into nanofibers by introducing acetonitrile as a co-

solvent. Similarly, Li and co-workers investigated the effect of solvent on the self-assembly of 

dipeptide sodium salts of L- and D-alanine, where a twisted nanoribbon morphology was 

observed in both water and THF.64 However, the handedness of nanoribbons is opposite in both 

solvents, which was due to the change in the interlayer distance in different solvents. 
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Figure 1.3. Various biomedical applications of self-assembled peptide-based nano-

assemblies. 

1.6. Biomedical applications 

Self-assembled peptides (SAPs) are versatile molecules to generate diverse supramolecular 

structures with tunable functionality.29 Their properties can be finely tuned by altering the amino 

acid sequence, allowing for precise control over their physical, chemical, and mechanical 

characteristics. A wide range of functional domains like cell attachment sequences, targeting 

groups, signaling domains, vaccine epitopes, and therapeutic moieties into the SAPs, making 

them effective for various biomedical applications like targeted and controlled drug delivery, 

biosensing, bioimaging, antimicrobials, therapeutics, vaccination, and tissue regeneration 

(Figure 1.3).65 Their stimuli-responsive behaviour enables controlled drug release in response 

to specific environmental triggers, while their ability to mimic natural extracellular matrix 

structures supports the tissue regeneration. The best example of a commercially available self-

assembling peptide hydrogel is RADA16-I, which is used as cell matrix for tissue engineering 



 
 

14 

and sustained drug delivery under the name of PuraMatrixTM.66 Hydrogels of P11-4 peptide are 

available in market as CurodontTM for the repair of early dental lesions.67 Topical palmitoyl 

pentapeptide (pal-KTTKS), Matrixyl is present in many skin care products available 

commercially and provides improvements in photoaged facial skin.68 SAP-based functional 

materials have garnered significant research interest due to their versatility and potential 

applications across various fields. However, this thesis specifically concentrates on exploring 

the potential of self-assembling peptide-based biomaterials for chronic wound healing and bone 

regeneration. The focus on these two areas underscores the potential of peptide-based materials 

to address critical challenges in regenerative medicine. 

 

Figure 1.4. Phases of wound healing: hemostasis, inflammation, proliferation, and remodeling. 

1.6.1. Wound healing 

A wound constitutes damage or a disruption to the typical anatomical structure and function.69 

This damage can vary widely, from a mere breach in the skin's epithelial layer to more severe 

injuries that penetrate the subcutaneous layer, affecting various structures, including tendons, 

muscles, blood vessels, nerves, parenchymal organs, and bones. A wound can be caused by an 

accidental trauma, surgery, or a disease. Irrespective of the etiology, wound damages the tissue 

along with the local microenvironment. Immediately following an injury or trauma, the healing 

process begins, which involves the coordinated interaction between various resident and 

migrating cells, signalling molecules, and extracellular matrix. This intricate interplay ensures 

that the wound healing progresses efficiently through four overlapping but well-orchestrated 

phases called hemostasis, inflammation, proliferation, and remodelling (Figure 1.4). 

Hemostasis involves the vasoconstriction and formation of a fibrin plug to prevent the blood 

loss and keep the vasculature intact. Platelet aggregation and clot formation provide a 

provisional matrix for the cell’s migration in subsequent phases. The Inflammatory phase 

involves the infiltration of neutrophils at the wound site to prevent infection and remove the 

damaged tissue. Neutrophils destroy foreign materials and bacteria by releasing proteolytic 

enzymes and reactive oxygen species (ROS). In the later inflammatory stage, monocytes 
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infiltrate and differentiate to macrophages to continue the phagocytosis. However, macrophages 

have a dual role, as they also release various cytokines and growth factors like TGFβ, TGF-α, 

heparin-binding epidermal growth factor (EGF), fibroblast growth factor (FGF), collagenase, 

which activate the keratinocytes, fibroblasts, and endothelial cells. Thus, they promote the 

transition to the proliferative phase. Proliferative phase is characterized by the migration and 

proliferation of epithelial cells over the provisional matrix. The prominent cell types present are 

fibroblast and endothelial cells, which facilitate the capillary formation, collagen synthesis, and 

accumulation of extracellular matrix (ECM). Finally wound enters to the remodelling phase, 

which involves the remodelling of ECM along with the synthesis and breakdown of collagen 

fibres. Matrix metalloproteinase (MMPs) enzymes are responsible for this activity, which is 

tightly regulated and synchronized by inhibitory factors. Gradually, there is a drop in the activity 

of MMPs promoting the accumulation of new matrix. Initially, the deposition of collagen 

bundles is disorganized, which becomes oriented and crosslinked. Moreover, ECM architecture 

approaches to that of the normal tissue during the remodelling phase. The physical contraction 

of the wound occurs throughout the healing process, which is facilitated by the contractile 

fibroblasts or myofibroblasts. As the wound heals, the density of fibroblasts, macrophages is 

reduced by the apoptosis. The growth of capillaries and metabolic activity at wound site 

decreases. The end result is the formation of a scarred tissue with around 80% recovered tensile 

strength but the original strength of a tissue can never be regained.70,71 

1.6.1.1. Chronic wounds 

Chronic wounds are characterized by their inability to progress through normal stages of healing 

in a timely and orderly manner, ultimately failing to re-establish the anatomical and functional 

integrity of tissue, even after a duration of three months.72 Typically, chronic wounds are 

classified into four categories on the basis of etiology: arterial, diabetic, pressure, and venous 

ulcers. Despite the differences in etiology at molecular level, chronic wounds have various 

common features, including elevated levels of proinflammatory cytokines, proteases, ROS, and 

senescent cell population along with the persistent infection, drug resistant biofilms, degradation 

of ECM and growth factors, impaired angiogenesis, poor cell migration, and dysfunctional stem 

cells (Figure 1.5).72 Chronic wounds have become a major burden for patients as well as the 

health care system. Worldwide, the problem of chronic wound has been growing like a silent 

epidemic due to the aging population and the increase in comorbidities and lifestyle diseases, 

such as diabetes, obesity, venous hypertension, and peripheral vascular diseases. According to 

an estimation, in developed countries, 1-2 % of the population will experience chronic wounds 

in their lifetime.73 For instance, 6.5 million people in the USA suffer from chronic wounds, and 

the healthcare system spends more than US$25 billion annually treating wound-related 

problems.73 In developing countries like India, the problem of wounds is worsened by factors 
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such as limited access to quality healthcare, inadequate health infrastructure, lack of medical 

equipment, and affordability. Only a few regional studies, with limited population sizes, have 

reported on the prevalence and causes of chronic wounds in specific areas of India. A study by 

Shukla et al. in India on the epidemiology of chronic wounds found a prevalence rate of 4.5 per 

1,000 population.74 In light of the present situation, it is imperative to manage chronic wound 

issues efficiently and develop cutting-edge biomaterials and therapeutic techniques to enhance 

patient’s life quality and lessen the cost of healthcare. 

 

Figure 1.5. Pathophysiology of chronic wounds. 

1.6.1.2. Strategies for chronic wound healing  

Chronic wound healing is complex and multifaceted mechanism, involving multiple 

impediments to the healing process. Therefore, it requires a comprehensive and individualized 

approach that extends beyond traditional wound care strategies, such as sutures, gauges, staples, 

and bandages, which merely serve as a physical barrier and lack any kind of bioactivity to 

promote wound healing.75 Clinical treatments includes the surgical debridement, topical 

application of antibiotics, and frequent change of dressings. Other techniques include the use of 

regulated negative pressure wound therapy (RNPT)76 to enhance the local blood supply, 

hyperbaric oxygen therapy (HBOT)77 to raise the oxygen level at wound site, and platelet-rich 

plasma (PRP) therapy78 to enhance cytokines and nutritional factors. However, these approaches 

are only the adjuvant treatments that do not alter the wound microenvironment.79 Moreover, the 

development of multi drug-resistant bacteria and biofilm formation, restrict the use of 

antibiotics.80  
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In view of these limitations, recent times have seen extensive research on the development of 

functionally bioactive materials that can interact with the wound environment and target the 

different factors impairing the chronic wound healing.81,82 For a biomaterial to be optimal for 

wound healing, it must exhibit excellent biocompatibility, biodegradability, tunable mechanical 

properties, and the ability to sustain a moist environment at the site of the wound. Further, the 

properties like, ability to host living cells, deliver drugs and therapeutically active components, 

inherent antimicrobial, bioadhesive, anti-inflammatory, and proangiogenic ability can help in 

producing promising results in the healing of chronic wounds. Over time, a range of bioactive 

materials, including nanoparticles, microneedles, membranes, films, hydrogels, and nanofibers, 

have been developed from various polymers, peptides, ceramics, metals and their combination 

for employment as scaffolds in wound healing.82 These scaffolds are engineered to simulate the 

extracellular matrix, offering a supportive framework that facilitates cellular migration and 

proliferation. Moreover, their integration with cells, growth factors, and pharmaceutical agents 

has been shown to substantially improve the outcomes of wound healing. Various natural 

(collagen, fibrin, silk fibroin, keratin, gelatin, hyaluronan, cellulose, alginate, chondroitin, and 

chitosan) and synthetic polymers (polylactic acid, polyvinyl alcohol, polycaprolactone, and 

polyglycolic acid) along with their composites have been implemented extensively to fabricate 

scaffolds for wound healing.83 ++  

Peptide-based biomaterials have drawn a significant attention as they can be specifically 

designed and synthesized to incorporate the bioactive sequences that can stimulate particular 

cellular responses. For example, peptides can be engineered to include sequences that mimic 

growth factors or adhesion motifs, directly influencing cellular behaviour, and accelerating the 

healing process. This level of precision in bioactivity is challenging to achieve with polymeric 

scaffolds. Their optimal biodegradability ensures that the material provides a temporary support 

without the need for removal. Biodegradation products of peptides, amino acids, are in general, 

non-toxic to surrounding cells and tissues. Additionally, peptides are widely distributed 

throughout the body and are less likely to provoke an immune response compared to some 

synthetic polymers, which can sometimes be seen as foreign bodies by the immune 

system. Furthermore, the ease of design and synthesis ensures that peptide sequences can be 

easily tailored to exhibit intrinsic antibacterial, anti-inflammatory, and angiogenic 

capabilities.84,85  

1.6.1.3. Self-assembled peptides for wound healing (literature survey) 

Peptides have been self-assembled into different nanostructures like spheres, vesicles, micelles, 

nanofibers, nanotubes, and hydrogels/gels, which can be functionalized and modified with 

bioactive motifs to enhance their wound healing efficacy.86 Moreover, these nanostructures can 

be incorporated with therapeutic cargos, such as growth factors, cells, antibiotics, and small 
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molecule drugs for the effective treatment by addressing the challenges at various stages of 

wound healing.85,33  

Haemostatic peptides. Following a trauma or surgery, the failure to achieve effective hemostasis 

can result in uncontrollable bleeding, leading to significant blood loss and potential mortality. 

A variety of hemostatic agents, such as silicates, fibrin sealants, collagen, and coagulation 

proteins have been designed to facilitate rapid hemostasis. Nonetheless, these agents often 

exhibit limited effectiveness in halting severe hemorrhage and lack properties that promote 

wound healing. In recent years, peptides with self-assembling characteristics have been 

developed with inherent capabilities to promote both fast hemostasis and rapid wound healing. 

Supramolecular hydrogels composed of PuraStat®/PuraBond® have demonstrated high 

hemostasis efficacy in a number of different surgical procedures by the synergistic effect of 

biofunctional peptides and natural polysaccharide hydrogels.87 Xu et al. have developed 

platelet-mimicking C6KL peptide nano-particles and fibrin-mimicking C6KG peptide 

nanoparticles to promote the natural coagulation for enhanced hemostasis and wound healing.88 

Zeng et al. reported the fabrication of two 12-residue peptides containing pro-cell adhesion 

sequence Arg-Gly-Asp, RGD to promote rapid and efficient hemostasis.89 RATEA16, a half-

sequence ionic-complementary self-assembled peptide, composed of regular repeating residues 

containing arginine (Arg), alanine (Ala), threonine (Thr) and glutamic acid (Glu) showed 

excellent hemostatic performance and biocompatibility. It forms a nanofibrous network, which 

provides a matrix to entrap the blood components and accelerate the clotting.90 

Antimicrobial peptides. Bacterial infection is a common impediment to the wound healing, 

leading to chronicity.91 In chronic wounds, bacterial infection advances through three stages: 

contamination, colonization, and infection. Contamination involves the transfer of microbes 

from the surrounding environment to the site of injury. Colonization occurs when bacteria 

replicate and attach to the wound without impeding the healing process. Infection develops 

when the continued growth of bacteria overwhelms the patient's immune system, resulting in 

damage to healthy cells. Common type of bacterial pathogens found at the infected wounds 

are Pseudomonas aeruginosa, Staphylococcus aureus, Acinetobacter baumannii, Escherichia 

coli, Proteus mirabilis and Gram-positive, anaerobic Cocci. Self-assembled peptide gels can be 

endowed with the antibacterial properties by incorporating antibiotics, nanoparticles, and small 

drug molecules into their 3D scaffold either by covalent linkage or passive loading. Their 

encapsulation within peptide nanostructures prevents the premature degradation of antibiotics, 

ensuring their stability and prolonged activity in the wound environment. It will also aid in their 

controlled and sustained release.	Hwang et al. developed elastin and collagen-like peptide 

nanovesicles tethered to collagen-containing matrices for the controlled release of  vancomycin 

against methicillin-resistant S. aureus (MRSA).92 Binaymotlagh et al. reported the fabrication 

of Ag nanoparticles incorporated in a peptide gel exhibiting antibacterial activity against 
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laboratory strain and clinical isolate of S. aureus.93 However, over and misuse of antibiotics has 

led to the rise of drug-resistant infections, which leads to the exploration of antimicrobial 

peptides (AMPs) as alternative antimicrobial agents. Their primary structure is typically 

characterized by a net positive charge, which enables electrostatic interactions with the anionic 

phospholipids of microbial cell membranes. This interaction leads to the perturbation of the 

membrane potential and disintegration, ultimately resulting in cell death. It circumvents the need 

to encapsulate therapeutics to prevent or kill the existing infection. Amphipathic antimicrobial 

peptides (AMPs) can form supramolecular hydrogels through pH adjustments. For instance, 

Azoulay et al. developed self-assembling AMP hydrogel with a net cationic character, using the 

sequence Phe–Lys–Phe (FKF). The self-assembly process occurs within minutes at a pH range 

of 3.3 to 4.3. Antimicrobial studies showed a significant reduction in the presence of E. coli, P. 

aeruginosa, A. baumannii, and S. epidermidis, indicating a broad spectrum of activity.94 In 

another study, Cao and co-workers developed an injectable AMP hydrogel PAF26 from 

hexapeptide (Ac-RKKWFW-NH2), that gelates at physiological pH and permeabilizes the cell 

wall, resulting in microbial death.95 Moreover, the proteolytically stable cyclic peptide-based 

nanostructures have been explored for their antimicrobial activity. In 2001, Fernandez-Lopez 

et al. demonstrated that self-assembling cyclic D, L-α-peptide nanotubes with suitable 

functional groups on the outer surface exhibited antibacterial activity against E. coli and 

methicillin-resistant S. aureus.96		As per their report, peptide nanotubes align parallel to the cell 

membrane, with their hydrophobic side chains inserted into the lipid components of the 

membrane. At the same time, the hydrophilic residues remain exposed to the hydrophilic 

components of the cell membrane. Nanotubes permeate the cell membrane using carpet-like 

mechanism and collapse the transmembrane potential.  

Anti-inflammatory peptides. Prolonged, elevated inflammation is hallmark for the chronic non-

healing wounds.97 Excessive neutrophil infiltration increases the expression of proteases and 

reactive oxygen species, which impairs healing by degrading growth factors, the extracellular 

matrix and its components. Topical formulations of the self-assembled peptide gels can 

encapsulate anti-inflammatory drugs in their assemblies to achieve the controlled drug release, 

improved bioavailability, and decreased side effects. Another strategy includes the co-assembly 

and modification of the peptides with anti-inflammatory drugs. Webber et al. have reported the 

fabrication of Dex-releasing peptide amphiphile, where dexamethasone has been conjugated 

using a hydrazone linkage.98 A nanofibrous gel was fabricated for the controlled release of 

dexamethasone over several weeks. Enzymatic release of the anti-inflammatory drug ibuprofen 

from the ibuprofen-conjugated GFFY peptide hydrogel was reported by Yu and co-workers.99 

The drug was conjugated to peptide with ester linkage using hydroxybenzoic acid as an 

enzymatically cleavable linkage. Further, Tang et al. employed the enzyme-instructed self-

assembly to co-assemble dephosphorylated dexamethasone sodium phosphate and hydrogelator 
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precursor Nap-Phe-Phe-Tyr(H2PO3)-OH.100 The dephosphorylation and co-assembly are carried 

out inside the cells by alkaline phosphatase, which is overexpressed on LPS-stimulated 

inflammatory macrophages.  

Angiogenic peptides.	Angiogenesis, the process of forming new blood vessels from existing 

ones, plays a crucial role in delivering oxygen, nutrients, and vital cells to the site of the 

wound.101 Any impediment in this process can lead to defective granulation tissue formation, 

eventually causing failure of the wound healing to progress through the proliferation phase. The 

disruption of microvasculature during an injury or trauma leads to fluid accumulation, 

inflammation, and hypoxia. While the normal angiogenesis depends mainly on endothelial cell 

migration, proliferation, and matrix deposition by fibroblasts, in chronic wounds the cell 

functions are altered by the degradation of ECM, growth factors, and impaired cytokines activity 

and signal transduction. Self-assembled peptide-based biomaterials have emerged as a viable 

option for proangiogenic treatment techniques owing to their ability to mimic the natural 

extracellular matrix (ECM) and incorporate the bioactive motifs like growth factors to augment 

their activity. Huang et al. have developed self-assembling peptide hydrogel with proteoglycan 

heparan sulfate-assisted for the sustained delivery of proangiogenic growth factors, VEGF and 

HGF.102 In another work, Jian et al. investigated the angiogenic potential of a PDGF-BB-derived 

supramolecular peptide gel.103 They developed a PDGF-mimicking peptide using the PDGF 

epitope VRKIEIVRKK and a self-assembling motif. The exposed hydrophilic epitope on the 

nanofibrils' surface aid the binding and activation of PDGF receptors, thus promoting 

vascularization. Hartgerink  et al. reported the fabrication of a self-assembled peptide gel from 

a multidomain peptide sequence conjugated with a VEGF-165 mimic to promote 

angiogenesis.104 Heparin-mimetic peptide nanofibers have been fabricated by Mammadov and 

co-workers, which promotes the binding of angiogenesis-promoting growth factors to their 

receptors.105 These growth factors and proteoglycans-mimetic peptide scaffolds eliminate the 

need for the exogenous supply of these molecules. If supplied exogenously, heparin, an animal-

derived supplement, may induce an immunogenic response and have potential side effects. The 

usage of self-assembled peptide-based scaffolds has easily overcome this challenge.  

Designing self-assembled peptides for wound healing applications involves several critical 

factors to ensure they are effective, biocompatible, and conducive to healing.106 Peptides should 

promote the cellular responses essential for healing, such as cell adhesion, migration, and 

proliferation, often by incorporating bioactive motifs like the RGD sequence. They must 

respond to the wound environment, potentially through stimuli-responsive elements that adapt 

to changes in pH, temperature, or enzymatic activity at the wound site. Moreover, chronic 

wounds present a multifaceted challenge as they often suffer from persistent inflammation, 

infection, impaired angiogenesis, and inadequate extracellular matrix (ECM) remodelling. All 

of this impairs the healing process and necessitates the multifunctional materials for effective 
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healing. Since the self-assembled peptide scaffolds can be tailored with diverse functionalities 

to provide a multidimensional approach towards these impediments, they can offer a holistic 

approach to promote the wound healing.107  

1.6.2. Bone regeneration 

Bone is a dynamic, mineralized tissue composed primarily of a matrix that provides structural 

support and is constantly remodelled by various cell types.108	Bones protect the internal organs, 

enable mechanical movements, regulate mineral homeostasis, and endocrine functions. Bone 

cells are enveloped by an extracellular matrix (ECM) consisting of two crucial elements: 

hydroxyapatite nanoparticles and type-I collagen fibrils. It comprises 40% organic and 60% 

inorganic compounds, where the organic ECM primarily consists of collagen type I (90%).109 

The hydroxyapatite nanocrystals are organized along the collagen fibrils in a regular and 

staggered pattern. This unique combination of hard hydroxyapatite and flexible collagen fibrils 

along with the hierarchical microstructure, gives bone tissue an optimal blend of strength and 

toughness. The principal cells involved are osteoblasts, osteocytes, osteoclasts, and bone lining 

cells. Of these, 4–6% of the resident cell population in bone cells are osteoblasts. Through the 

synthesis, secretion, and mineralization of the osteoid, they play a critical role in bone 

development. After completing their biosynthetic role, osteoblasts undergo apoptosis or mature 

into osteocytes, which are dormant cells embedded in the extracellular matrix of the bone. In 

the meanwhile, the primary cell type in charge of bone resorption is osteoclasts. They 

accomplish this by lowering the pH and releasing lysosomal enzymes, which break down the 

protein matrix and cause the mineral components to dissolve.110 Bone regeneration is a complex 

yet regulated process in which multiple cell types and chemical signals are employed to heal 

and restore the physical structure and function of an injured bone tissue. The process of bone 

regeneration typically involves three overlapping phases, inflammation, repair and remodelling 

(Figure 1.6).111 

Inflammation. Following a bone fracture or injury, blood vessel gets ruptured in the bone and 

neighbouring soft tissue leading to bleeding.112 Damage to surrounding cells and tissues 

promotes the initiation of an inflammatory cascade, which involves the vasodilation and 

migration of leukocytes. Inside the fracture gap, there is a conversion of fibrinogen to fibrin, 

leading to the formation of hematoma (blood clot). This clot stabilizes the injury and provides 

a matrix for cell migration. The infiltrating inflammatory cells, like neutrophils, macrophages, 

and lymphocytes, clear the debris and pathogens through phagocytosis. Various signalling 

molecules including interleukins, tumour necrosis factor-alpha (TNF-α), and bone 

morphogenetic proteins (BMPs) are released by these cells, which leads to the recruitment of 

mesenchymal stem cells (MSCs) to initiate the healing process.113 
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Reparative phase. Capillary ingrowth, along with mononuclear cells and fibroblasts, initiates 

the conversion of haematoma to granulation tissue over a span of a few days. This initial phase 

of the healing is accompanied by a moderate gain in mechanical strength. As granulation tissue 

transforms into connective tissue, the presence of collagen fibres increases. While types I, II, 

and III collagen are initially deposited, type I collagen gradually becomes the predominate form 

as the maturation process progresses.111 MSCs undergo differentiation into chondroblasts, which 

fill the gaps between the broken bone ends with a fibrocartilaginous matrix called soft callus. 

This soft callus provides initial mechanical stability and support to the fracture site. The soft 

callus undergoes gradual infiltration by new blood vessels, playing a crucial role in providing 

nutrients and oxygen to the proliferating cells and facilitating the removal of metabolic waste. 

Osteoblasts and hypertrophic chondrocytes express high levels of VEGF, thereby promoting the 

invasion of blood vessels and transforming the avascular cartilaginous matrix into a vascularized 

osseous tissue. Further, bone regeneration progresses by resorption of soft cartilaginous callus 

and its replacement by hard callus. Chondrocytes grow hypertrophic and go through 

apoptosis, while the cartilage matrix progressively calcifies. The calcification mechanism 

involves mitochondria, which store calcium-containing granules formed in the hypoxic fracture 

environment. Calcium granules are transferred into the extracellular matrix, where they 

precipitate with phosphate forming early mineral deposits. These calcium and phosphate 

deposits serve as the nucleus for homogenous nucleation and apatite crystal formation. MSCs 

and periosteal cells differentiate into osteoblasts, which lay down new bone matrix (osteoid) 

over the calcified cartilage. The osteoid mineralizes to form a hard callus of woven bone, which 

replaces the soft callus and provides mechanical stability.114 

Remodelling. While the hard callus forms a rigid structure that provides biomechanical stability, 

it does not completely replicate the biomechanical properties of an intact bone.115 To address 

this, the fracture healing process initiates a secondary resorptive phase to remodel the hard callus 

into an organized lamellar bone featuring a central medullary cavity. High expression levels of 

IL-1 and TNF-α biochemically mediate this remodelling phase. The process involves the 

removal of disorganized woven bone by osteoclasts, followed by the deposition of lamellar bone 

by osteoblasts, which is structurally more robust and organized. The newly formed bone 

gradually adapts to mechanical loads and remodel according to the stresses placed upon it.  
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Figure 1.6. Stages of bone regeneration. 

1.6.2.1. Strategies for bone regeneration 

Bones have an inherent ability to regenerate in response to an injury. Most bone injuries heal 

without scar tissue formation and are regenerated with their pre-existing properties primarily 

restored. However, various conditions like, complex fractures with severely damaged 

surrounding environment, ageing, and musculoskeletal diseases, like tumours, scoliosis, 

congenital malformations, osteoporosis, bone infection, and osteoarthritis, require external 

intervention. Understanding the underlying factors is crucial for developing effective strategies 

that address the specific challenges posed by each condition. The key strategies that are used for 

the bone regeneration includes the following: 

Bone grafts. Bone grafting is an effective surgical procedure for regenerating bone, particularly 

in cases involving large bone defects, non-union fractures, or the need for additional structural 

support.116 The main objective of bone grafting is to create a framework for new bone growth, 

promote osteogenesis, and improve the healing process. There are different types of bone grafts, 

including autografts (taken from the patient's body), allografts (taken from another person), and 

xenografts (taken from non-human species, commonly bovine or porcine). Autologous bone 

grafts are considered as the “gold standard” in the bone defect treatment due to excellent bone 

conduction, osteoinduction, osteogenesis, available source, ideal biocompatibility, and three-

dimensional structures.117 They contain living osteogenic cells, such as osteoblasts and 

osteoprogenitor cells, which directly contribute to new bone formation and accelerate the 

healing process. Additionally, autologous bone grafts possess various growth factors, including 

bone morphogenetic proteins (BMPs) that promote the differentiation of mesenchymal stem 

cells into osteoblasts, enhancing the body's natural healing response. Since the graft is harvested 

from the patient's own body, there is no risk of immune rejection or disease transmission. 

Nevertheless, the need of subsequent surgeries, donor site morbidity, substantial costs, and 

limited availability are the disadvantages that necessitate the consideration of alternative 

materials. Additionally, with allografts and xenografts, there is are complications regarding 

immune rejection and disease transmission.118 

Growth factors. Growth factors play an auxiliary role in bone tissue engineering.119 Growth 

factors used for bone regeneration include bone morphogenetic protein-2 (BMP-2), fibroblast 

growth factor-2 (FGF-2), and vascular endothelial growth factor (VEGF), platelet-derived 

growth factor (PDGF), and transforming growth factor-beta (TGF-β), etc. BMPs, particularly 

BMP-2 and BMP-7, are powerful osteoinductive agents that stimulate the differentiation of 

mesenchymal stem cells (MSCs) into osteoblasts, promoting new bone formation. PDGF and 

VEGF are critical for the proliferation and recruitment of osteoprogenitor cells and promote 
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angiogenesis, ensuring the adequate supply of oxygen and nutrients for the bone regeneration. 

TGF-β regulates the production of extracellular matrix components and contributes the bone 

remodelling. Growth factors can be delivered at the site of injury using impregnated scaffolds 

like microspheres, nanoparticles, and hydrogels/gels for their controlled release. Different viral 

or non-viral vectors are widely used to deliver the genes encoding the growth factors and 

promote osteogenesis with accelerated vascularization in the defect areas.120 

Stem cells. Stem cell therapy holds great promise for bone regeneration owing to its remarkable 

regenerative potential and versatility of stem cells.121 Mesenchymal stem cells (MSCs) induced 

pluripotent stem cells (iPSCs), and embryonic stem cells (ESCs) can differentiate into 

osteoblasts and release bioactive molecules that facilitate tissue repair and angiogenesis. MSCs, 

commonly harvested from bone marrow, adipose tissue, or umbilical cord blood, are favoured 

for their immunomodulatory effects and ability to improve the healing microenvironment. Stem 

cells can be delivered using biocompatible scaffolds or advanced techniques such as 3D 

bioprinting, which provide structural support and optimize cell attachment and differentiation. 

Despite their advantages, such as reduced morbidity and potential for personalized treatments, 

there are some significant challenges associated with it, including safety concerns, as there is a 

risk of tumour formation in case of uncontrolled differentiation. Standardization and 

reproducibility of the therapeutic outcomes are challenging, as variations in cell source, culture 

conditions, and handling can impact therapeutic outcomes.122,121  

Scaffolds and synthetic bone substitutes. Scaffolds are the three-dimensional structures, 

providing a temporary matrix for cell attachment, proliferation, and differentiation.123 Key 

properties of an ideal scaffold for bone regeneration include biocompatibility, biodegradability, 

appropriate mechanical strength, and a conducive architecture for cell infiltration and 

vascularization. Natural materials, such as collagen, chitosan, and alginate are biocompatible 

and have ability to mimic the natural extracellular matrix. Their scaffolds promote cell 

attachment and proliferation but may lack mechanical strength. Synthetic polymers like 

polylactic acid (PLA), polyglycolic acid (PGA), and polycaprolactone (PCL) offer customizable 

properties and controlled degradation rates. They can be engineered to have suitable mechanical 

properties for bone regeneration. Moreover, synthetic bone substituents like hydroxyapatite 

and beta-tricalcium phosphate are commonly used because of their biocompatibility and 

osteoconductive properties. These are being used as adjuncts or alternatives to autologous bone 

grafts, as they promote the migration, proliferation, and differentiation of bone cells for bone 

regeneration.124,125 
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Figure 1.7. Self-assembled peptide-based strategies for bone regeneration. 

1.6.2.2. Self-assembled peptide for bone regeneration (literature survey) 

Bone tissue regeneration consists of three critical components: "seed cells" that produce the 

target tissue, growth factors that provide the required guiding signals to the "seed cells," and a 

three-dimensional scaffold that promotes tissue formation.126 Scaffolds are usually supplied 

with growth factors, cells, and drugs to target the impairments to bone regeneration in different 

ways. A scaffold is the immediate environment for the cells and is essential to bone regeneration. 

Excellent biocompatibility, non-toxicity, affordability, lack of carcinogenicity, and the ability 

to effectively induce and enhance osteoconduction and osteoinduction in bone formation are 

desirable qualities in a scaffold material. Peptide-based scaffolds can be endowed with specific 

properties by adjusting the composition and introducing biologically active functional groups 

into the peptide chain. Modification strategies like employing growth factor-mimicking 

fragments, cell adhesion sequences, and side chain modifications (phosphorylation) can 

promote the cell proliferation, bone mineralization, enhance alkaline phosphatase activity, direct 

the differentiation of osteoblasts and regenerate new bone tissue to fill the defect sites. Here are 
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some key strategies for the use of self-assembled peptide scaffolds in bone regeneration (Figure 

1.7): 

Functional peptide-based scaffolds. Peptide-based biomaterials can serve as temporary cellular 

scaffolds, offering a microscopic three-dimensional environment at the injury site to assist in 

mineral deposition and osteoconduction.127 Incorporating bioactive peptide sequences like 

arginine-glycine-aspartic acid (RGD) enhances cell adhesion by interacting with integrin 

receptors on cell surfaces, fostering cell attachment, proliferation, and differentiation. The RGD 

tripeptide sequence found in fibronectin is a minimal cell adhesion peptide and is extensively 

studied due to its binding with multiple integrins, stimulating cell adhesion and differentiation. 

Phosphorylation of the peptide chain aids its binding to calcium ions, providing nucleation sites 

for the deposition of calcium phosphate, facilitating the formation and maturation of 

hydroxyapatite crystals. Thus, they contribute to biomineralization. Hartgerink et al. developed 

amphiphilic peptide nanofibers with a hydrophilic polypeptide head and a hydrophobic alkyl 

tail.128 These peptide fibres can self-assemble into a hydrogel, with the hydrophilic head 

containing a phosphorylated serine residue that can interact with calcium ions to promote the 

formation of HA. Additionally, an RGD sequence has been incorporated to facilitate integrin-

mediated cell adhesion. Sugino et al. reported the fabrication of a covalently cross-linked 

polyglutamic acid gel with osteoconductive ability and bioresorbability.129 It has been reported 

earlier that glutamic acid-rich sequences in osteonectin (a non-collagenous bone protein), act as 

binding sites for hydroxyapatite crystals. Segman-Magidovic and co-workers have designed 

acidic β-sheet peptide nanofibrous matrices and explored them as a negatively charged template 

for calcium phosphate mineralization.130 PuraMatrixTM, a commercially available matrix is 

obtained from 16-amino acid peptide sequence (AcN-RADARADARADARADA-CNH2), has 

been reported for bone regeneration applications. The RAD repeating sequence in PuraMatrixTM 

is similar to that of ubiquitous integrin binding sequence RGD and promotes the cell adhesion, 

proliferation, and differentiation.131 Moreover, these injectable peptide hydrogels promote the 

bone repair by rapid hemostasis and osteosis as reported by Wu et al. by experiments on rabbit 

iliac defects.132 Additionally, a number of functional peptides have been designed that mimic 

the growth factors and bind to their receptors, functioning similarly to growth factors as 

osteogenic promoters. Tavakol et al. developed a nanofibrous self-assembling peptide gel (R-

BMHP1) by integrating bone marrow homing peptide 1 (BMHP1) and RADA16.133 They 

observed that the R-BMHP1 sequence exhibited stronger electrostatic interactions with the 

BMPR1A receptor than bone morphogenic protein 2 (BMP2). It promotes downstream 

signaling far more effectively than BMP2, leading to improved cell proliferation, osteogenesis, 

and bone repair. In another work, Zhang et al. reported the fabrication of designer peptide 

nanofiber scaffold by functionalization of RADA16 with three other short motifs, osteogenic 

growth peptide (OGP) ALKRQGRTLYGFGG, osteopontin cell adhesion 
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motif (DGRGDSVAYG) and a designed two-unit RGD binding sequence 

(PRGDSGYRGDS).134 This designer peptide scaffold significantly enhanced the osteoblast 3-

D migration, proliferation, and differentiation.  

Delivery system using peptide-based scaffolds. Bone regeneration is tightly regulated by the 

interactions between various cells, cytokines, and growth factors.135 Therefore cells, growth 

factors, drugs, and other bioactive substances can be delivered exogenously by using self-

assembled peptide-based scaffolds to promote the bone regeneration. The major concern with 

stem cell therapy is administration of its suspension into the bone defect using a syringe, where 

it can be difficult to keep a sufficient number of cells viable at the defect site. Peptide scaffolds 

can act as carriers for the cells to be delivered at site of injury and prevent the side effects to the 

neighbouring tissues and organs. Quan et al. fabricated a scaffold comprising of bioactive 

molecules like bone morphogenetic protein-2 biomimetic peptide, cell adhesion factor (RGDS), 

phosphoserine, and polyaspartic acid and incorporated it with rat marrow mesenchymal stem 

cells (rMSCs).136 The scaffold was found to be promoting cell proliferation, calcium deposition, 

and differentiation of rMSCs towards the osteogenic lineage. Similarly, Hayashi et al. reported 

the improved bone regeneration in a rat cranial defect with self-assembled peptide nanofiber 

hydrogel incorporating human-induced pluripotent stem cells.137 

Further, the growth factors like vascular endothelial growth factor (VEGF), bone morphogenic 

proteins (BMPs), and platelet-derived growth factors (PDGF) can be loaded or covalently 

attached to the peptide gel to construct a sustained release system. In a study reported by Phipps 

et al. researchers have investigated the use of RADA16, an injectable hydrogel as a vehicle for 

intraosseous delivery of BMP-2 into the pig femoral head model.138 A longer thermos-

responsive peptide chain, poly(VPAVG)220, which self assembles into spherical nanoparticles, 

have been explored for the encapsulation and delivery of BMP-2 and BMP-14.139 BMP-14 is an 

essential growth factor for bone regeneration, playing a key role in promoting angiogenesis 

activity for bone regeneration. Sulfated glycosaminoglycans, such as heparan sulfate, enhance 

BMP signaling by assisting in the localization and binding of growth factors to their receptors. 

Building on this Lee et al. developed a sophisticated delivery system for BMP-2 using an 

amphiphilic peptide-based approach, incorporating heparin-binding peptide amphiphile and 

heparan sulfate140. They postulated that heparin-binding peptide amphiphiles would bind to 

heparan sulfate, which would, in turn, bind to BMP-2 and present it to cell receptors. Moreover, 

the presence of heparan sulfate slowed down the release of BMP-2 from the peptide hydrogel 

in a rat model with a critical femoral defect, leading to a significant enhancement of bone 

regeneration even with a reduced amount of BMP-2. In another work by He et al. developed 

basic-fibroblast growth factor (bFGF) loaded D-RADA16 peptide gel and investigated it for its 

bone regeneration and osteogenic properties.141 Zhou et al. have reported the fabrication of D-

RADA16 and D-RADA16-RGD peptide scaffolds containing transforming growth factor beta 
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1 (TGF-β1).142 Peptide scaffolds were explored for the controlled release of TGF-β1 to promote 

osteogenesis, chondrogenesis, and blood vessel regeneration. Native enzyme immobilization 

has also been investigated as a method of inducing ossification. Stupp et al. used the native 

alkaline phosphatase and a phosphorylated, anionic peptide amphiphilic nanofiber gel matrix to 

template hydroxyapatite nanocrystals that resemble actual bone mineral.143  

Infection within bone defects constitutes a considerable clinical obstacle that can significantly 

impede the healing trajectory, potentially resulting in chronic conditions. Such infections may 

necessitate the removal of internal fixation and lead to an increase in the size of the bone defect. 

They initiate an inflammatory response that can adversely affect the natural bone healing 

process by impeding the formation of new bone tissue. In clinical practice, controlled release of 

antibiotics at the at the site is a common strategy. Peptide-based scaffolds can act as carrier for 

antibiotic drugs. Baral et al. designed a thixotropic injectable peptide hydrogels in phosphate 

buffer of pH 7.46 for the encapsulation and slow and sustained release of vancomycin and 

vitamin B12 for 2 days at physiological pH and temperature.144 Koch and co-workers 

demonstrated the incorporation of tetracycline, ciprofloxacin, and doxycycline in two self-

assembled peptide hydrogels and observed their release for around 120 hours.145 Further, 

peptides with inherent antimicrobial activity have received a significant attention in the recent 

years due to development of antibiotic-resistant bacterial strains. Yang et al. have employed 

RADA16 for the sustained release of antimicrobial peptides (Tet213) for the treatment of bone 

infection and osteomyelitis.146 The release was analysed for over 28 days and resulted in 

improved bone regeneration as compared to control group. The simultaneous delivery of 

multiple bioactive substances can create a synergistic/additive effect and enhance the overall 

efficacy of the treatment. In this context, Ryoko and co-workers investigated the capability of 

PuraMatrix as a scaffold for bone regeneration in combination with dog mesenchymal stem cells 

(dMSCs) and platelet-rich plasma (PRP), and it showed the accelerated maturation of bone 

along this the enhanced bone volume.147 

Designing a scaffold for bone regeneration involves creating a multifunctional platform that 

integrates biocompatibility, structural support, and bioactivity to effectively promote bone 

healing.148 Peptide-based scaffolds have significantly contributed by offering a versatile and 

effective platform. These scaffolds are designed to emulate the complex natural extracellular 

matrix, delivering a biocompatible and biodegradable environment that supports cell adhesion, 

proliferation, and differentiation. Integrating specific bioactive peptides, such as RGD 

sequences, enhances the attachment and activity of osteoblasts, which are crucial for bone 

formation. Furthermore, these scaffolds can be tailored to administer various growth factors like 

BMPs, bFGF, and VEGF, which promote bone and blood vessel formation. These scaffolds 

have been used as transport carriers for antibiotics to prevent infection and anti-inflammatory 

agents to reduce inflammation, creating an ideal environment for bone healing. The mechanical 
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properties of the scaffold are tailored by adjusting the cross-linking density and peptide 

concentration to match the stiffness and strength of the target bone tissue, thus, ensuring the 

scaffold can provide adequate support while gradually degrading as new bone forms. This 

comprehensive approach ensures that the peptide-based scaffold not only supports structural 

integrity but also actively participates in the biological processes essential for effective bone 

regeneration.126  

1.7. Knowledge gaps 

Chronic wounds present multifaceted challenges, where multiple systemic and local factors like 

bacterial infections, elevated ROS, impaired vascularization, growth factor degradation, 

enhanced proteases, and defective re-epithelialization impede wound healing. The majority of 

the currently existing strategies target only one of the many impaired processes, which hampers 

their overall effectiveness. There is a growing need to develop multifunctional scaffolds that 

can interact with the wound milieu to address diverse facets of the intricate wound healing 

process. While the incorporation of antibiotics into wound healing scaffolds has been 

extensively investigated as a means to combat infection and promote healing, the increasing 

prevalence of antibiotic resistance has notably diminished its effectiveness.  Impaired 

angiogenesis is a hallmark of diabetic wounds, where the elevated proteases compromise the 

process by degrading growth factors, signaling molecules, and other components of the 

extracellular matrix, leading to dysfunctional cellular pathways. The therapeutic potential of 

administering naturally occurring biomolecules, including growth factors, proteins, 

glycosaminoglycans, and genes, directly at the site of chronic wounds, while promising, is 

significantly hindered by several challenges. These challenges encompass aspects, such as the 

short half-lives of these molecules, the degradation of growth factors, and the inherent risks 

associated with gene therapies, including tumorigenicity, variable patient responses, and 

immunogenic reactions. Consequently, there is a pressing need to explore functional 

biomaterials capable of endogenously modulating factors to promote angiogenesis in diabetic 

wounds, thereby circumventing the necessity for the external administration of growth factors 

or supplements. Lastly, the application of native growth factors, proteins, and enzymes in 

promoting bone mineralization, though potentially beneficial, is mired in issues related to the 

laborious, costly processes required for their purification, handling, and processing coupled with 

their poor stability, short half-life, and variations in batch-to-batch efficacy. Therefore, 

developing enzyme-like artificial scaffolds that mimic the active sites and biological roles of 

model enzymes is crucial to promote bone regeneration. 
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1.8. Objectives 

Wound healing and bone regeneration are intricate, multi-stage processes that share several 

critical challenges. These processes entail a precisely  regulated sequence of phases like, 

hemostasis, inflammation, cellular proliferation, tissue remodeling, and matrix formation, which 

are essential for the restoration of tissue integrity and function. However, conditions like wound 

chronicity, underlying diseases or significant bone defects frequently disrupt these processes 

due to factors, such as microbial infection, chronic inflammation, impaired angiogenesis, and 

inadequate cell migration and proliferation. These challenges are compounded by maladaptive 

immune responses and imbalanced cytokine signaling, which further obstructs the progression 

to the later phases of healing or regeneration. These complications underscore the necessity of 

biomaterials capable of addressing the diverse facets of the healing process.  

In recent years, the domain of regenerative medicine has embraced innovative biomaterials, 

notably self-assembled peptides, to overcome the intricate challenges associated with wound 

healing and bone regeneration. Self-assembling peptides offer significant benefits for multiple 

applications in wound healing and bone regeneration due to their modularity, biocompatibility, 

and ability to address several therapeutic challenges in a single platform. Their customizable 

structure enables them to integrate specific bioactive motifs, allowing them to be designed for 

antimicrobial, pro-angiogenic, anti-inflammatory, or cell-adhesion functions. This versatility 

means that self-assembling peptides can be designed to combat infection, support cell 

proliferation, modulate inflammation, and promote vascularization, which are critical in both 

chronic wound and bone healing environments. In wound healing, self-assembling peptides can 

be tailored to support soft tissue repair by enhancing keratinocyte and fibroblast migration, 

which is necessary for skin regeneration, while reducing the risk of infection at the wound site. 

For bone regeneration, peptide scaffolds can be designed to promote osteoblast differentiation 

and bone mineralization while sustaining a stable structure for new bone formation. Their 

structural similarity to the extracellular matrix (ECM) further supports cell attachment, growth, 

and differentiation, thus, creating an optimal microenvironment for both soft and hard tissue 

healing. This adaptability, combined with their inherent biocompatibility and low toxicity, 

makes self-assembling peptides an ideal biomaterial for wound healing and bone repair 

applications, which offers a comprehensive approach to address the biological challenges in 

tissue repair. 

The critical knowledge gaps in the design of biomaterials aimed at addressing the intricate 

therapeutic challenges associated with wound healing and bone regeneration has been delineated 

earlier. This thesis seeks to mitigate these gaps by developing multifunctional peptide-based 

nanoarchitectures encompassing nanofibrous hydrogels and cyclic peptide nanotubes to 

concurrently target therapeutic requirements in chronic diabetic wounds and bone defects 
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(Figure 1.8). These peptide-based systems are meticulously engineered to exhibit intrinsic 

bioactivity, effectively combat infections, modulate inflammation, promote angiogenesis, 

enhance cellular migration, and facilitate tissue regeneration without necessitating the 

incorporation of drugs or exogenous growth factors. This drug- and growth factor-free approach 

not only reduces the potential side effects but emphasizes the inherent bioactivity and 

adaptability of peptide-based biomaterials for supporting a comprehensive strategy for tissue 

repair. 

Self-assembled peptide hydrogels have been widely used as carrier for antibiotics and anti-

inflammatory drugs. However, these delivery strategies come with the limitation like potential 

side effects of the drugs and rise of antibiotic-resistant bacteria. Moreover, the multifactorial 

nature of chronic wounds requires a comprehensive treatment approach that can simultaneously 

address these diverse pathophysiological factors. Therefore, the first objective of my thesis was 

to develop a multifunctional, nanofibrous self-assembled peptide gel, LA-LLys-DPhe-LLys-NH2 

loaded with Y2O3 nanoparticles for antibacterial, ROS-scavenging, and proangiogenic 

properties. The inclusion of basic amino acid residues in the peptide sequence will give the gel 

a net positive charge, enabling it to damage bacterial cell membranes by disrupting their 

membrane potential. Additionally, the electron pairs on lysine amines will act as a shield against 

ROS-induced cellular damage. The Y2O3 nanoparticles can confer proangiogenic properties by 

inducing temporary hypoxia and stimulating the expression of hypoxia-inducible factor (HIF-

1), which, in turn, can amplify the angiogenic signalling. This multifaceted approach aims to 

effectively promote wound healing by addressing various aspects associated with wound 

healing. 	

Elevated proteases and dysfunctional cellular pathways in diabetes compromise angiogenesis. 

While the exogenously delivered growth factors and genes suffer from various challenges like 

their degradation and immunogenic response and, therefore, my second objective is to develop 

a material that can endogenously manipulate the angiogenic signalling. We have developed 

heparan sulfate-mimicking self-assembled cyclic-hexapeptide (PWLSEKs) nanotubes that can 

promote angiogenesis, without using a growth factor and drug. Under chronic wound conditions, 

these nanotubes can interact with the proangiogenic growth factors, thus, preventing their 

proteolytic degradation and facilitating their binding to their cognate receptors to induce 

angiogenic signalling. Thus, they can restore the dysfunctional activity of hyperglycemic 

endothelial cells and promote diabetic wound healing. 

In clinical practice, about 2.2 million bone transplants are done yearly, with pathological 

fractures and accidental traumas being the most prevalent cause of injuries. Although bone 

possesses a remarkable capacity for self-healing, complicated cases like large defects at load-

bearing site, tumour, scoliosis, congenital malformation, osteoporosis, bone infection, and 
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osteoarthritis necessitate external intervention to ensure effective bone regeneration. Most 

current therapeutic approaches centre on bone grafts, which present several innate drawbacks, 

including immunological rejection, material scarcity, donor site morbidity, and the need for 

subsequent surgeries. The use of natural enzymes and growth factors in regenerative scaffolds 

is hampered by their vulnerability to denaturation, time, cost, and effort required for their 

purification and processing. Thus, there is a pressing need to develop synthetic biomaterials 

mimicking enzymes for tissue regeneration. The third objective of my thesis was to develop 

alkaline phosphatase (ALP)-mimicking cyclic peptide nanotubes to induce osteogenesis and 

bone mineralization. The cyclic peptides in the nanotubes contain the histidine residues, which 

provide the multiple imidazole rings in close proximation, a critical group in the functional 

domain of ALP. By emulating ALP, these mimetic nanotubes aim to augment phosphatase 

activity, thus, facilitating the formation of bone-like nodules indicative of osteogenic 

differentiation and bone mineralization.  

Figure 1.8. Objectives of the thesis- development of self-assembled peptide-based 

nanostructures for chronic wound healing and bone regeneration. 

1.9. Thesis outline 

The aim of this thesis was to develop self-assembled peptide-based biomaterials for chronic 

wound healing and bone regeneration by harnessing their inherent biological properties, without 

the reliance on exogenous drugs and growth factors, thus, minimizing potential side effects and 

limitations. The first chapter of the thesis discusses the molecular self-assembly, with a focus 

on peptide-based scaffolds. It thoroughly explores interactions between peptide chains and the 
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secondary structures they adopt, facilitating the formation of various nanoarchitectures. The 

discussion extends to cover both intrinsic and external factors that influence peptide self-

assembly. Moreover, the chapter provides an overview of the biomedical applications of self-

assembled peptides, particularly highlighting their potential in wound healing and bone 

regeneration. This includes an extensive review of related literature, identifying existing 

knowledge gaps, and presenting challenges, along with clearly defined objectives and scope for 

further research. The second chapter describes the development of a multifunctional, yttrium 

oxide nanoparticle-loaded, self-assembled peptide gel with antibacterial, ROS-scavenging, and 

proangiogenic characteristics for wound healing. The third chapter discusses the fabrication of 

proangiogenic cyclic-hexapeptide nanotubes with heparin-inspired functional groups for 

diabetic wound healing. The fourth chapter presents the development of alkaline phosphatase-

mimetic cyclic peptide nanotubes to stimulate bone mineralization and osteogenic 

differentiation, hence promoting bone regeneration. Chapter five discusses the major 

conclusions of this thesis, contributions made to the field of peptide-based scaffolds for 

promoting wound healing and bone regeneration, and future prospective, which includes future 

research directions and potential clinical applications.  
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           Chapter 2      

Nanoparticle-loaded self-assembled peptide gel for wound 

healing  

2.1. Introduction 

2.1.1. Chronic wounds 

Body wounds are prevalent and can lead to significant disability, often necessitate a prolonged 

rehabilitation period. In individuals with no underlying health issues, the process of wound 

healing unfolds through four distinct stages: hemostasis, inflammation, proliferation, and 

remodeling.1 This healing process is intricate but highly coordinated. Acute wounds transform 

into chronic wounds when they fail to follow the typical healing phases and remain in a 

perpetually disordered state of inflammation. The defining characteristic of a chronic wound is 

its failure to heal within the expected timeframe. Comorbidities, such as diabetes, immune 

suppression, vasculitis, specific conditions leading to neuropathy, poor circulation, ischemia, 

and reduced mobility significantly increase the risk of wounds becoming chronic.2 Chronic 

wounds, including diabetic foot ulcers, venous leg ulcers, and pressure ulcers, pose significant 

healthcare challenges.3 The global incidence of DFUs is estimated to be between 9.1 and 26.1 

million annually, with about 15-25% of diabetic patients likely to develop a chronic ulcer at 

some stage of their life. Alarmingly, 1% of those patients might undergo amputation due to the 

severity of the condition.4 VLUs exhibit high recurrence rates of 54-78%, which prolong 

suffering and adversely affect the patient's quality of life.5 The estimated yearly direct cost for 

conservatively managing VLUs in developed countries is approximately US $5527 per patient.6 

Pressure ulcers primarily affect individuals with decreased mobility, diminished protective 

sensation, and less elastic skin, risks that escalate with age.7 

2.1.2. Challenges 
Chronic wounds are characterized by prolonged inflammation, persistent infections, biofilm 

formation, high proteolytic activity, impaired vascularization, downregulated growth factors, 

and ECM degradation.3 Bacterial infections and their associated endotoxins play a significant 

role in the perpetuation of the inflammatory response, notably through the sustained elevation 

of proinflammatory cytokines, such as interleukin-1 (IL-1) and tumour necrosis factor-α (TNF-

α). This prolonged inflammatory phase can ultimately lead to a chronic nonhealing state of 

wounds. Infected wounds commonly present with diverse microbiota, including, 

Staphylococcus aureus, Enterococcus faecalis, and Pseudomonas aeruginosa.8 These bacteria, 

once established within a wound, tend to become resistant to conventional antimicrobial 

treatments.9 A significant factor in this resistance is the ability of the bacteria to secrete 

extracellular polymeric substances, leading to the formation of a biofilm. This 3-dimensional 
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biofilm structure not only provides a physical barrier that protects the bacteria but also facilitates 

the adherence of pathogens, thereby enhancing their resistance to antimicrobial and antiseptic 

treatments.10 One of the key challenges underlying wound chronicity is the degradation of the 

extracellular matrix and its components by elevated and unchecked expression of matrix 

metalloproteases (MMPs), and reactive oxygen species (ROS). Degradation of growth factors, 

like VEGF, FGF2, and EGF along with their receptors impair the signalling pathway, leading 

to poor cell migration, proliferation, and impediment in angiogenesis.11 Developing biomaterials 

for chronic wound healing requires an understanding of the factors that cause an acute wound 

to become a chronic wound as well as how body changes the wound microenvironment from a 

non-healing to a healing state. 

2.1.3. Research gap 
Conventional wound care approaches, such as bandages, gauges, sutures, and staples, are 

notably inadequate for the treatment of chronic wounds since they merely serve as a barrier 

against further damage and fail to provide the bioactive functional elements needed to promote 

wound healing.12,13 A wide range of strategies, such as the administration of antibiotics,14,15 

drugs,16,17 growth factors,18,19,20 and cells,21 gene therapy,22 immunomodulation,23 and 

hyperbaric oxygen therapy,24 have been studied to address the impediments associated with 

delayed wound healing. However, there are several challenges that limit their overall efficacy. 

Despite their effectiveness at the wound site, the exogenous supply of growth factors and 

proteins faces limitations regarding their stability under high protease activity prevalent in 

wound environments, resulting in a drastically shortened half-life. Additionally, the 

administration of these bioactive molecules is fraught with complications, such as the potential 

for immune reactions, difficulties in determining the appropriate dosage, and variable efficacy 

among individuals.25 Current clinical practices involve topical or systemic delivery of antibiotics 

to combat the infections, but the emergence of antibiotic-resistant strains is a hurdle to this 

approach.9 Hyperbaric oxygen therapy requires sophisticated instruments that are expensive and 

lack portability. Moreover, there is a risk of oxygen poisoning, adding to the complexity of its 

application.26 The insufficient gene uptake, and inflammatory and immunogenic response raises 

the safety concerns with the gene therapy.27  

The multifaceted nature of chronic wound pathophysiology necessitates a comprehensive 

treatment strategy. However, the majority of current biomaterials either target a singular aspect 

of the healing process or rely on complex multicomponent systems to address multiple factors 

simultaneously. A previous study by Gao et al. showed a double-layered antibacterial and 

proangiogenic patch loaded with tetracycline hydrochloride and deferoxamine (DFO) for wound 

healing.28 Similarly, Hu et al. investigated a smart wound healing hydrogel incorporated with 

the antibiotic amikacin and micelles loaded with the anti-inflammatory drug naproxen.29 A dual 

growth factor-releasing nanoparticle-in-nanofiber system was developed by Xie et al. for the 
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controlled release of VEGF and PDGF-BB.30 While these approaches have yielded impressive 

results, the complexity of multicomponent systems makes it difficult to predict their biological 

response. The multiplicity of components complicates their design, synthesis, and clinical 

translation. This presents a significant gap in wound care, urging the need for innovative 

solutions that can effectively promote the healing of chronic wounds by addressing their 

underlying complexities. 

 

2.1.4. Self-assembled peptide gels 

It is imperative to consider a spectrum of characteristics that a biomaterial should embody to be 

optimal for wound healing applications. Self-assembled peptide-based hydrogels offer a 

promising platform for wound healing due to their excellent biocompatibility and optimal 

biodegradation, which ensures that its breakdown products are non-toxic and elicit no adverse 

immune reactions.31 They seamlessly integrate with the surrounding tissues and mimic the 

extracellular matrix, thus, providing a supportive scaffold that promotes cell attachment, 

proliferation, and migration. Their porous morphology facilitates the vital exchange of cells, 

gases, nutrients, and waste between the healing tissue and the biomaterial. Moreover, the 

versatility of these biomaterials extends to their potential as carriers for therapeutic agents like 

drugs, growth factors, or other bioactive molecules. Additionally, their ability to get 

functionalized, enable them to actively participate in the healing process beyond passive support 

with enhanced anti-inflammatory, angiogenic, antibacterial, and adhesive capabilities, which 

are essential for mitigating infection risks and promoting wound repair.32,33 

2.2. Objectives 
To address the challenges discussed, we designed a yttrium oxide (Y2O3) nanoparticle-loaded 

multifunctional, self-assembled peptide gel (NLG) with bactericidal, ROS scavenging, cell 

proliferative and angiogenic properties. A self-assembled peptide gel was fabricated from a 

lauric acid conjugated peptide sequence LLys-DPhe-LLys-NH2. The 12-carbon-containing alkyl 

chain of lauric acid and an aromatic phenylalanine group provide sufficient hydrophobic and π-

π interactions to form a self-assembled nanofibrous gel. The basic lysine residues impart a net 

positive charge to the sequence and endow the material with antibacterial properties. The 

negatively charged phospholipids in bacterial membranes interact with these chains, damaging 

their membrane potential and disrupting them. Moreover, as the peptide chains are prone to 

proteolytic degradation, we have included a non-natural amino acid residue, D-phenyl alanine, 

which provides additional stability. In addition, we integrated the metal oxide nanoparticles into 

the peptide gel, as they are known to serve as versatile multifunctional agents across various 

biomedical applications. Metal oxide nanoparticles, like cerium oxide are reported for their 

ability to modulate the intracellular redox environment, which may enhance cell proliferation 
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and angiogenesis.34 Yttrium oxide (Y2O3) nanoparticles possess biological activities similar to 

CeO2 and have been recognized for their antioxidant properties and their ability to scavenge 

radicals under various conditions.35 Given these characteristics, we hypothesized that the 

incorporation of Y2O3 nanoparticles within the self-assembled peptide scaffolds will induce a 

transient hypoxic environment. This condition is likely to activate hypoxia-inducible cellular 

pathways, consequently stimulating the production of factors that promote cell proliferation and 

vascularization. Moreover, it can prevent the drug-related side effects like stability, dosage 

complexities, off-targeting, and complex synthesis procedures. Thus, we decided to fabricate a 

peptide gel loaded with Y2O3 nanoparticles and investigate its efficacy in enhancing cell 

proliferation and angiogenesis to facilitate wound healing. 

The peptide conjugate LA-LLys-DPhe-LLys-NH2 was synthesized by solid-phase peptide 

synthesis and characterized by RP-HPLC, mass spectrometry, and 1H-NMR. The peptide was 

self-assembled into the gel using the pH-switch method in water with a passive incorporation of 

Y2O3 nanoparticles. The nanoparticle-loaded gel (NLG) was investigated for its surface 

morphology, self-healing ability, viscoelastic character, swelling and degradation, and 

antibacterial and antioxidant properties. The cell viability studies were performed on murine 

fibroblast L929 and human umbilical vein endothelial cell lines. The material was further 

investigated for its ROS scavenging and angiogenic potential. 

2.3. Experimental Section 
2.3.1. Materials 
The analytic grade reagents were utilized without further purification. The supplier of the rink 

amide AM resin (200–400 mesh, 0.8 mmol/g loading) was Novabiochem. Triisopropylsilane 

(TIS), trifluoroacetic acid (TFA), HATU, Fmoc-LLys(Boc)-OH, Fmoc-DPhe-OH, Fmoc-LPhe-

OH, lauric acid, N,N-diisopropylethylamine (DIEA), and 1-N-phenylnaphthylamine (NPN) 

were obtained from TCI. The 2,4-pentadione and anhydrous dimethylformamide (DMF) were 

purchased from Avra. We bought yttrium(III) nitrate hexahydrate from GLR innovations. 

Sigma-Aldrich provided Pluronic P-123. We acquired acetonitrile (ACN), ethanol, HPLC grade 

methanol, and dichloromethane (DCM) from Merck. Piperidine was bought from Spectrochem. 

Rankem was the supplier of diethyl ether. All studies utilized deionized (DI) water (18.2 MΩ·cm 

Bio-Rad). Bio-Rad PolyPrep chromatography columns were used for solid-phase peptide 

synthesis (SPPS). We acquired E. Coli and S. aureus from CSIR- IMTECH, Chandigarh, with 

accession numbers MTCC 1687 and MTCC 7443. Antibacterial studies were carried out using 

Luria broth and bacteriological agar powder (HiMedia). Thermo Fisher Scientific supplied fetal 

bovine serum (FBS), MTT reagent, DMEM, and RPMI for cell culture investigations. Dr. Durba 

Pal, Assistant Professor, DBME, IIT Ropar, gifted the murine fibroblast cell line (L929). We 

purchased the endothelial cell growth medium-2 (EGM 2) Bullet Kit and the endothelial cell 

line (HUVECs) from Lonza. 
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2.3.2. Methods  
A Tecan Infinite Pro multimode plate reader was used to determine the UV–vis absorbance. 

FTIR spectra have been obtained using OPUS software in ATR mode (Bruker Tensor 27) in 

400–4000 cm–1 region. A RIGAKU Mini-Flex diffractometer with a Cu Kα (λ = 0.154 nm, 40 

kV, 15 mA) radiation source was used to record powdered XRD. Both the surface potential and 

the particle size distribution were measured using DLS Microtrac/Nanotrac Flex. Using a 

Quantachrome QUADRASORB-SI automatic volumetric instrument, the BET analysis was 

performed to assess the surface area and pore size of nanoparticles. The XEVO G2-XS QTOF 

was used to collect the HR-MS. The NMR spectra were recorded using a 400 MHz JEOL JNM-

ECS NMR. A circular dichroism spectrophotometer (JASCO J-1500) was used to determine the 

secondary structure. Waters system with BEH 300 RP C18 column (250 × 4.6 mm, 5 μm), pump, 

degasser, injector with 100 μL loop, PDA, and UV–vis detectors was used for RP-HPLC. 

Empower 3 software was utilized in isocratic mode to analyze the data, and the mobile phase 

used was 50:50 ACN:H2O with 0.1% TFA at a flow rate of 1 mL/min. A JEOL JSM-6610 LV 

microscope equipped with a tungsten filament and an accelerating voltage of 10 kV was used to 

take SEM images. HR-TEM pictures were acquired at 200 kV with a JEM-2100 Plus instrument. 

For the rheological investigations, an Anton Paar MCR 102 rheometer was utilized. A Leica 

DMi8 fluorescence microscope was used to capture fluorescence images.  

2.3.3. Synthesis of lauric acid-peptide conjugate (LPC) 
The LPC was synthesised using solid-phase peptide synthesis (SPPS) on rink amide AM resin 

(200-400 mesh, 0.8 mM/g loading) in Bio-Rad PolyPrep chromatography columns. The 100 mg 

of rink amide resin beads were swelled in 1 mL of DMF before being used. The synthesis 

followed the Fmoc approach, using 2.85 and 5.7 equivalents of HATU and DIEA for coupling 

of each amino acid, where each coupling step took around 4 hours. Fmoc deprotection was 

carried out using 20% v/v piperidine in DMF solution. After every stage, the resin was rinsed 

three times with DMF and DCM (1 mL each). Side-chain Boc-group deprotection and peptide 

cleavage from the resin were performed using a TFA:TIS mixture in 95:2.5:2.5 ratio i.e. 4.75 

mL TFA, 125 μL TIS, and 125 μL H2O for 3 hours at room temperature. The peptide conjugate 

was then precipitated in ice-cold diethyl ether and vacuum dried. The purity of peptide was 

determined using RP-HPLC, and it was further characterized using FTIR, CD, HR-MS, and 1H 

NMR. 

2.3.4. Fabrication of yttrium oxide (Y2O3) nanoparticles 
As previously reported, Y2O3 nanoparticles were fabricated using the sol-gel approach.36 Using 

strong magnetic stirring, 0.0026 mol (∼0.99 g) of yttrium nitrate hexahydrate [Y(NO3)3·6H2O] 

was dispersed in methanol (MeOH) at a molar ratio of 123:1 (MeOH:Y) for a duration of 15 

minutes. The sol was stabilized with acetylacetone, and the development of mesoporous 

structures was facilitated by the addition of poloxamer P-123 in a 2:1 molar ratio (P-
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123:Y). After heating the mixture for 24 hours at 90 °C to form a xerogel, it was heated for an 

additional hour at 900 °C in a furnace to form a dense material and induce crystallization. 

Powder X-ray diffraction (PXRD), Fourier-transform infrared spectroscopy (FT-IR), and UV-

visible spectroscopy were used to analyze the nanoparticles. FE-SEM and HR-TEM were used 

to examine the size and surface morphology of Y2O3 nanoparticles. Brunauer-Emmett-Teller 

(BET) plots were used for estimating the pore size and surface area. 

2.3.5. Fabrication of nanoparticle-loaded peptide gel 
The NP-loaded gel (NLG) was fabricated using the pH switch approach. In a 5 mM solution of 

Y2O3 nanoparticles in DI water, lauric acid-LLys-DPhe-LLys-NH2 conjugate (LPC) was added to 

prepare a solution of 1% w/v. Next, 2-3 drops of 0.2 M NaOH solution were added to the 

solution while sonicating it constantly, resulting in gel formation in 10-15 minutes. Afterwards, 

the gel was kept unperturbed at 37 °C for a few hours before being employed for further 

analyses. Likewise, another gel, lauric acid-peptide conjugate gel (LPG), was fabricated without 

incorporating nanoparticles for control studies. 

2.3.6. Surface morphology 
SEM and HR-TEM were used to assess the surface morphology of gel and Y2O3 nanoparticles. 

An ethanol-dispersed sample of Y2O3 NPs was drop-cast onto a metal stub and air-dried before 

SEM analysis. While the gel was placed directly on stub and dried overnight under vacuum. The 

samples were sputtered with platinum and micrographs were taken with a JEOL JSM-6610LV 

microscope equipped with a tungsten filament and an acceleration voltage of 10 kV. Samples 

were prepared on a copper grid for HR-TEM analysis, and images were taken at various 

magnifications using an HR-TEM JEM-2100 Plus instrument running at 200 kV. 

2.3.7. Rheology 
An Anton Paar MCR 102 modular rheometer, featuring a 25 mm parallel plate configuration, 

was utilized for conducting rheological experiments. Prior to rheological analysis, both NLG 

and LPG were kept unperturbed overnight. At a fixed angular frequency of 10 rad/s and a 

varying strain between 0.01−100 %, the dynamic amplitude sweep test was performed. Further, 

the frequency sweep analysis was performed by keeping the strain constant at 1%, with a 

frequency varying between 0.1 to 100 rad/s. High-viscosity paraffin oil was applied around the 

plates to prevent the evaporation of water from the gels. 

2.3.8.  Self-healing analysis 

Time-dependent recovery experiments on an MCR 102 modular rheometer (Anton Paar) were 

used to examine the self-healing characteristics of LPG and NLG gels. The gel was subjected 

to six consecutive cycles of 200 s each, with a periodic strain of 0% and 30% applied to it. 

Additionally, the macroscopic examination of self-healing was carried out by slicing the gel in 

half using a surgical blade. Rhodamine B was applied to one half of the gel and the other half 
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remained unstained. The dye diffusion was monitored for up to 24 hours while both halves were 

stacked together. 

2.3.9. Proteolytic stability 

In order to study the resistance of the gel to protease enzymes, LPG (without NPs) was placed 

in a 1 mL solution of proteolytic enzymes in 10 mM PBS. The solution contained 1.65 units of 

each proteinase K, chymotrypsin, and pepsin.37,38 The gel was then exposed to the enzyme 

mixture for 0, 12, 24, and 36 hours at 37 °C. At specific time points, the samples were 

centrifuged at 10,000 rpm for 10 minutes while maintaining a temperature of 4 ℃. The samples 

were rinsed three times with DI water and freeze-dried. After the freeze-dried gel was dissolved 

in 500 μL of methanol, it was syringe-filtered (0.2 μm) and subjected to RP-HPLC analysis, 

using a 10 μL injection volume. A control peptide conjugate gel was used as well, with a 

sequence of LA-LLys-LPhe-LLys-NH2, containing L-phenylalanine in place of D-phenylalanine. 

Following equation was used to determine the percentage stability of peptide:  

% Remaining peptide = !"#$	&'(#"	)*#	+#$,	$)	)-.#	)
!"#$	&'(#"	)*#	+#$,	$)	/	*

	× 100							𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛	1 

where, t = 12, 24, and 36 h. 

2.3.10. Swelling and degradation 
NLG and LPG were investigated for their swelling and degradation analysis in the buffer 

solutions with pH 7 and 8.4. The gels were placed in an incubator at 37 °C and 100 rpm, where 

gel degradation was estimated through gravimetric analysis after 24, 48, and 72 hours. After 

each interval, the media was removed, and the gels were weighed. Gravimetric assessment of 

stability was performed using the formula given below:39 

Swelling/Degradation (%) = 
01!	2	1"3

1!
	× 100   Equation 2 

where, wi is the initial weight of the gel and wf is the weight of gel at a particular time interval. 

2.3.11. Antioxidant activity 
The antioxidant activity of the material was investigated by DPPH and ABTS assays,40,41 as 

discussed below: 

ABTS assay. It was performed by preparing a stock solution of ABTS radical, where 1 ml of 

7.38 mM ABTS salt (3.8 mg)  solution was mixed with 1 mL of 2.58 mM potassium persulfate 

(0.7 mg)  in DI water. For the generation of ABTS radical, the solution was placed in dark for 

12 h. The absorbance of the solution was taken at 415 nm and was adjusted to 0.75 by dilution 

with PBS. The 200 μL of this diluted solution with absorbance value of 0.75 was added to each 

sample and control. We have taken 1 mg/mL solution of ascorbic acid as the positive control 

and untreated ABTS radical solution as negative control. All the samples were then incubated 

at 37 °C and 100 rpm for 1 h. After 1 h, the samples were centrifuged at 700 rpm for 5 minutes 

and the absorbance reading at 415 nm were taken. 
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DPPH assay. The 1′-diphenyl-2-picrylhydrazyl (DPPH) radical scavenging ability of the 

material was analyzed by DPPH assay. Samples and controls were incubated with the 200 μL 

solution of DPPH radical solution (0.1 mM) in methanol at 37 °C for 2 h. Trolox (25 μM) in 

methanol was taken as the positive control while the untreated DPPH radical solution was taken 

as the negative control. After 2 h, the absorbance readings for each sample at 517 nm were taken 

using a plate reader. The following equation was used to quantify antioxidant activity: 

% Radical Scavenging Effect = (!#–	!$)
!#

	× 100   Equation 3 

where, Ac and As are the absorbance value of control and samples. 

2.3.12. Antibacterial activity 
The antibacterial activity of the NLG and LPG was investigated against S. aureus and E. coli by 

optical density method (OD600) and Live−Dead fluorescence imaging.  

Optical density method. The gels were freeze-dried and sterilized under UV-radiations prior to 

the experiment. Bacterial cultures of E. Coli and S. aureus were maintained in Luria broth until 

the midlog phase in a shaker incubator set to 100 rpm and 37 °C. OD600 was then adjusted to 

0.01 AU (1 × 106 cfu/mL) by diluting it with luria broth. We have taken Gentamicin Sulfate (50 

μg/mL) as positive control and the untreated bacterial samples were used as negative controls. 

Samples and control sets were then incubated with the 500 μL bacterial culture for 24, 48, and 

72 h. After each specified interval, OD600 value of each sample was recorded. The percentage 

antibacterial activity of the material was determined by comparing it against the untreated 

bacterial samples.42  

Bacterial inhibition (%) = (!#	2	!$)
!#

 × 100                Equation 4 

Where, Ac is the OD600 value of untreated control samples and As is the OD600 value of samples. 

Live−dead assay. Similarly, for live-dead analysis, the samples are prepared and UV-sterilized 

prior to treatment. Both Gram-positive bacteria and Gram-negative bacterial strains were 

cultured in Luria broth until midlog phase and their OD600 was adjusted to 0.01 AU, i.e. 1 × 106 

cfu/ml. The sample and control sets were incubated for 24 h with the bacterial cultures in an 

orbital shaker kept at 100 rpm and 37 °C. Gentamicin was used as positive control with the 

untreated bacterial samples as negative control. After 24 h of incubation, 100 μL of culture from 

each set was costained with a 1:1 v/v mixture of propidium iodide (Ex/Em = 535/617 nm) and 

SYTO 9 (Ex/Em = 483/503 nm). The stained samples were then kept in dark for 20 minutes and 

placed on a glass slide for the microscopic analysis. Leica microscope at 20X magnification was 

used to capture the fluorescence images. 
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2.3.13. Mechanistic analysis of antibacterial activity  
HR-TEM images of the NLG-treated bacterial samples were taken for the mechanistic analysis 

of antibacterial activity. We have taken 6 sets of E. coli and S. aureus bacterial strains with the 

OD600 value adjusted to 0.01, as discussed earlier. Both the strains were treated with NLG for 

24 h. After 24 h, bacterial cultures from all the sets were centrifuged (5500 RPM, 4 °C, 10 min), 

and the pellet collected at the bottom was washed thrice with PBS (pH: 7.4). The bacterial cells 

were then fixed overnight using 2.5% glutaraldehyde. Following fixation, the cells were rinsed 

with PBS and stained with osmium tetroxide (1%) for 30 minutes. A repeated ethanol washing 

(30%, 50%, 70%, and 90%) was performed to dehydrate the bacterial cells. The cells were 

suspended in the pure ethanol, and around 5 μL of it was drop cast onto a carbon-coated copper 

grid (mesh size: 300). The samples were air-dried before the images were captured using an 

HR-TEM. The untreated bacterial cells were used as a negative control. 

2.3.14. 1-N-phenylnaphthylamine (NPN) assay  

The NPN assay was used to quantitatively determine the impact of NLG on the integrity of 

bacterial cell membranes. As discussed earlier, E. coli and S. aureus were cultured, and their 

OD600 was adjusted to 0.01 AU (1 × 106 cfu/mL). The bacterial samples were then incubated 

with NLG for 24 hours. After the incubation, 100 μL of the suspensions were taken from each 

sample and centrifuged (3500g, 4 °C, 5 min). The collected pellet was washed twice and 

suspended in 100 μL of PBS. Next, the suspension was transferred to a 96-well plate, and 8 μL 

of NPN (0.5 mM) solution prepared in 50:50 acetone:PBS was added. The fluorescence 

spectrum was recorded between 375 and 600 nm, with the excitation wavelength set at 356 nm. 

Any change in the fluorescence intensity at 425 nm (λem) was then observed.43 

2.3.15. Cell viability analysis  
Cell viability analysis of the fabricated materials, NLG, LPG and NP was performed by the 

MTT assay and live-dead fluorescence imaging. The study was performed on murine fibroblast 

L929 and human umbilical vein endothelial cell lines. L929 cells were grown in the RPMI 

media, which was supplemented with 10% fetal bovine serum and 1% antibiotic. HUVECs were 

cultured in endothelial basal medium (EBM), which was supplemented with EGM-2 bullet kit 

and 1% antibiotic.  

MTT Assay.  Cell lines were grown in Nunc-coated T-25 flasks and incubated at 37 °C in a 

humidified atmosphere with 5% CO2 until 80-90% confluence was attained. The subconfluent 

cells were taken out using a trypsin-EDTA solution and collected for further analysis. The 

freeze-dried samples were sterilized for 30 min using UV radiation. The LPG and NLG samples 

were incubated in the incomplete medium at a concentration of 1 mg/mL for 24 h at 37 °C. After 

incubation, the sample extracts were collected using a 0.2 μm syringe filter and diluted three 

times to obtain the working concentration of 330 μg/mL, as optimized by the dose-dependent 

MTT assay of gel extracts in the concentration ranging from 100-1000 µg/mL. The 
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nanoparticles were also dispersed in the incomplete media at a concentration of 5 mM and 

diluted thrice. In a Nunc-coated 96-well plate, the cells were seeded with a density of 10,000 

cells/well and kept in the incubator for cell fixation. After 24 h, the media in the wells was 

replaced with the  100 μL of sample extracts. Following the treatment, the cells were again 

incubated for another 24 hours. The cells without treatment were considered positive control, 

and the wells containing only media without cells were taken as blank. Following the treatment 

period of 24 h, each well was added with the 20 μL of MTT solution (5 mg/mL) prepared in the 

incomplete media. The cells were then incubated for 3.5 hours at 37 ℃ to allow for the formation 

of formazan crystals. These crystals were dissolved in the 100 µL DMSO, and the absorbance 

of the samples (n=3) was taken at 570 nm. The ratio of the sample-treated cells and untreated 

cells determined the cell viability.44 

Live-dead assay. The cell viability analysis by live-dead assay involved the fluorescent imaging 

of the cells after treatment with the samples for 24 h.  A working dye solution of calcein AM (2 

μM) and ethidium homodimer 1-red (4 μM) was prepared for the staining. Both HUVECs and 

L929 cells were cultured in a 35 mm disc with a cell density of 1.2 × 106 cells/disc in their 

respective media solutions. The cell were grown in a humidified environment at 37 ℃ and 5% 

CO2. The cells were treated with the NLG and LPG gel extracts at concentration of 330 μg/mL 

for 24 h.  After treatment, the cells were stained with the 500 μL dye solution that was prepared 

earlier and kept in dark for 45-60 minutes.  The images of the cells were then captured using 

Leica fluorescence microscope and the intensity of live and dead cells was observed. 

2.3.16. ROS scavenging  
In a Nunc-treated 6-well plate, murine fibroblast L929 cells were seeded in a concentration of 

1.2 × 106 cells/well and kept in a humidified environment with 5% CO2 and 37 °C temperature. 

The cells were treated with 0.5 mM of H2O2 for an hour to induce ROS stress. Following the 

induction of ROS stress, the cells were treated with the sample extracts and incubated for 24 

hours. After 24 h of incubation, the 25 μM DCFDA dye solution was added to each well, and 

the plate was placed in the dark for around 30 minutes. The ROS stress in the cells was then 

observed by fluorescence imaging, where the intensity of green fluorescence determined the 

oxidative stress. Moreover, the viability of ROS-stressed cells on treatment with the NLG was 

also investigated by MTT assay. The cells were seeded in a 96-well plate at 1 × 104 cells/well 

for this analysis. Cells were treated with the sample extracts, and 0.5 mM of H2O2 was added to 

each well. The cells were incubated for 24 h, and viability was assessed using an MTT assay. 

The wells with no NLG treatment and only H2O2 were considered positive control, and wells 

without H2O2 were taken as negative control.45 

2.3.17. Cell migration and in vitro wound healing  
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Scratch assay was performed to investigate the cell migration and in vitro wound healing ability 

of HUVEC and L929 cells on treatment with the NLG and LPG. In a 6-well plate, the cells (1.2 

× 106 cells/well) were seeded in their respective media and incubated in a humidified 

environment containing 5% CO2 at 37 °C until 80-90% confluency was achieved. Upon 

attaining the desired confluency, a scratch was made on the monolayer of cells using a sterile 

tip. The debris was removed with the continuous washing using incomplete media. The cells 

were then treated with the sample extracts with a concentration of 330 μg/mL and the healing 

of scratch was observed at different time intervals. The images were captured under a light 

microscope at 12, 24 and 48 hours and area of scratch healing was observed using ImageJ 

software.46 

2.3.18. Angiogenesis  
The angiogenic ability of the NLG was determined by the in vitro angiogenesis assay following 

the protocol reported by Hauser et al.47  Endothelial cells (HUVECs) with a cell density of 

40,000 cells/well were cultured on the NLG in a 24-well plate. The cells were immersed in 

incomplete Endothelial Growth Media (EGM-2) and incubated for 24 hours at 37 °C in a humid 

environment containing 5% CO2. After 24 h of incubation, the cells were stained with the 

working concentration of calcein AM and ethidium homodimer solution for 40 min. The images 

were captured using a fluorescence microscope and analyzed using ImageJ with Angiogenesis 

Analyzer.47 

2.3.19. Gene expression analysis  

The expression of various proangiogenic genes like VEGF, FGF2, EGFR and HIF-1 was 

analyzed using qRT-PCR analysis. The HUVECs cultured in 35 mm discs were treated with 

LPG and NLG for 24 h. Next, RNA was isolated from the cells using trizol and was quantified 

using NanoDrop One/One Microvolume UV−vis spectrophotometer (Thermo Fisher Scientific, 

USA). Further, cDNA was synthesized from the 600 ng RNA using the Bio-Rad cDNA 

synthesis kit. RT-qPCR analysis was performed on Quant- Studio 3 Real-Time PCR System 

(Applied Biosystem, USA) using SYBR Universal. The expression level of VEGF, FGF2, HIF-

1, and EGFR were investigated by taking actin as reference gene, which served as the standard 

for data normalization. The cells without the NLG treatment were taken as control. 

2.3.20. Statistical analysis 
The student’s t test was used to evaluate the data. The experiments were performed in triplicates 

and data presented as mean values along with the standard deviations. Result significance was 

determined with P values, where < 0.05 (*), < 0.01 (**), and < 0.001 (***) indicated significant 

differences, and "ns" indicated non-significant difference. 
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2.4. Results and discussion 
This work aimed to develop a multifunctional, self-assembled peptide-based gel loaded with 

nanoparticles to address the challenges of chronic wound healing. The strategy was to leverage 

the inherent properties of the materials developed, rather than delivering exogenous growth 

factors, drugs, or adjuvants. We have fabricated a Y2O3 nanoparticle-loaded lauric acid-peptide 

conjugate gel, LA-LLys-DPhe-LLys-NH2 (NLG) with inherent antibacterial, ROS scavenging, 

and proangiogenic properties (Figure 2.1). The rationale behind incorporating the basic lysine 

residues with an amine side chain within our conjugate was to impart antibacterial and anti-

inflammatory properties to the gel. The positively charged lysine side chains engage in 

electrostatic interactions with negatively charged bacterial cell membranes, leading to the 

disruption of membrane integrity and consequently exerting antimicrobial effects.48 Moreover, 

the lone pair on amine shields the cells from oxidative damage.49 The hydrophobic 

phenylalanine (Phe) was selected to enhance the self-assembly of the peptide into a stable gel 

structure, attributable to its aromatic (π-π) interactions and hydrophobic characteristics, which 

contribute to maintaining structural integrity and improving the physical robustness of the gel, 

which is crucial for wound dressings. In addition, the hydrophobic nature of lauric acid further 

promotes peptide self-assembly into nanofibrous structures. The short length of the peptide 

sequence (LA-LLys-DPhe-LLys-NH2) was strategically taken to balance the ease of synthesis and 

self-assembly capabilities and was found sufficient to allow self-assembly into a gel structure, 

avoiding the need for longer, more complex peptides. The simplicity of this trimeric sequence 

also minimizes potential immunogenicity, a critical factor for applications in wound healing.50 

Furthermore, we capitalized on the redox-active properties of Y2O3 NPs. These nanoparticles 

induce a temporary hypoxic environment conducive to promote the hypoxia-induced 

angiogenesis and activates the cellular pathways to promote cell migration and proliferation. 

Thus, the nanoparticle loaded peptide gel (NLG) presents a promising approach to  wound 

healing. The obtained results were compared with the lauric acid-peptide conjugate gel (LPG) 

without the nanoparticle entrapment. 
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Figure 2.1. Self-assembly of Y2O3 nanoparticles-loaded peptide-based gel, LA-LLys-DPhe-
LLys-NH2, and its wound healing activity. 

2.4.1. Lauric acid-peptide conjugate 

The solid phase peptide synthesis (SPPS) technique was used to fabricate the LA-LLys-DPhe-
LLys-NH2 (Figure A1, Appendix). The synthesis followed a Fmoc-based approach, and the 

lauric acid was conjugated to the peptide chain using amide linkage. RP-HPLC, 1H NMR and 

HR-MS were performed for the peptide characterization. RP-HPLC determined the 95% purity 

of the peptide, and the observed retention time (Rt) was 4.5 min (Figure A3, Appendix). The 

molecular weight determined by HR-MS (603 Da) was consistent with the theoretical value 

(Figure A2, Appendix). Further, the assigned NMR peaks have been provided in Figure A4, 

Appendix. FT-IR and CD-spectroscopy were performed to investigate the secondary structure 

of the peptide conjugate. The amide I peak identified at 1642 cm-1 corresponds to stretching 

vibrations of C-O, and the amide II peak observed at 1543 cm-1 corresponds to the N−H bending 

peak (Figure A5, Appendix). Peaks corresponding to amide III were observed in the 

1229−1301 cm-1 region, which were attributed to N-H bending coupled with C−N stretching. 

The FT-IR data indicated a random coil configuration for the peptide conjugate, which was 

supported by CD spectroscopy results showing a minimum at 196 nm (Figure A6, 

Appendix).51,52 Additionally, the peptide chain exhibited a net positive zeta potential of +1.5 

mV, likely due to the presence of basic lysine residues. 
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Figure 2.2. Characterization of Y2O3 NPs and NP-loaded peptide gel (NLG). (A-C) HR-TEM, 

FT-IR spectrum and powdered X-ray diffraction data of Y2O3 NPs. (D) Lauric acid-peptide 

conjugate gel (LPG). (E) Nanoparticle-loaded peptide-conjugate gel (NLG). (F, G) Scanning 

electron microscopy (SEM) images of LPG and NLG. Scale bar: 50 µm. (H, I) HR-TEM images 

of nanofibrous gel. Scale bar: 1 µm and 500 nm. 

2.4.2. Yttrium oxide (Y2O3) nanoparticles 
The sol-gel technique was employed to fabricate the Y2O3 nanoparticles using yttrium nitrate 

hexahydrate as a precursor, where poloxamer P-123 was added to provide the mesoporosity. 

The nanoparticles were characterized by FT-IR, UV-visible spectroscopy, PXRD, DLS, zeta 

potential, HR-TEM, FE-SEM, and BET (Figure 2.2). The HR-TEM images revealed that the 

nanoparticles possess a cubic morphology that was further validated by FE-SEM analysis 

(Figure A10, Appendix). The hydrodynamic radius was measured at 80.4 ± 3.34 nm (n = 3) by 

DLS (Figure A9, Appendix), whereas the HR-TEM analysis determined the size to be around 

20 nm. Moreover, the surface potential of nanoparticles was observed about +5.16 ± 0.05 mV, 

indicating a mild positive charge on their surface.  

UV-visible spectroscopy exhibited a strong absorption band at 290 nm, which was consistent 

with the literature, confirming the fabrication of Y2O3 NPs (Figure A7, Appendix).53  The FT-

IR spectra peaks at 462 and 577 cm-1 corresponded to Y-O stretching (Figure 2.2B). The 

presence of moisture was indicated by a broad peak at 3317 cm-1, while the peaks at 1490 and 
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1396 cm-1 suggested the -COOH stretching. The Powder X-ray Diffraction (PXRD) pattern for 

the NPs showcased three distinct peaks at 2θ positions of 28.04, 46.46, and 55.2, corresponding 

to the (222), (440), and (622) crystal planes, respectively (Figure 2.2C). This PXRD data aligns 

well with the existing literature and the JCPDS card, thereby, corroborating the formation of 

cubic-structured Y2O3 NPs.54 Further, the Brunauer-Emmett-Teller (BET) study conducted at 

77 K yielded an estimated surface area of 98 m2/g for the NPs (Figure A8, Appendix). After 

calculating the pore size using the DFT approach, the mesoporous structure of the NPs was 

confirmed with a pore size of 17 Å. 

2.4.3. Y2O3 NP-loaded lauric acid-peptide conjugate gel (NLG) 

The peptide chains self-assembled in an alkaline environment to form the gel. A 1% w/v solution 

of lauric acid-LLys-DPhe-LLys-NH2 peptide conjugate was prepared using 100 µL of 5 mM 

dispersion of Y2O3 NPs in DI water, followed by 2-3 drops of 0.2 M NaOH. The gel formation 

process required approximately 15 to 20 min, resulting in a loading of approximately 50 µg of 

nanoparticles. Peptide gels with different concentration of Y2O3 (1-15 mM) were prepared to 

optimize the effective loading concentration. We used the inverted vial technique to confirm its 

formation (Figure 2.2D, E). We examined the morphology of the scaffold using SEM (Figures 

2.2F, G) and HR-TEM (Figure 2.2H), which showed a nanofibrous structure. The gelation 

process was facilitated by interactions, such as cation-π stacking, H-bonding, π−π stacking, and 

hydrophobic interactions. 

2.4.4. Rheology studies  

Rheology analyses were performed to examine the viscoelastic properties and self-healing 

ability of NLG and LPG (Figure 2.3). In the frequency sweep experiment, the study was carried 

out at a constant 1% strain and varying angular frequency from 0.1 to 100 rad/s, while the 

amplitude sweep experiment was conducted at a constant angular frequency of 10 rad/s and the 

strain varying between 0.01% to 100% (Figure 2.3A, D). For both gels, within the frequency 

range of 0.1−100 rad/s, there were no crossovers, and the G′ values remained stable, indicating 

that the viscoelastic behaviour of the gel was consistent throughout this range. Gels had a linear 

viscoelastic range of up to 1%, with the crossover point determined at 24.8% for the peptide 

conjugate gel and 82.5% for the NP-loaded gel (Figure 2.3B, E). The inclusion of NPs led to a 

significant increase in the mechanical strength of the gel because of the interaction between the 

amines on lysine and the metal ions, as indicated by the significant increase in the crossover 

points and a high storage modulus (~4 kPa). The gel's viscoelastic behaviour was validated by 

the higher storage modulus (G′) compared to the loss modulus (G′′). To assess the self-healing 

properties, the gels were subjected to a constant angular frequency of 10 rad/s with alternating 

strains of 0.1% and 30% for six cycles, each lasting 200 seconds. Upon removal of the strain, 
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the gels were able to restore their original structure (Figure 2.3C, F). The self-healing capacity 

of gels was also determined visually (Figure A11, Appendix). A surgical blade was used to 

split the gel in two. The rhodamine B dye stained one half of the gel while the other half 

remained unstained. The self-healing ability was demonstrated by the diffusion of dye from the 

stained to unstained half of the gel, kept in contact under airtight conditions at 37 °C. Images 

were captured at 0, 6, 12, and 24 hours to monitor the dye diffusion. 

 

Figure 2.3. Rheological properties and stability profiles of gels. (A, D) Frequency sweep 

analysis of LPG and NLG at a constant strain of 1% with varying angular frequency from 0.1 

to 100 rad/s. (B, E) Amplitude sweep of LPG and NLG at a 10 rad/s constant angular frequency 

with a varying strain of 0.01-100%. (C, F) Self-healing analysis of gel for 6 cycles by using the 

periodic strains of 0.1% and 30%. (G) Proteolytic stability studies of LPG, LA-LLys-DPhe-LLys-

NH2 at physiological pH. Peptide conjugate gel, LA-LLys-LPhe-LLys-NH2, with L-Phe instead 

of D-Phe was taken as a control. (H) Degradation study of LPG and NLG in the buffer solutions 
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of pH 7 and 8.4. The data is provided as mean ± standard deviation (n = 3), with P values of 

<0.05 (*), 0.01 (**), and 0.001 (***) indicating significant differences. 

2.4.5. Stability of gels 
The proteolytic stability of the lauric acid-peptide conjugate gel (LPG) was assessed using an 

enzyme cocktail consisting of chymotrypsin, pepsin, and proteinase K. For comparison, a 

conjugate gel, LA-LLys-LPhe-LLys-NH2, containing L-Phe instead of D-Phe was used as a 

control. A 1% gel solution was incubated with the enzyme mixture, and its proteolytic stability 

was measured at 0-, 12-, 24-, and 36-hours using RP-HPLC (Figure 2.3G). The stability was 

quantified by estimating the area under the RP-HPLC peak. After 36 hours, the gel containing 

D-Phe showed only 10% degradation, whereas the gel made entirely of L-amino acids exhibited 

approximately 48% degradation. Incorporating D-amino acids into the peptide sequence alters 

its spatial conformation, affecting the recognition of peptide by enzymes and, thereby, 

enhancing the proteolytic stability of the peptide gels. Images of both gels were taken at specific 

time intervals following the removal of the proteolytic mixture (Figure A12, A13, Appendix).  

The stability of the peptide conjugate (LPG) and NP-loaded peptide conjugate (NLG) gels was 

further assessed by examining their swelling and degradation profiles at neutral and slightly 

alkaline pH levels of 7 and 8.4 (Figure 2.3H). Considering the pH of a chronic wound is 

typically alkaline (7.2−8.9), we focused on the stability of the gels under these conditions. 

Compared to the NLG gel (~45%), the LPG gel showed a greater degradation rate (~62%). The 

side chain amines on lysine and the cationic metal ions interact with the nanoparticles to improve 

the mechanical stability of the NLG. Additionally, less degradation was observed in NLG at 

alkaline pH 8.4 (~45%) compared to pH 7 (~61%). The positive charge on the peptide chains 

decreases as the pH becomes more alkaline, reducing repulsion between peptide chains and thus 

increasing the gel's stability. 
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Figure 2.4. Evaluation of the antioxidant and antibacterial potential of NPs, LPG, and NLG. (A, 

B) Antioxidant activity. (A) ABTS assay. (B) DPPH assay. Ascorbic acid and trolox served as 

controls. (C, D) Percentage antibacterial activity estimation using OD600nm method. (C) S. 

aureus. (D) E. coli. (E, F) Investigation of sustained antibacterial activities for up to 72 h. (E) S. 

aureus. (F) E. coli. The data is provided as mean ± standard deviation (n = 3), with P values of 

<0.05 (*), 0.01 (**), and 0.001 (***) indicating significant differences. 

2.4.6. Antioxidant properties 

Reactive oxygen species (ROS) serve as critical agents in host defense mechanisms during 

wound healing. They are released by phagocytic neutrophils and macrophages to combat 

bacterial infections by leveraging their reactive and damaging properties. However, excessive 

ROS activity damages the extracellular matrix (ECM) and its components, like growth factors 
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and proteins. It adversely affects the functionality of dermal fibroblasts and keratinocytes, 

causes cellular damage, and impedes the healing process. The prolonged presence of hydroxyl 

radicals (OH.), superoxide (O2-), and hydrogen peroxide (H2O2) in high concentrations at the 

site of injury extends the inflammatory phase. These radicals must be neutralized for the healing 

to take place efficiently. The lone pair of electrons on the lysine side chains in NLG and LPG 

peptide chains shield the cells from damage by ROS and provide a protective mechanism. 

DPPH and ABTS assays determined the antioxidant activity of the materials (Figure 2.4A, B). 

The material demonstrated its effectiveness in the ABTS assay by reducing the ABTS·+ radical 

from a coloured to a colourless solution, with LPG and NPs serving as controls. The absorbance 

was measured at 415 nm. The NP-loaded gel (NLG) exhibited remarkable antioxidant activity, 

achieving 93.9% in 1 hour, whereas LPG and NPs showed 92% and 46% activity, respectively. 

The DPPH assay further affirmed the NLG's effectiveness, demonstrating around 89% activity, 

with the control LPG and NPs showing around 87% and 38% activity. In both assays, the 

efficacy of NLG stood on par with established positive controls, ascorbic acid for the ABTS and 

Trolox for the DPPH assay.  

This study underscored the antioxidant potential of NP-loaded gel (NLG), highlighting its 

excellent radical scavenging capacity, surpassing that of previously reported materials in 

literature by Hao et al.,41 Wei et al.,55, and Zhang et al.56 Interestingly, the antioxidant activity 

of gels was largely unaffected by the addition of NPs, which had no discernible effect on the 

antioxidant activity of the gels. 

2.4.7. Antibacterial activity  

Optical density (OD600) method was used to investigate the antibacterial potential of NP-loaded 

gel. The efficacy of material was assessed against Gram-positive (S. aureus) and Gram-negative 

(E. coli) bacterial strains (Figure 2.4). We compared the results with the gentamicin sulfate 

(50 μg/mL), while the untreated bacterial samples were used a negative control. The gels were 

fabricated as mentioned earlier and were further analyzed. The NP-loaded gel (NLG) exhibited 

a 94.2% antibacterial activity against both E. coli and S. aureus (Figure 2.4C, D). Remarkably, 

an approximate 90% level of antibacterial effectiveness was observed at just 6 hours of 

incubation for both bacterial strains, an effect that was sustained up to 72 hours (Figure 2.4E, 

F). These results align with the recent antibacterial materials reported by Atefyekta et al.57 and 

Veiga58 et al. An intriguing observation was that the LPG gel, lacking nanoparticles (NPs), still 

manifested over 90% antibacterial activity, underscoring the gel's inherent antimicrobial 

properties. While the nanoparticles alone showed a lesser degree of effectiveness, with under 

50% activity against the both bacterial strains. The bactericidal properties of the gel can be 

attributed to its ability to interact with bacterial membranes, which are predominantly composed 
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of phospholipids and phosphatidylglycerol, containing negatively charged head groups. The 

basic functional groups within the peptide chains are drawn to these charges. The lysine residues 

with positively charged side chains demonstrate a strong attraction to the bacterial membrane. 

The integration of the lauric acid chain notably elevates the hydrophobic nature of the peptide 

chain. This increase in hydrophobicity significantly boosts the interaction of peptide with the 

lipid bilayer, thereby augmenting its antibacterial efficacy. Thus, peptide chain disrupts the 

integrity of the bacterial membrane, leading to a collapse of its potential and consequent cell 

death.48 MIC90 is the minimum concentration capable of inhibiting at least 90% of the bacterial 

population. The determination of the minimum inhibitory concentration (MIC90) for lauric acid-

peptide conjugate (LPC) against S. aureus and E. coli was conducted through the standard 

dilution method. Luria broth was used to prepare samples at varying concentrations (2.5, 1.25, 

0.625, 0.312, 0.156, 0.078, 0.039, 0.0195, 0.0097, 0.00485, and 0.00242 mg/mL), which were 

then incubated with the bacterial cultures at 37 °C for a duration of 24 hours. Utilizing a UV-

visible spectrophotometer, the optical density (OD) was measured at 600 nm for both bacterial 

strains, which gave the MIC90 as 0.312 mg/mL (31.2 μg/100 μL) (Figure A14, Appendix). 

Live−Dead fluorescence imaging was further performed to demonstrate the antibacterial activity 

of NLG against S. aureus (Figure 2.5A) and E. coli (Figure A15, Appendix). The method 

utilized SYTO 9 and propidium iodide (PI) dyes to co-stain the bacteria after being exposed to 

NP-loaded gel for a period of 24 hours. SYTO 9, which binds to both DNA and RNA regardless 

of the cell's membrane integrity, produces a green fluorescent signal indicating live cells. PI, 

which preferentially binds to the DNA of cells with compromised membrane integrity, emits a 

red fluorescence, signaling dead cells.59 The observed fluorescence from the NLG-treated 

bacterial cells predominantly exhibited red, indicating a higher presence of dead cells in 

populations treated with the gel. In contrast, the control group of untreated bacterial cells 

displayed mainly green fluorescence, pointing towards a predominantly live cell population. 

Semi-quantitative analysis further validated these observations, with red and green fluorescence 

intensity measurements indicating that NLG treatment led to a substantial decrease in bacterial 

viability (Figure 2.5B). We observed 3.2- and 0.15-time increase in red and green fluorescence, 

respectively, compared to the untreated control. This enhanced red fluorescence with the 

diminished presence of green fluorescence corroborate with the efficacious antibacterial activity 

of NLG, highlighting its potential as a therapeutic agent against bacterial infections. 

The antibacterial efficacy of NLG gel on both Gram-positive and Gram-negative bacteria was 

mechanistically analyzed through HR-TEM analysis (Figure 2.5C-N). Initial observations of 

bacteria cells in untreated conditions showed their typical spherical or rod-shaped structures, 

with the cell membrane and cytoplasm remaining unblemished. However, upon treatment with 

NLG, the bacterial cell membranes appeared ruptured, resulting in the expulsion of cytoplasmic 

content and, ultimately, cell death. This disruption of cell integrity was further substantiated 
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through a N-phenylnaphthylamine (NPN) uptake assay. The assay evidenced a marked increase 

in NPN fluorescence at 425 nm (λem) for NLG-treated E. coli (3.59-fold increase) and S. aureus 

(2.85-fold increase), compared to the control groups (Figure 2.5O, P). NPN is known to exhibit 

enhanced fluorescence in phospholipid environments. However, under normal conditions, an 

intact outer cell membrane acts as a barrier to NPN entry. Therefore, the observed increase in 

fluorescence suggests that NLG gel facilitates NPN uptake by destabilizing and disrupting the 

bacterial membrane. This disruption is indicative of NLG gel compromising the membrane 

structure, providing direct evidence of its antibacterial mechanism through membrane 

perturbation. 

 

Figure 2.5. Bactericidal potential of NLG and its mechanistic investigation. (A) Live/dead 

fluorescence imaging of S. aureus. (B) Semiquantitative analysis of SYTO 9 and propidium 

iodide channels’ fluorescence intensity. Gentamicin sulfate was used as a positive control for 

comparison and untreated bacterial samples served as a negative control. Scale bar: 100 μm. (C-
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N) Mechanistic analysis with HR-TEM imaging and NPN assay. (C-E) HR-TEM images of 

untreated S. aureus. (F-H) NLG-treated S. aureus. (I-K) HR-TEM imaging of untreated E. coli. 

(L-N) NLG-treated E. coli. (O, P) NPN assay showing enhanced fluorescence at 425 nm (λem) 

in treated bacteria. The data is provided as mean ± standard deviation (n = 3), with P values of 

<0.05 (*), 0.01 (**), and 0.001 (***) indicating significant differences. 

 

2.4.8. Cell viability studies 
When employing biomaterials for wound healing applications, one of the most important things 

to consider is their biocompatibility. The MTT test was used to evaluate the cell viability of 

human umbilical vein endothelial cells (HUVECs) and the murine fibroblast cell line (L929) 

(Figure 2.6) on treatment with NP-loaded gel (NLG). The working concentration of NLG (330 

µg/mL) (Figure A16, Appendix). and the loading amount of Y2O3 nanoparticles (Figure A17, 

Appendix) was optimized by dose-dependent cell viability studies using MTT assay. The cell 

viability of L929 cells was investigated in the presence of peptide gel fabricated using Y2O3 

nanoparticles dispersion ranging from 1-15 mM of concentration. The scaffolds 

showed no cytotoxicity to cells at lower concentration. We observed an 

effective proliferation in the presence of NLG extracts obtained from peptide gel fabricated 

using 5 mM concentration of Y2O3 nanoparticles. However, above 8 mM concentration, the cell 

viability reduced significantly. After being incubated with NLG gel (5 mM Y2O3) for 24 h, the 

cell viability of L929 cells was observed to be 151% (Figure 2.6A) compared to untreated cells. 

However, only 93.9% of the cells treated with gel without NPs were viable. After being 

incubated with NLG for 24 h, HUVECs showed 119.9% viability (Figure 2.6B), whereas cells 

treated with gel without NPs (LPG) showed around 94% viabilities. In this study, the metabolic-

based MTT assay revealed the increased viability in NLG-treated cells, which suggest enhanced 

cellular proliferation and metabolic activity due to the therapeutic effects of the peptide 

gel. However, to further validate these findings and address any concerns about potential stress 

responses that could influence MTT readings, we conducted live/dead fluorescence imaging as 

a complementary analysis.	The live/dead assay provided additional confirmation of cell viability 

by allowing for the direct visual assessment of cell health. 

Live-dead fluorescence assay evaluated the cytocompatibility of NLG (Figure 2.6C, D). The 

assay involved incubating L929 and HUVEC cells with NLG and LPG for a 24-hour period, 

with untreated cells serving as the control group. Following the incubation, the cells were 

simultaneously stained with calcein AM and ethidium homodimer-1 red. Ethidium homodimer 

selectively marks the dead cells due to its inability to permeate live cell membranes, whereas 

calcein AM can penetrate live cells, producing a green fluorescence following ester hydrolysis 

by cellular esterases. Fluorescence microscopy revealed a predominance of green fluorescence 
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in both cell lines, indicating a majority of live and proliferating cells. These results obtained 

were consistent with the MTT assay and support our observations that NLG treatment fosters a 

favorable cell environment rather than inducing stress-related metabolic changes. Furthermore, 

these observations can be supported by the recent literature report where Y2O3 nanoparticles 

have been demonstrated to possess the ability to modify the redox environment, leading to the 

induction of transient hypoxic conditions.35 This process stimulates the production of Hypoxia-

Inducible Factor 1 (HIF-1), which subsequently enhance the expression of pro-angiogenic 

genes, including Vascular Endothelial Growth Factor (VEGF), Epidermal Growth Factor 

Receptor (EGFR), and Fibroblast Growth Factor 2 (FGF2), thereby facilitating cell 

proliferation.  
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Figure 2.6. Cell viability analysis of LPG and NLG on murine fibroblast (L929) and human 

umbilical vein endothelial (HUVEC) cells on 24 h incubation. (A-B) MTT assay. (A) L929 

cells. (B) HUVECs. (C-D) Live/dead assay. (C) L929 cells. (D) HUVECs. Untreated cells were 
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used as a control. Scale bar: 100 µm. The data is provided as mean ± standard deviation (n = 3), 

with P values of <0.05 (*), 0.01 (**), and 0.001 (***) indicating significant differences. 

2.4.9. Scratch assay  
Cell proliferation and migration are critical steps in wound healing, playing a significant role in 

tissue regeneration. To investigate the effects of NP-loaded gel (NLG) on wound closure, a 

scratch assay was performed on a monolayer of cells cultured in a 6-well plate. The scratch was 

created using a sterile tip, and both L929 and HUVEC cells were used in this study. Following 

the creation of the scratch, cells were given treatment with NLG and LPG, while a set of 

untreated cells served as the control group, (Figure 2.7A, B). Images were taken at regular 

intervals (0, 12, 24, and 48 hours) using a microscope to monitor the healing process. The 

analysis of the captured images indicated that cells treated with NLG exhibited a significantly 

faster rate of wound closure compared to both untreated cells and those treated with LPG 

(Figure A18, Appendix). Notably, the L929 cells treated with NLG demonstrated complete 

wound healing within 24 hours, whereas it took approximately 48 hours for the wounds in 

HUVEC cells to heal. The extent of wound closure was quantitatively analyzed using ImageJ 

software, revealing that after 24 hours, only 8% of the scratch area in L929 cells remained 

unhealed following NLG treatment, in stark contrast to the 51% unhealed area observed in 

untreated cells (Figure 2.7C). After 48 hours, the unhealed scratch area in HUVECs treated 

with NLG was reduced to just 10%, compared with 53% in the untreated HUVEC samples 

(Figure 2.7D). 
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Figure 2.7. In vitro wound healing analysis on NLG-treated murine fibroblast cells (L929) and 

human umbilical vein endothelial cells (HUVEC) by scratch assay. (A-B) Microscopic images 

of scratch taken at 0, 12, 24, and 48 h. (A) L929 cells. (B) HUVECs. Scale bar: 100 μm. (C-D) 

Semiquantitative analysis of the unhealed scratch area. (C) L929. (D) HUVECs. Untreated 

samples were taken as a control. The data is provided as mean ± standard deviation (n = 3), with 

P values of <0.05 (*), 0.01 (**), and 0.001 (***) indicating significant differences. 

2.4.10. Oxidative stress/ROS inhibition 
The ability of NP-loaded gel (NLG) to confer protection against oxidative stress was 

investigated through the MTT assay on ROS-stressed L929 cells (Figure 2.8A). Prior to NLG 

treatment, H2O2 was used to generate oxidative stress in cells. Cells with no induced oxidative 

stress were used as a negative control, while the cells incubated with H2O2 alone were taken as 

a positive control. Remarkably, cell viability was around 108% following a 24-hour incubation 

with NLG, which showed the ability of the gel to shield the cells from damage by reactive 

oxygen species. Further, the ROS-scavenging ability of NLG in cells treated with H2O2 was 

analyzed by DCFDA-based fluorescence assay (Figure 2.8B). This assay elucidates the 

transformation of cell-permeant H2DCFDA into 2′,7′-dichlorodihydrofluorescein (H2DCF) 

through deacetylation by cellular esterases, which upon interaction with ROS, rapidly changes 

into the highly fluorescent 2′,7′- dichlorofluorescein (DCF),60 as illustrated by the predominance 

of green fluorescence in H2O2-treated cells. However, a significant dip in green fluorescence 

was observed in the cells treated with the NP-loaded gel (NLG), signifying a reduction in ROS 

levels. These results align strongly with the earlier antioxidant studies performed with ABTS 

and DPPH assays.  
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Figure 2.8. ROS-scavenging and gene expression analysis on NLG-treated cells (A) Cell 

viability assessment of ROS-induced cells on NLG treatment. (B) Evaluation of ROS-

scavenging potential of NLG by DCFDA-based fluorescence assay on L929 cells. Scale bar: 

100 μm. (C) qRT-PCR analysis determining the expression of EGFR, VEGF, FGF-2, and HIF-

1 genes in HUVECs. The data is provided as mean ± standard deviation (n = 3), with P values 

of <0.05 (*), 0.01 (**), and 0.001 (***) indicating significant differences. 

2.4.11. Angiogenesis  
A key characteristic of non-healing chronic wounds is a diminished ability to rebuild the 

microvasculature by the process of angiogenesis. The growth of new blood vessels is essential 

for the development of granulation tissue as it facilitates the delivery of cells, nutrients, and 

oxygen to the site of the injury. The proangiogenic potential of NP-loaded peptide gel (NLG) 

was investigated by in vitro angiogenesis assay on human umbilical vein endothelial cells 

(HUVECs) (Figure 2.9). As demonstrated in Figure 2.9, after a 24-hour culture period with 

NLG, human umbilical vein endothelial cells (HUVECs) were subjected to staining with calcein 

AM and ethidium homodimer-I. Subsequent microscopic observation revealed the formation of 

dense, network-like structures.  These findings are consistent with the observations documented 

by Hauser et al.47 regarding the angiogenic hydrogel (IVFK). Furthermore, in comparison to 

cells treated with LPG hydrogel and untreated cells, the NLG exhibited a statistically significant 

increase in the number of nodes, junctions, and tube lengths, which were quantitatively assessed 

using the angiogenesis analyzer tool within ImageJ software. The ability of Y2O3 nanoparticles 

to induce the transient hypoxia upregulate the expression of various proangiogenic genes and 

promote the angiogenesis. 

2.4.12. Gene expression analysis 
Gene expression of various proangiogenic genes, like VEGF, FGF2, EGFR and HIF-1 were 

investigated by qRT-PCR analysis to understand the underlying mechanism for enhanced cell 

migration, proliferation, and angiogenesis (primer sequences listed in Table 1, Appendix). 

VEGF and FGF2 are well-reported to be critically involved in stimulating angiogenesis and can 

be activated in response to hypoxic conditions. Similarly, EGFR is known to play a pivotal role 

in cell migration and proliferation, and recent literature suggests that hypoxia-induced activation 

of HIF-1 may lead to elevated expressions of EGFR, VEGF, and FGF2. Notably, cerium oxide 

nanoparticles have been reported to induce transient hypoxia, resulting in the upregulation of 

these proangiogenic genes.34,61,62 Owing to their similar properties, Yttrium Oxide (Y2O3) 

nanoparticles were hypothesized to embody a parallel mechanism. The results unveiled that a 

24 h incubation of HUVECs with nanoparticle (NP)-embedded gel (NLG) significantly 

amplified the expression levels of VEGF, FGF2, EGFR, and HIF-1, achieving expression folds 

of 1.6, 2.58, 3.8, and 3.63 respectively (Figure 2.8C). While the cells treated with LPG (without 

nanoparticles), did not exhibit a statistically significant upregulation in these proangiogenic 
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genes. Thus, the augmented cell proliferation, migration, and angiogenesis observed in Y2O3-

containing scaffolds, as compared to the control scaffolds, is ascribed to the enhanced 

expression of these key proangiogenic genes. 

 

Figure 2.9. In vitro angiogenesis assay on LPG and NLG-treated HUVECs. (A) Fluorescence 

and bright field images of HUVECs on incubation with LPG and NLG for 24 h. Untreated cells 

were taken as a control. Scale bar: 100 μm. (B-D) Quantitative analysis of number of nodes, 

junctions, and tube length by using angiogenesis analyzer in ImageJ software. The data is 

provided as mean ± standard deviation (n = 3), with P values of <0.05 (*), 0.01 (**), and 0.001 

(***) indicating significant differences. 

2.5. Conclusions 

Chronic wound healing is a multifaceted challenge and presents various complications like 

persistent inflammation, infection, growth factor degradation, impaired angiogenesis and 

healing.  Thus, it requires a comprehensive approach targeting diverse impediments to the 

healing process. Therefore, we developed a multifunctional peptide-based gel, lauric acid-LLys-
DPhe-LLys-NH2 loaded with Y2O3 nanoparticles. The material exhibited antibacterial, ROS-

scavenging, cell proliferative and angiogenic properties without the need for exogenously 

supplied drugs and growth factors. This approach will address the challenges associated with 

the side effects of drugs and rise of antibiotic resistant bacterial strains. Since, we used 

nanoparticles with angiogenic ability, the concerns regarding the degradation and biostability of 

growth factors and proteins were also addressed. With the significant ROS scavenging potential, 

the material can reduce the oxidative stress and minimize the inflammatory responses. 
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Moreover, the gel provided a three-dimensional matrix for providing a conducive environment 

for cell migration and proliferation, which promotes the wound healing. Overall, our 

multifunctional peptide gel, with its antibacterial, anti-inflammatory, and angiogenic properties, 

offers a potential therapeutic approach for chronic wound healing by targeting several key 

challenges commonly encountered in chronic wounds. Following the establishment of its 

efficacy in in vivo animal models and subsequent clinical trials, this multifunctional peptide gel 

can be utilized as a primary dressing for chronic wound management. Upon application at the 

wound site, it would deliver localized antibacterial, anti-inflammatory, and pro-angiogenic 

effects, thus, addressing critical factors that impede healing in chronic wounds. As observed in 

the stability studies, the gel demonstrated only 45% degradation even after 24 h at alkaline pH 

8.4. This controlled biodegradation of gel is likely to facilitate sustained therapeutic action while 

minimizing the need for frequent dressing changes or removal. Once validated in clinical 

settings, this peptide gel can be incorporated into standard wound care protocols, either as a 

standalone treatment or in combination with adjunctive therapies, to enhance the healing process 

in chronic wound environments. The intrinsic wound-healing potential of the peptide-based 

scaffold developed in this work aligns with our thesis objective for a drug- and growth factor-

free approach. The third chapter explored this concept further by focusing on addressing the 

impaired angiogenesis in diabetic wounds using inherently angiogenic cyclic-peptide 

nanotubes. 
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           Chapter 3      

Cyclic peptide nanotubes for angiogenesis in diabetic wounds 

3.1. Introduction 
3.1.1. Diabetic wounds 
Diabetes mellitus is a significant chronic metabolic disorder characterized by decline in the 

body’s ability to metabolize glucose. According to the World Health Organization (WHO), there 

are 422 million individuals suffering from diabetes worldwide, accounting for 8.5% of the 

global population.1 Type 2 diabetes, in particular, carries major global consequences, and it 

includes an annual financial burden exceeding 760 billion dollars. These statistics represents 

approximately 10% of the total annual healthcare budget designated for adults. The anticipated 

prevalence of diabetes is set to soar, with projections estimating over 700 million individuals 

affected by 2045. The year 2019 witnessed over 4 million fatalities attributed to diabetes-related 

complications, underscoring the gravity of the situation, with the global incidence of diabetes 

pegged at 9.3% for the same year. Given these dynamics, diabetes emerges as a critical global 

health challenge.2,3 Impaired wound healing is a major concern in patients with diabetic 

hyperglycemia,  which often suffers with high mortality, morbidity, and recurrence. Moreover, 

it is a leading cause of nontraumatic limb amputations worldwide. The prevalence of foot ulcers 

in patients with diabetes ranges from 19% to 34% over their lifetime, and approximately 20% 

of these cases result in some form of amputation.4 Diabetic wound healing is influenced by over 

100 known pathophysiological factors including high blood glucose levels (hyperglycemia), 

elevated oxidative stress, impaired growth factor production, poor angiogenic response, 

enhanced activity of proteases, nerve damage (neuropathy), microvascular complications like 

peripheral arterial disease and reduced oxygen supply (hypoxia), as well as complications with 

skin barrier and infections.4,5 

3.1.2. Challenges 
Normal wound healing is orchestrated through four critical phases: hemostasis, inflammation, 

proliferation, and remodeling. In contrast, wound healing in diabetic individuals is hindered due 

to dysfunctions occurring across all these stages, often precluding these wounds from achieving 

complete repair.6,7 The pathogenesis of chronic, non-healing wounds in diabetic patients is 

multifaceted but can be largely attributed to inadequate vascular networking.8 A critical factor 

in this disrupted healing process is angiogenesis, which is the development of new blood vessels 

from pre-existing structures, ensuring sufficient blood flow, nutrition and oxygenation for tissue 

growth and repair.9 Angiogenesis involves a complex interplay between endothelial cells, 

macrophages, fibroblasts, and the surrounding extracellular matrix (ECM).10 The process is 

mediated by a carefully maintained equilibrium between pro-angiogenic factors, such as 

Vascular Endothelial Growth Factor (VEGF), Fibroblast Growth Factor 2 (FGF2), 
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Transforming Growth Factor-beta (TGF-β), and angiopoietins, and anti-angiogenic factors, 

including angiostatin, endostatin, and thrombospondins.11 However, in diabetic wounds, 

hyperglycemia exacerbates oxidative stress and inflammation, which leads to endothelial 

dysfunction, reduced production, and enhanced degradation of essential growth factors, 

impaired nitric oxide (NO) production, and ECM degradation, ultimately leading to 

compromised vascularization within the wound microenvironment.12 There is also a marked 

reduction observed in syndecan-4 and glypican-1, cell surface heparan sulfate proteoglycans 

that are critical for the effective binding of angiogenic growth factors, like FGF-2 and VEGF to 

their receptors.13,14  

Moreover, diabetic neuropathy further complicates wound healing by reducing sensory 

perception and motor control in the lower extremities. This reduction in sensory and motor 

function leads to decreased blood perfusion and hampers the supply of oxygen and nutrition to 

the wound sites.15 Impaired angiogenesis prevents the efficient removal of necrotic tissue and 

debris, effective delivery of therapeutic agents, and granulation tissue formation. The 

diminished vascularization and capillary density constrain the migration of immune cells at the 

wound site, which weakens the immune response and makes the wound susceptible to 

infections.16 Thus, impaired angiogenesis presents a significant challenge to diabetic wound 

healing, which needs to be addressed for effective treatment. 

3.1.3. Research gap 
The impairment of angiogenesis in diabetic wound healing has been the focus of several research 

efforts, highlighting its relevance in tissue regeneration. Various biomaterials, like 

nanoparticles,17,18,19 nanofibers,20,21 and hydrogels22,23,24,25 have emerged, which aims to promote 

angiogenesis in diabetic wounds. These materials offer a high surface area and tunable release 

properties. Moreover, hydrogels have been known for their ability to mimic the extracellular 

matrix (ECM), providing a three-dimensional structure that not only supports the inclusion of 

growth factors, drugs, and cells but also helps maintain a moist wound environment.26,27 The 

administration of exogenous growth factors such as VEGF, PDGF, EGF, and FGF-2 has been 

extensively studied and shown to effectively promote angiogenesis and wound healing.28,29,30 

However, despite their proven efficacy, the clinical application of these growth factors is 

hampered by drawbacks, such as their proteolytic instability and limited serum half-life, which 

significantly affect their therapeutic potential.31 Gene regulation plays a critical role in 

angiogenesis.32 Recently, a number of miRNA-based gene treatments have been developed that 

may have the potential to improve wound angiogenesis.33,34,35 The targetable nature of miRNAs 

utilizing antagomir therapy makes these therapies intriguing. Their effectiveness is, however, 

limited by the challenges, such as determining the optimal dosage, stability, and effective 

administration.36 Several stem cell types, including adipose-derived stem cells (ASCs), bone 

marrow-derived mesenchymal stem cells (MSCs), and induced pluripotent stem cells (iPSCs), 
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have been investigated for their potential to modulate the immune system, produce paracrine 

effects, and differentiate into vascular lineages that promote angiogenesis.37 However, it has 

several downsides, such as immunological rejection, lower cell viability, proliferation, and 

differentiation capability in a hyperglycemic (HG) environment, which leads to the reduced 

efficiency of stem cells in DFU.38 The challenges in using small drug molecules, like 

deferoxamine, is their short half-life, poor bioavailability, permeation, and potential side effects 

to non-target tissues.39 Given the complications associated with the exogenous application of 

growth factors, proteins, cells, drugs and other adjuvants, there is a pressing need for the 

development of material that can manipulate the endogenous factors to promote the impaired 

angiogenesis in diabetic wounds. 

3.1.4. Self-assembled peptide gel 
Peptide-based scaffolds offer considerable benefits for wound healing due to their 

straightforward synthesis, customizable functionality, excellent biodegradability, 

biocompatibility, and the ability to present functional moieties at high density.40,6 These 

scaffolds can be conveniently designed to transport drugs, cytokines, or cells to specific 

locations, after which they can break down into bioactive peptide sequences or natural amino 

acids, which can then assist in the surrounding tissue repair.41  Huang et al. developed self-

assembled peptide hydrogel with the proteoglycan assisted delivery of VEGF and HGF.42 

Similarly, Guo et al. reported a self-assembled peptide gel for sustained release of VEGF to 

stimulate angiogenesis.43 Angiogenesis is an intricate process that involves several sequential 

steps. Angiogenic factors, along with MMPs and MMP-induced breakdown of the extracellular 

matrix (ECM) play crucial roles in the migration of endothelial cells (EC) and the maturation of 

blood vessels.44 Through the manipulation of self-assembling peptides (SAPs), it is feasible to 

replicate the biological characteristics of the ECM and facilitate these steps. Incorporating 

MMP-sensitive motifs into SAPs increases their ability to break down naturally,45 while 

including cell-binding sequences helps ECs adhere and migrate on the SAPs.46 Furthermore, 

introducing peptides that mimic the growth factors' activity initiates angiogenesis and 

accelerates the maturation of blood vessels. Like, Hartgerink and co-workers developed a 

VEGF-mimicking highly angiogenic self-assembled multidomain peptide nanofibers for 

ischemic tissue disease.47 Heparin-mimetic peptide nanofibers have been reported by Guler et 

al. to interact with the growth factors and promote angiogenesis.48 Also, Liu et al. developed 

two designer self-assembled peptide scaffolds with one containing RGD cell adhesion sequence 

and other containing VEGF-mimicking sequence acting as VEGF agonist activating VEGF 

mediated signalling pathway.49 Despite their promising ability to be customized and their 

functionality as scaffolds promoting angiogenesis, a significant limitation of using peptides in 

diabetic wounds is their susceptibility to degradation due to the heightened activity of 

proteolytic enzymes. This degradation can reduce their overall effectiveness, necessitating 

frequent treatments or additional modifications to enhance stability.50 
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3.2. Objectives 

The challenges associated with the stability of peptides can be addressed by certain 

modifications with the sequence and structures, like modification of the N- or C- terminal, 

incorporation of D-amino acids, unnatural amino acids, cyclization of peptide chains, and 

insertion of non-peptidic backbones.51 Moreover, Ghadiri et al. have reported that the cyclic 

peptides with alternating D- and L-residues and an even number of amino acids have a planar 

conformation with side chains positioned outside the ring structure. The amide groups are 

aligned perpendicular to the surface, facilitating hydrogen bonding and self-assembly into 

cyclic-peptide nanotubes.52, We aimed to explore the potential of cyclic peptide nanotubes 

(CPNTs) as a proangiogenic bioactive scaffold by incorporating heparan sulfate-inspired 

functional groups, hydroxyl, carboxylic acid, and sulfonate into the cyclic peptides. The CPNTs 

mimic the activity of heparan sulfate and aid the interactions of various proangiogenic growth 

factors like VEGF and FGF2 to their receptors.48 The conformational rigidity of the cyclic 

peptides prevents the fast degradation of peptide chains in the wound microenvironment. 

Moreover, it addresses the challenges related to batch-to-batch variation in the efficacy, 

immunogenic response, stability and cost-effectiveness that arise with the administration of 

natural biomacromolecules, like growth factors, drugs and glycosaminoglycans exogenously.  

We synthesized three cyclic-hexapeptides, DPro-LTrp-DLeu-LSer-DGlu-LLys, DPro-LTrp-DLeu-
LLys-DGlu-LLys, and DPro-LGlu-DLeu-LLys-DPhe-LLys, and adorned them with the bioactive 

groups. The incorporated serine and glutamic acid provide hydroxyl and carboxylate groups, 

while the lysine side chain was functionalized with the sulfonate group. These cyclic peptides 

were then self-assembled into nanotubes using the pH-switch approach in ACN:H2O. The 

CPNTs were investigated for cytocompatibility by cell viability analysis on murine fibroblast 

L929 and human umbilical vein endothelial cells, as well as hemocompatibility and 

immunotoxicity analysis. The material was then analyzed for its angiogenic potential by 

determining the expression of various angiogenic marker genes and proteins along with the cell 

migration, invasion, and tube formation potential. 

3.3. Experimental section 
3.3.1. Materials 
Analytical-grade chemicals and reagents were utilized in the research work without further 

purification. The 2-chloro trityl resin with a mesh size of 200-400 and a loading capacity of 0.8 

mmol/g was bought from Novabiochem. Bio-Rad PolyPrep chromatography columns were used 

for the solid-phase peptide synthesis (SPPS). Triisopropylsilane (TIS), trifluoroacetic acid 

(TFA), N-ethyl diisopropylamine (DIPEA), HATU, Fmoc-LLys(Boc)-OH, Fmoc-DPhe-OH, 

Fmoc-DGlu(OtBu)-OH, Fmoc-LTrp-OH, and Fmoc-DPro-OH were obtained from TCI. We 
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acquired Fmoc-LGlu(OtBu)-OH, Fmoc-DLeu-OH, and Fmoc-LSer(OtBu)-OH from BLD 

Pharma. Avra supplied us with tributylamine and anhydrous dimethylformamide (DMF). 

Spectrochem was the supplier of piperidine. We purchased acetonitrile (ACN), sulfur trioxide 

trimethyl amine complex (TMST), ethanol, dichloromethane (DCM), HOBt, and HPLC grade 

methanol from Merck. The diethyl ether was provided by Rankem. All investigations utilized 

deionized water (DI, 18.2 MΩ•cm, Bio-Rad, Milli-Q). Lonza provided the Human Umbilical 

Vein Endothelial Cells (HUVECs) and the bullet kit including endothelial cell growth medium-

2 (EGM 2). The NCCS, Pune provided the murine fibroblast L929 cells. Cell culture studies 

used fetal bovine serum (FBS), MTT reagent, DMEM, and RPMI from Thermo Fisher 

Scientific. Trolox was bought from Sigma-Aldrich. An Invitrogen live/dead kit was purchased 

for the study of cell viability. Studies on 3D cell migration, invasion, and endothelial tube 

development were conducted using Corning® Matrigel® matrix. 

3.3.2. Methods 
A Tecan Infinite Pro multiple plate reader was used to quantify the UV-Vis absorbance for the 

cell investigations. A Waters system with a BEH 300 RP C18 column (250 × 4.6 mm, 5 μm), a 

pump, a degasser, an injector with a 100 μL loop, PDA, and UV-vis detectors was used to 

perform the RP-HPLC study. Empower 3 software was used to process the data in an isocratic 

manner, where 20% acetonitrile (ACN) and 80% water along with 0.1% trifluoroacetic acid 

(TFA) formed the mobile phase. We used flow rate as 1 mL/min. The image acquisition was 

carried out using a scanning electron microscope (SEM, JEOL JSM-6610 LV model) with a 

tungsten filament and an accelerating voltage of 10 kilovolts (kV). A JEOL Model JSM7610F 

Plus equipment was used to conduct the FESEM investigation. The JEM-2100 Plus device, 

running at an acceleration voltage of 200 kilovolts (kV), was employed to take the high-

resolution transmission electron microscopy (HR-TEM) images. On a Bruker Tensor 27 

instrument, the Fourier transform infrared (FT-IR) spectra were acquired using the attenuated 

total reflection (ATR) mode. Fluorescence images were acquired using a Leica DMi8 

fluorescence microscope.  

3.3.3. Linear peptides 
Peptide synthesis was carried out in Bio-Rad PolyPrep chromatography columns using solid-

phase peptide synthesis (SPPS) with 2-chlorotrityl chloride (CTC) resin having a 1.00-1.80 

mmol/g loading capacity. The 100 mg CTC resin beads were soaked in 1 mL of DCM for the 

whole night prior to use. The Fmoc strategy was used to synthesize the peptides. A 4.5 

equivalents of DIPEA was added and the mixture was agitated for 10 minutes in order to activate 

the system for coupling of first amino acid to the resin. Subsequently, 10.5 equivalents of 

additional DIEA were added, and the mixture was agitated for another 3 hours to facilitate the 

complete coupling. After the completion of first coupling, the unreacted functional groups on 

the resin were passivated by adding methanol (0.8 mL/g of resin), and the mixture was shaken 
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for an additional 10 minutes. The sequential coupling of other amino acids was performed using 

2.85 and 5.7 equivalents of HATU (~130 mg) and DIEA (~119 μL) for 4 h. A 20% v/v 

piperidine in DMF solution was employed to deprotect the Fmoc group of each amino acid. 

After each step, the resin was rinsed thrice using 1 mL of DMF and DCM each. A 4-5 mL 

solution of 1% TFA in DCM was used to cleave the peptide from the resin in 3.5-4 h. Ice cold 

ether was then used to precipitate the peptides. The peptides were dried under vacuum and 

characterized by mass spectrometry. We have synthesized three linear peptides, DPro-LTrp-
DLeu-LSer-DGlu-LLys: PWLSEK, DPro-LTrp-DLeu-LLys-DGlu-LLys: PWLKEK, and DPro-LGlu-
DLeu-LLys-DPhe-LLys: PELKFK. 

3.3.4. Cyclic peptides 

Cyclic peptides were synthesized from their linear counterparts using intramolecular cyclization 

performed at high dilution (0.5 mM solution in DCM) at 0 °C. Cyclization was performed using 

6.5 equiv. of HBTU, 7.3 equiv. of HOBt, and 10.4 equiv. of DIPEA with a continuous stirring 

for 5 days. After the completion of reaction, the mixture was washed thrice with 40 mL of 0.1 

M HCl and once with water and brine solution. DCM layer was collected and vacuum 

evaporated to collect the cylic peptide. We obtained three cyclic peptides, (PWLSEK), 

(PWLKEK), and (PELKFK) and characterized them using mass spectrometry. 

3.3.5. Functionalization of cyclic peptides 

The side chains of cyclic peptide were deprotected using a cocktail of TFA, H2O, and TIS in 

the ratio of 95:2.5:2.5 (4.75 mL TFA, 125 μL H2O, and 125 μL TIS). In a round-bottom flask, 

the protected cyclic peptide was mixed with the deprotection cocktail and stirred continuously 

for 4 h at room temperature. After precipitating the reaction mixture using a 30 mL of ice-

cold diethyl ether, the completely deprotected cyclic peptide was isolated by centrifuging the 

mixture three times at 8000 rpm for 10 min and drying in vacuum. Using a mixture of 

tributylamine and trimethylamine sulfur trioxide complex (TMST), the amine (-NH2) side 

chains of deprotected cyclic peptides (CPs) were sulfonated by in situ production of 

tributylsulfoammonium betaine (TBSAB). At a concentration of 0.5 M, the cyclic peptide was 

dissolved in a mixture of MeCN and DMF, followed by the addition of tributylamine (4 equiv.) 

and trimethylamine sulfur trioxide complex (TMST). The reaction was carried out in an argon 

environment with constant stirring at 30 °C. The completion of the reaction (12 h) was validated 

using thin layer chromatography (TLC). Vacuum evaporation was used to remove the solvent 

once the reaction mixture had been cooled to room temperature. Ethanol was added to 

quench the reaction, followed by its filtration. Ice-cold ether was used to precipitate the 

sulfonated cyclic peptide. After the extraction, the precipitates were vacuum-dried. Mass 

spectrometry and RP-HPLC were used to characterize CPs. A JASCO J-1500 circular dichroism 

spectrophotometer was used to study the secondary structure of 
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peptides. We synthesized three functionalized cyclic peptides (PWLSEKs): SEK, 

(PWLKsEKs): KEK, and (PELKsFKs): KFK. 

3.3.6. Fabrication of cyclic peptide nanotubes (CPNTs) 
The functionalized cyclic peptides were dissolved in the 50/50 solution of ACN/H2O at a 

concentration of 0.1 mg/mL. The pH of the solution was taken to 12 gradually by slow addition 

of 400 μL of 0.1 N NaOH to completely dissolve the peptides. To this solution, 0.1 M HCl was 

added dropwise until pH drops to 2. The solutions were kept unperturbed for 7-10 days to allow 

the self-assembly to take place. Prior to characterization, the solutions from each sample were 

sonicated in a bath sonicator for 30 minutes. FT-IR spectroscopy was used for characterization, 

while HR-TEM and FE-SEM images were used to assess surface morphology. Using a Bruker 

Tensor 27 instrument in the Attenuated Total Reflectance (ATR) mode, FT-IR spectra were 

acquired in the 400–4000 cm-1 region. OPUS software was used to process the collected data, 

and GraphPad Prism was used for analysis. 

3.3.7. Surface morphology 
The cyclic peptide nanotubes were subjected to field-emission scanning electron microscopy 

for surface morphology investigations using FE-SEM, JEOL Model JSM7610F Plus, with an 

accelerating voltage of 15 kV. The samples were drop-casted onto a silicon wafer and allowed 

to dry. HR-TEM analysis was further performed using the HR-TEM JEM-2100 Plus device at 

200 kV, where samples were prepared on a copper grid and images were captured at 

different magnifications. 

3.3.8. Stability analysis 
The stability of SEK nanotubes was systematically investigated under different pH conditions 

and in environment containing proteolytic enzymes. Three  buffer solutions at pH levels 5.8, 7, 

and 8.4 were prepared and incubated with nanotubes at a temperature of 37 °C. At designated 

time intervals of 0, 6, 12, and 24 hours, the nanotubes were subjected to centrifugation at 10,000 

rpm for 10 minutes at 4 °C, followed by washing and dispersion in DI water. The stability of 

the nanostructure was assessed by measuring the average surface zeta potential using a Nanotrac 

Wave II zeta potential analyzer. Additionally, the stability was evaluated in a mixture of 

proteolytic enzymes by incubating the nanotubes at 37 °C in a mocktail of enzymes comprising 

of proteinase K, chymotrypsin, and pepsin, formulated in a 10 mM phosphate-buffered saline 

(PBS) solution. After the specified intervals, the nanotubes underwent centrifugation under the 

above-mentioned conditions and were subsequently dispersed in DI water for zeta potential 

analysis. 

3.3.9.  Cell culture studies 
Murine macrophages (RAW264.7) and fibroblast cells (L929) were procured from the NCCS 

in Pune and grown in DMEM media containing 10% FBS and 1% antibiotic penicillin-
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streptomycin. The cells were maintained at 37 °C in a CO2-filled, humidified environment. 

HUVEC were cultured using an EGM-2 Bullet Kit supplemented with 1% penicillin-

streptomycin. The cell lines were cultured in enclosed T-25 flasks, with medium replaced every 

48 hours until 80-90% confluency was achieved. The impact of CPNTs on immunotoxicity and 

viability was assessed by treating macrophages and fibroblast cell lines at a dose of 350 

μg/mL. The angiogenic potential of CPNTs was assessed on hyperglycemic HUVECs by 

nurturing cells in a medium comprising D-glucose (30 mM) for 24 hours and then treating them 

with CPNTs. Following the treatment, the cells were separated using a trypsin-EDTA solution 

or scrapped. For further experiments, the sub-confluent cells were extracted. 

3.3.10. MTT assay 
The MTT analysis was employed to assess the cellular viability of L929 and HUVEC cell lines 

following CPNT treatment.53 The samples were sterilized using UV light for thirty minutes after 

being freeze-dried. Prior to cell incubation, the CPNTs were submerged in the 

incomplete medium. A 96-well plate coated with Nunc was used, with ten thousand cells added 

to each well. Each well received a 100 μL of sample extracts after 24 hours, and the treated cells 

were incubated for another 24 hours in a humidified incubator with 5% CO2 enrichment at 37 

°C. The control group consisted of untreated cells. After 24-hour treatment, 20 μL of 5 mg/mL 

MTT solution prepared in incomplete media was added to each well and kept in dark for around 

4 h.  After four hours, the MTT solution was taken out, and 100 μL of DMSO was used to 

dissolve the formazan crystals. Three repetitions of the experiment were conducted, and a plate 

reader set at 570 nm was used to determine absorbance. Cell viability was measured using the 

absorbance ratio between sample-treated and untreated control cells. 

3.3.11. Live/dead assay 
A LIVE/DEAD survival/cytotoxicity kit was used to assess the cell viability of L929 and 

HUVECs following their treatment with CPNTs. The functional dye solution for the live/dead 

assay was prepared, which contained 2 M calcein AM and 4 M ethidium homodimer 1-red in 5 

mL of incomplete medium. In a Nunc-coated 6-well plate, the HUVECs and L929 cells were 

cultured at a density of 1.2 x 106 cells/well. The cells were treated with CPNTs at the previously 

mentioned dosages for 24 h at 37 °C in a humidified atmosphere with 5% CO2. After treatment, 

the cells were stained with a 500 μL dye solution for 45–60 minutes. A Leica DMi8 fluorescent 

microscope was used to acquire images of both live and dead cells. 

3.3.12. Oxidative stress analysis 

The oxidative stress induced after CPNTs treatment has been examined using the 

DCFDA/H2DCFDA-Cellular ROS Assay Kit.54 A 6-well Nunc-coated plate was seeded with 

L929 cells, 1.2 x 106 cells per well, and incubated at 37 °C with 5% CO2. After reaching 90% 

confluency, cells were treated with 350 μg/mL CPNTs and incubated for 24 hours. As a positive 

control, cells were subjected to 50 mM H2O2 for two hours, whereas cells treated with the 
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complete media alone served as the negative control. The oxidative stress induced in the CPNT-

treated cells was evaluated using 100 μL of 25 μM DCFDA dye in a serum-free medium. The 

dye solution was added to each well, and the plate was kept in the dark at room temperature for 

30 minutes. Wells were cleaned with PBS after aspirating the media. The GFP fluorescence at 

Ex = 460-495 nm and Em >510 nm was detected using e-optical interference filters under a 

Leica DMi8 microscope. 

3.3.13. Hemocompatibility 
Healthy human donors provided fresh human blood in accordance with the Institutional 

Biosafety Committee's authorized procedure (#07/2021-II/IIT/IEC) to ascertain 

CPNTs hemocompatibility. Red blood cells (RBCs) were isolated via centrifugation at 1500 

rpm for 20 minutes and subsequently washed thrice with PBS. Following the discarding of the 

supernatant, the pellet was reconstituted in 1 mL of PBS and then diluted with 9 mL of PBS. 

CPNTs at a concentration of 350 μg/mL were introduced to 1 mL of the diluted RBC solution 

and allowed to incubate at 37 °C for 4 hours. Post-incubation, the solution underwent 

centrifugation at 10,000 rpm for 10 minutes, following which a 200 μL aliquot of the supernatant 

was retrieved to quantify the degree of RBC lysis at 594 nm. PBS functioned as the negative 

control, while triton-X (0.1%) served as the positive control. The percentage of hemolysis was 

ascertained by correlating the sample's absorbance with that of the positive control.55 

3.3.14. In vitro scratch/wound healing assay 
A scratch-wound motility assay was employed to evaluate the impact of CPNTs on the 

migratory behaviour of L929 and HUVECs cells within a delineated scratch area.56,57 A solution 

of CPNTs at a workable concentration of 350 μg/mL in serum-free media was meticulously 

prepared. The cells were cultivated in 6-well plates at a density of 1.2 x 106 cells/well until a 

monolayer was formed, reaching 80-90% confluency in an incubator maintained at 37 °C and 

5% CO2. Cells were cultured in a medium with 30 mM D-glucose for 24 hours to 

obtain hyperglycemic (HG) HUVECs. A cell-free zone was created by making a scratch in the 

cell monolayer using a sterile pipette tip after the culture media were removed. Cellular debris 

was removed by washing the wells with incomplete media. The CPNTs were then introduced to 

the wells and the healing of scratch was observed at different time intervals. ImageJ software 

was used to determine the scratch closure area. 

3.3.15. Morphology assessment 

Morphological alterations in murine fibroblast cells upon exposure to nanotubes were evaluated 

through cytoskeletal staining following a 24-hour treatment period. The cell morphology was 

visualized by staining cellular F-actin and nuclei with Alexa Fluor 488 phalloidin and DAPI, in 

accordance to a previously established protocol.58 The cells were cultured on a coverslip and 

maintained in a humidified atmosphere containing 5% CO2 at 37 °C for 24 hours. Subsequently, 
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the culture media was replaced with a solution of 350 µg/mL of CPNTs, and the treated cells 

were incubated for an additional 24 hours. Following a wash with phosphate-buffered saline 

(PBS), the cells were fixed using a 4% paraformaldehyde solution and permeabilized for 15 

minutes with 0.1% Triton X-100. Alexa Fluor 488 phalloidin was then applied to stain the F-

actin filaments, and the cells were incubated in the dark for 30 minutes. Thereafter, the cell 

nuclei were stained for 10 minutes with a 1 µg/mL DAPI solution, and the cells underwent 

another wash with PBS. The stained coverslips were carefully mounted onto glass slides with a 

suitable mounting solution, and images were acquired using a fluorescence microscope. 

3.3.16. Gene expression analysis 

To investigate the various gene expression profiles following CPNT treatment, two-step qRT-

PCR was employed. Following the manufacturer's instructions, total RNA was isolated from 

several populations of Raw 264.7 and HUVECs using PureZOL RNA Isolation Reagent. Super 

Reverse Transcriptase (MuLV) was used  reverse transcribe RNA after its quantification. A 

Quant Studio 3 Real-Time PCR System (Applied Biosystems, USA) was used to conduct 

quantitative real-time polymerase chain reaction (RT-qPCR) analysis employing gene-specific 

primers and Power Up SYBR Green Master Mix for qPCR (Applied Biosystems). By comparing 

the expression of the data to that of the housekeeping gene β-actin, the data were normalized.  

3.3.17. Immunocytochemistry analysis 

Cell lysis buffer containing 1% Halt protease and phosphatase inhibitor cocktail was used to 

lyse both control and treated cells. The Lowry technique was employed to determine the amount 

of protein in lysates.59 Using the Trans-Blot Turbo Transfer System, cellular lysates containing 

50 μg of protein were produced, separated on a 10% SDS-PAGE gel, and then transferred to 

PVDF membranes (Bio-Rad). The blocking buffer solution comprising of 5% BSA in TBST 

(1% tween 20 in Tris buffer) solution was initially applied to the membranes and left for one 

hour. Specific primary antibodies, at a dilution of 1:2000, were applied to the membranes and 

left to incubate overnight at 4 °C on a revolving shaker. Membranes were washed with TBST 

three times for 10 minutes each. After incubation with diluted (1:20.000) peroxidase-conjugated 

secondary antibodies for two hours at room temperature, membranes were washed with TBST. 

Subsequently, membranes were incubated at room temperature (RT) with Clarity Western ECL 

Substrate (Bio-Rad). Protein bands were observed using the Chemidoc XRS+ System (Bio-

Rad), and Image-J software was used for analysis.60 

Immunofluorescence was performed using antibodies on both treated and untreated HUVECs 

to evaluate the expression of pro-angiogenic proteins in CPNTs. A coverslip containing about 1 

x 104 HUVECs was used to treat the cells with normal glucose (NG), high glucose (HG), and 

high glucose with SEK. Cells were fixed in cold methanol following the treatment. For three 

minutes, the cellular permeabilization buffer (0.1% Triton-X in PBS) was administered. The 
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cells were then washed once with PBS and treated with blocking buffer containing 1% BSA in 

PBST (0.5% Tween-20 in PBS) for one hour at room temperature. Primary antibody dilutions 

in PBST (1:100) were incubated overnight at 4 °C. Following three PBST washes, cells were 

incubated for two hours at a 1:1000 dilution with fluorescence-conjugated secondary antibodies 

in PBST. The nucleus was counterstained using Vector Laboratories' VECTASHIELD Vibrance 

Antifade Mounting Medium with DAPI. Leica DMi8 inverted fluorescent microscope and LAS 

X were utilized to get cellular images.61 

3.3.18. Transwell migration and invasion assay 

The study employed transwell inserts with 8.0 μm pores to evaluate the CPNT-induced cellular 

chemotactic activity. In a Nunc-coated 24-well plate, approximately 5 x 104 HUVEC cells/well 

were cultured for 24 hours in NG (5 mM) and HG (30 mM) media. After incubation, the cells 

were trypsinized and resuspended in FBS-free media. Transwell inserts containing cells were 

used for the migration assay, while invasion experiments were performed on cells in the upper 

chambers of transwell inserts covered with Matrigel Basement Membrane Matrix. Around 350 

μL of medium containing 5% FBS was added to the lower compartment. The corresponding 

wells were filled with a predefined concentration of SEK in the lower chamber, and 

incubated for 24 hours. A cotton swab was used to clean off the top side of the membrane after 

the media was aspirated. The cells that have crossed across were fixed in 2.5% glutaraldehyde 

for 10 minutes. The cells were stained for two hours with 0.5% crystal violet solution, and Leica 

DMi8 microscope was used to capture 100x bright field images of migrating and invading cells 

at three randomly chosen fields per membrane. For a semi-quantitative evaluation, the stained 

cells were subjected to a 33% acetic acid solution for 10 minutes. After adding the eluent to a 

96-well microplate, the absorbance at 590 nm was measured. A standard curve was created 

using various HUVEC cellular densities in order to determine the percentage of migrated or 

invaded cells.62 

3.3.19. In vitro endothelial tube formation assay 
In order to ascertain the angiogenic potential of hyperglycemic HUVECs treated with SEK 

CPNTs, capillary-like formations were examined on Matrigel Basement Membrane Matrix. 

HUVECs were grown in NG (5 mM) and HG (30 mM) media for 24 h. Matrigel (10 mg/mL) 

was applied to each well of 24-well plate in accordance with the manufacturer's instructions. 

Each Matrigel-coated well was seeded with 1.2 x 105 HUVECs over the gel in a total volume 

of 200 μL. At the predetermined doses, SEK was administered to the cells in the HG + SEK 

group for 24 hours at 37 °C. Following a 24-hour period of in vitro endothelial tubule 

development, three distinct fields of each set were captured. The SEK-treated, NG and HG sets 

of HUVECs were examined for their angiogenic characteristics using the Image-J software with 

its angiogenesis analyzer plugin.63,64 
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3.3.20. Statistical Analysis 
The data was analyzed using GraphPad Prism 9.0 (GraphPad Software, La Jolla, CA). The data 

is represented as mean ± SD (n = 3). The student’s t-test, one-way or multiple-t-test was used to 

determine the statistical significance. P-values less than 0.05 were regarded as significant.  

3.4. Results and discussion 

To address the challenges associated with impaired angiogenesis in the diabetic wounds, we 

have developed cyclic peptide nanotubes that mimic the glycosaminoglycan and assist in the 

binding of growth factors to their cognate receptors. We have synthesized, functionalized, and 

self-assembled cyclic peptides, DPro-LTrp-DLeu-LSer-DGlu-LLyss (SEK), DPro-LTrp-DLeu-LLyss-
DGlu-LLyss (KEK), and DPro-LGlu-DLeu-LLyss-DPhe-LLyss (KFK) into nanotubes. Prior studies 

underscore the enhanced binding capacity to growth factors achieved through the addition of 

heparin-inspired functional groups to peptides and polymers.65,66,67 Pursuant to this insight, we 

adorned the surface of these peptide nanotubes with carboxylic acid, hydroxyl, and sulfonate 

groups, with an aim to emulate the functionality of heparan sulfate. Serine (Ser) and glutamic 

acid (Glu) were integrated into the peptide sequence to incorporate hydroxyl and carboxylic acid 

side chains. Additionally, the amine group on the lysine (Lys) side chain was functionalized 

through sulfonation. This strategic surface modification is aimed at enhancing the peptides' 

ability to facilitate the binding of critical growth factors, such as Vascular Endothelial Growth 

Factor (VEGF) and Fibroblast Growth Factor 2 (FGF2), to their respective receptors, thereby 

promoting angiogenic activity (Figure 3.1). Furthermore, the interaction between the growth 

factors and the HS-mimetic nanotubes is postulated to protect the enzymatic degradation of the 

growth factors.48 The proline (Pro) residue within the peptide sequence serves to induce a bend 

in the peptide chain, which contributes to the stabilization of the cyclic conformation.68 This 

stabilization, in turn, enhances the structural rigidity of the peptide, thereby impeding the action 

of proteolytic enzymes that are commonly overexpressed in diabetic wounds.69 Tryptophan 

(Trp) and leucine (Leu) provide hydrophobic and aromatic interactions (π-π stacking) that 

further stabilizes the nanotube assembly. We have developed shorter peptide sequences 

comprising six residues, hypothesizing that it will increase the density of negatively charged 

functional groups and augment their interaction with the growth factors. Also, the shorter 

peptide chains will be straightforward and cost-effective in synthesizing, purifying, and scaling 

up compared to complex, longer sequences. Additionally, the expansive surface area of the 

nanotubes enables extensive interaction with the target sites, which is anticipated to significantly 

elevate both affinity and selectivity. 
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Figure 3.1.  Diagrammatic illustration of cyclic peptide nanotubes derived from DPro-LTrp-
DLeu-LSer-DGlu-LLyss (SEK) that aid in binding proangiogenic growth factors, such as FGF2 

and VEGF, to their receptors to stimulate angiogenesis. 

3.4.1. Synthesis of cyclic peptides 
Solid-state peptide synthesis (SPPS) approach based on Fmoc chemistry was used to synthesize 

the linear peptides DPro-LTrp-DLeu-LSer-DGlu-LLys, DPro-LTrp-DLeu-LLys-DGlu-LLys, and 
DPro-LGlu-DLeu-LLys-DPhe-LLys (Figure A19, Appendix). The linear peptides underwent 

cyclization at high a dilution (0.5 mM in DCM) and 0 ℃ temperature (Figure A20, Appendix). 

Cyclic peptides were functionalized with sulfonate groups after the removal of side chain 

protecting groups (Figure A21, Appendix). The peptides were analyzed by mass spectrometry 

and reversed-phase high-performance liquid chromatography (RP-HPLC). RP-

HPLC determined the purity of peptides, where ACN:H2O (20:80) with 0.1% TFA was used as 

the mobile phase at 1 mL/min flow rate. SEK, KEK, and KFK were found to have retention 

times (Rt) of 2.3, 2.8, and 3.4 minutes, along with a purity of more than 95% (Figure A23, 

Appendix). Using mass spectrometry, the molar masses of the sulfonated cyclic peptides were 

determined to be 819, 901, and 949 Da for SEK, KEK, and KFK, respectively, which 

corresponded to their theoretical values (Figure A22, Appendix). FTIR and CD spectroscopy 

were used for evaluating the secondary structure of peptides. The FTIR spectra of SEK, KFK, 

and KEK showed the presence of amide I peaks at 1638, 1635, and 1630 cm-1 (Figure A24, 

Appendix), which corresponds the stretching vibrations of C=O functional group (Figure 

3.2H). Further, the CD spectra revealed minimum values of 217, 216, and 214 nm for SEK, 

KFK, and KEK nanotubes (Figure 3.2I). The results confirmed a secondary β-sheet structure 

of cyclic peptide nanotubes.  
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Figure 3.2. Cyclic peptide structures: (A) SEK, (B) KEK, and (C) KFK. (D-G) FESEM and 

HRTEM images depicting cyclic peptide nanotubes at different magnifications. (H, I) FT-IR 

and CD spectra determining a β-sheet like secondary structure.  

 

3.4.2. Cyclic peptide nanotubes 

Cyclic peptide nanotubes were fabricated by the self-assembly of cyclic peptides by switching 

the pH gradually. This strategy involves the solubilization of cyclic peptides in 50:50 mixture 

of ACN:H2O at a 1% w/v concentration. The pH was raised to 12 by adding 0.1 N NaOH to 

ensure the complete solubility of peptide. Next, 0.1 M HCl was added dropwise to gradually 

drop the pH to 2. The solution was left unperturbed for around 7 days to encourage the self-

assembly. Cyclic peptides composed of an even number of alternating D and L-amino acids 

demonstrate a unique structural characteristic by adopting a planar conformation. This 

configuration presents the side chains outside the ring while aligning the amide groups 

orthogonally to the plane. These amide groups are inclined to form hydrogen bonds, facilitating 

the stacking of the cyclic peptides into ordered structures and resulting in the formation of 

nanotubes. FESEM and HRTEM were used to examine the morphology of the nanotubes 

(Figure 3.2D-G). The results suggested a tubular shape with diameters ranging from 20 to 30 
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nm. Nanotubes were found to have zeta potentials of -10.8, -16.37, and -12.62 mV, 

indicating that their surface carries a net negative charge. 

3.4.3. Stability analysis 

The stability of cyclic peptide nanotubes was investigated using a mocktail of proteolytic 

enzymes comprising of chymotrypsin, pepsin, and proteinase K, and buffer solutions with 

slightly acidic, neutral, and basic and neutral pH of 5.8, 7 and 8.4 (Figure A25, Appendix). 

SEK CPNTs were incubated in the solutions for 0, 6, 12 and 24 h. The assessment of their 

stability was conducted by measuring the average surface zeta potential using a Nanotrac Wave 

II zeta potential analyzer. Zeta potential serves as a significant parameter for elucidating the 

stability of nanostructures; a higher zeta potential correlates with enhanced stability, as it 

mitigates aggregation by balancing repulsive and attractive forces. As analyzed at specific time 

intervals, we observed that under acidic and neutral conditions, the average zeta potential 

exhibited minimal variation, even after 24 hours, thereby indicating the stability of the 

nanotubes. However, under the basic conditions (pH 8.4), a shift in the zeta potential from -

12.23 to -8.63 was noted over the 24-hour period, suggesting a moderate decrease in stability, 

which may be attributed to an increase in repulsive interactions between the cyclic peptide rings 

under basic conditions. Furthermore, in the presence of proteolytic enzymes mocktail, the 

change in the surface potential was observed from -12.16 to -9.86, reflecting the overall stability 

of nanotubes under enzymatic conditions. This can be rationalized by the conformational 

rigidity of cyclic peptides, which effectively prevent their degradation in the presence of 

proteolytic enzymes. 

3.4.4. Assessment of cytocompatibility 
Assessing the cytocompatibility of CPNTs with mammalian cells is crucial for ensuring the safe 

integration of biomaterials in pharmaceutical applications. We evaluated the cytocompatibility 

of CPNTs towards murine fibroblast (L929) and human umbilical vein endothelial cells 

(HUVEC), which are substantially present in the wound ecosystem. MTT assay was employed 

to facilitate the assessment of cell viability, proliferation, and cytotoxicity on CPNT treatment. 

This assay measures the cellular metabolic activity based on the conversion of MTT, a yellow 

tetrazolium dye, to purple formazan crystals by metabolically active cells. This conversion is 

facilitated by the mitochondrial NAD(P)H-dependent oxidoreductase enzyme. The 

quantification of this reaction is achieved by measuring the absorbance of the solubilized 

formazan product in dimethyl sulfoxide (DMSO) at a wavelength of 570 nm. The colorimetric 

MTT assay was conducted on fibroblast cells (L929) following treatment with KEK, KFK, and 

SEK at varying dosages. The results revealed that the optimal dosage compatible with cells was 

350 μg/mL across all treatments (Figure A26, Appendix). Subsequently, HUVEC endothelial 

cells treated with the same dosage of KEK, KFK, and SEK demonstrated no marked variations 
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in cell viability, indicating 350 μg/mL as the optimal dose for all CPNTs, and rendering them 

cytocompatible with both fibroblast and endothelial cells. SEK, KEK, and KFK treatment 

resulted in 108.37 ± 6.44, 112.84 ± 1.17, and 136.12 ± 6.59% viability of L929 cells, 

respectively. Moreover, after being treated for 24 hours with SEK, HUVECs showed a vitality 

of 103.52 ± 12.27%, whereas those treated with KEK and KFK showed viabilities of 108.69 ± 

2.15% and 101.54 ± 5.13%, respectively (Figure 3.3A, B). 

Similar outcomes have been observed with live/dead staining of L929 and HUVECs following 

incubation (Figure 3.3C, D). SEK, KEK, and KFK were administered to L929 and HUVECs 

for a 24-hour incubation period. Untreated cells were used as the control group. Following 

incubation, ethidium homodimer 1-red and calcein AM were used to co-stain the cells. The 

fluorescence microscopy revealed that both cells exhibited predominantly green colour, 

indicating good cell viability. Semi-quantitative analysis revealed that the intensity of red 

fluorescence (dead cells) in CPNT-treated cells was equivalent to that of untreated cells (Figure 

A27, Appendix). The cytocompatibility analysis of CPNTs was further elucidated by assessing 

the generation of intracellular reactive oxygen species (ROS) in L929 cells. This analysis was 

performed utilizing the DCFDA/H2DCFDA- Cellular ROS Assay Kit post a 24-hour treatment, 

which revealed an absence of intracellular ROS activity post-CPNT treatment (Figure 3.3E). 

The assay's mechanism involves the conversion of H2DCF into 2′,7′-dichlorofluorescein (DCF), 

a highly fluorescent compound, in the presence of ROS. For comparative analysis, the cells 

subjected to H2O2 treatment and those left untreated were taken as positive and negative 

controls, respectively. The H2O2-treated cells displayed a marked increase in green fluorescence, 

indicative of an enhanced ROS stress.  In contrast, the cells treated with CPNTs showed only a 

minimal change in green fluorescence compared to the untreated cells. The hemocompatibility 

of CPNTs was also investigated by performing a hemolysis assay. It was observed that RBCs 

treated with CPNTs SEK (0.97), KEK (0.93), and KFK (0.95) did not exhibit significant 

alterations when compared to the control group containing PBS alone (Figure 3.3F). In contrast, 

RBCs treated with triton-X (positive control) experienced complete hemolysis, resulting in the 

formation of a red solution (Figure A28, Appendix). 



 
 

103 

 

Figure 3.3. Cyclic peptide nanotubes’ analysis for cell viability, ROS-induced stress, 

hemocompatibility and in vitro scratch healing. (A, B) MTT assay determining cell viability on 

24 h treatment: (A) Murine fibroblast cells (L929), and (B) Human umbilical vein endothelial 

cells (HUVEC). (C, D) Live/dead fluorescence assay: (C) HUVECs, and (D) L929 cells. Scale 

bar: 100 µm. (E) Dichlorofluorescein diacetate (DCFDA) assay to investigate the ROS stress 

induced in L929 cells on treatment with nanotubes. Scale bar: 100 μm. (F) Hemocompatibility 

analysis of CPNTs, where triton X and PBS served as controls. (G) Scratch images of L929 cells 

taken at 0, 12, and 24 h to assess the in vitro wound healing potential of CPNTs. Scale bar: 100 

μm. (H) Semiquantitative analysis of unhealed scratch area. Untreated cells were taken for 
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comparative analysis. The data has been shown as mean ± standard deviation (n = 3), with ns 

denoting the insignificant difference and P values <0.05 (*), 0.01 (**), and 0.001 (***) 

considered to be significant differences. 

3.4.5. In vitro scratch assay 
Cell migration plays a crucial role in the process of wound contraction and healing. The cell 

wound closure assay is utilized to evaluate the migratory and healing potential of CPNTs on 

L929 cells following an incision in a confluent cell plate. As a wound healing model, the 

progression of cell migration into the denuded region was tracked over a period in a scratched 

cell monolayer (Figure 3.3G). We observed that KEK, KFK, and SEK-treated cells exhibit 

migration within the scratch. The scratched areas were photographed at 0, 12, and 24 hours and 

the scratch closure were evaluated semi-quantitatively utilizing image J analysis tools. By 

comparing the scratch area at various time intervals to the original scratch area, the percentage 

of scratch closure was calculated (Figure 3.3H). About 95% of healing was observed by the 

migratory behaviour of L929 cells on SEK and KEK treatment, whereas KFK and untreated 

cells demonstrated 88% and 89% of healing. These results indicate that cyclic peptide nanotubes 

(CPNTs) provide a stable environment that moderately enhances cellular migration, thus, 

contributing positively to wound closure 

3.4.6. Morphological assessment 
Cytoskeletal staining was employed to examine the morphology of murine fibroblast cells 

following a 24-hour treatment with nanotubes (Figure A29, Appendix). The cells were stained 

using Alexa Fluor 488 phalloidin and DAPI (4',6-diamidino-2-phenylindole) stains. Alexa Fluor 

488 phalloidin specifically stains the cytoskeleton by binding to filamentous actin (F-actin), 

while DAPI is a blue-fluorescent nuclear stain that exhibits fluorescence upon binding to 

adenine-thymine (AT) regions of double-stranded DNA (dsDNA). The observations revealed 

that the cells maintained a mononucleated, fibroblast-like morphology, characterized by 

extended cytoplasmic projections in response to nanotube treatment. This observation of intact 

and healthy cellular morphology demonstrates the cytocompatibility of the nanotubes. 

3.4.7. Immunotoxicity analysis 
The immunological response to the biomaterial has been investigated in order to comprehend 

its effect on the immune system. The expression level of proinflammatory cytokines in murine 

macrophages (RAW264.7) in response to nanotube exposure was investigated (Figure 3.4). by 

quantitative reverse transcription polymerase chain reaction (q-RT PCR). Proinflammatory 

cytokines (CCL5, CCL2, IL-15, iNOS, IL-1ß, IL-6), anti-inflammatory cytokines (IL-4, Ym1), 

and inflammation-induced cellular markers (MHCII, NfkB) were all evaluated for their 

expression levels (Figure 3.4A). After being exposed to CPNTs, the expression of CCL2, IL-

1β, iNOS, IL-4, and Ym1 decreased significantly. However, we observed a significant increase 
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in MHCII expression across all groups treated with three CPNTs, which suggests that CPNTs 

may enhance the macrophages' ability to function as antigen-presenting cells by up taking 

peptides. Conversely, there was a noticeable reduction in the expression of CCL2, IL-1ß, iNOS, 

IL-4, and Ym1, thus, indicating the non-immunotoxic nature of CPNTs.  The expression of other 

cytokines varied- CCL5, TLR2, and IL-15 levels were seen to decrease, while IL-6 levels 

increased significantly in the KEK and KFK-treated cells. This pattern was not observed in the 

SEK-treated group, where the expression demonstrated the opposite trend. Moreover, it was 

observed that the expression of NfkB, a pivotal regulator of cytokine production, remained 

unaffected on incubation with CPNTs. This was further supported by immunocytochemistry 

analyses for pro-inflammatory markers such as iNOS, CCL2, and IL-1β, where no notable 

increase in fluorescence intensity was observed, effectively indicating a lack of immunotoxicity 

(Figure 3.4B-E). This lack of altered gene and protein expression of inflammation-stimulated 

cytokines and cellular markers upon CPNTs treatment signifies their non-inflammatory action 

in RAW264.7, which suggests the potential of CPNTs in wound healing applications without 

augmenting any immunogenic response. 
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Figure 3.4. Investigation into immunotoxicity of CPNTs on murine RAW264.7 cells. (A) qRT-

PCR analysis of pro- and anti-inflammatory cytokines after 24 h treatment. (B) 

Immunocytochemistry assessment for the expression of iNOS, CCL2, and IL-1β proteins. Scale 

bar: 30 µm. (C-E) Quantitative expression analysis of pro-inflammatory iNOS, CCL2, and IL-

1β proteins. Untreated cells served as control. The data has been shown as mean ± standard 

deviation (n = 3), with ns denoting the insignificant difference and P values <0.05 (*), 0.01 (**), 

and 0.001 (***) were considered to be significant differences. 

3.4.8. Proangiogenic potential of CPNTs in hyperglycemic (HG) conditions 
Angiogenesis is a complex multifaceted process influenced by a myriad of factors and plays a 

crucial role in both physiological and pathological contexts. Impaired angiogenesis is prevalent 
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among diabetic vascular conditions because of the detrimental effects of hyperglycemia, causing 

upregulation of inflammatory factors, cytokines, and oxidative stress, 

which instigate endothelial dysfunction.70,71 In concurrence with previous investigations, our 

studies have revealed that endothelial cells exhibit decreased expression of crucial 

proangiogenic genes when repeatedly exposed to hyperglycemic environment. These include 

Zeb1 (zinc finger E-box-binding homeobox 1), Tie2 (angiopoietin-1 receptor), FGF2 (fibroblast 

growth factor 2), vWF (von Willebrand factor), and eNOS (endothelial nitric oxide synthase) 

(Figure A30, Appendix). Therefore, we employed cyclic peptide nanotubes against 

hyperglycemic endothelial cells and analyzed them for their proangiogenic potential. 

3.4.8.1. Gene expression analysis 
In the study, RT-PCR was utilized to evaluate the changes in gene expression associated with 

epithelial-mesenchymal transition (EMT) following the administration of CPNTs. This 

assessment covered an array of genes, including Zeb1, ETV2, vWF, eNOS, Tie2, TGF-β, VE-

CAD, VEGF, FGF2, VEGFR2, and FGFR1(Figure 3.5A). The experiment involved treating 

HG HUVECs with CPNTs, KEK, KFK, and SEK for 24 hours. The results indicated a notable 

increase in Zeb1, ETV2, vWF, Tie2 and eNOS expression levels. Additionally, KEK and SEK 

treatments led to an enhanced expression of TGF-β. In contrast, a significant upregulation 

(14.40 ± 1.76, 2.23 ± 0.26, 2.54 ± 0.07, and 6.32 ± 1.01 folds) of VEGF, FGF2, VEGFR2, and 

FGFR1, respectively was exclusively observed in the SEK-treated cells (Figure 3.5A). 

Proangiogenic gene expression was markedly upregulated in HG HUVECs on incubation with 

SEK, indicating the production of EMT genes. As evidenced by the angiogenic gene profiling 

data, SEK nanotubes have pronounced angiogenic potential compared to others. The 

augmented gene expression observed upon treatment with SEK nanotubes can be attributed to 

the presence of heparin-mimicking functional groups, such as carboxylic acid, hydroxyl, and 

sulfonate, of which hydroxyl is not present in KEK and KFK. Interestingly, it was found that 

the mere presence of a sulfonate group is inadequate for achieving optimal angiogenic 

outcomes, emphasizing the significant contribution of the hydroxyl group to SEK’s 

proangiogenic effects. Consequently, due to the heightened expression of proangiogenic genes 

in SEK-treated cells, the subsequent evaluations of the material’s angiogenic potential focused 

exclusively on SEK. 

3.4.8.2. Protein expression in hyperglycemic (HG) conditions  

In HG HUVECs, the protein expression of VE-Cad, VEGFR2, FGFR1, and Zeb1 was 

downregulated (Figure A31, Appendix) but when exposed to SEK CPNTs, it became 

considerably elevated (Figure 3.5B). This upregulation was attributed to the modification of 

SEK with bioactive functional groups, specifically hydroxyl, carboxylic acid, and sulfate. These 

modifications were found to enhance the interaction between growth factors and their respective 

receptors, thereby initiating a sustained signaling pathway that effectively promotes 
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angiogenesis. Furthermore, these interactions serve to shield growth factors from degradation 

in chronic wound conditions and elevate their localized concentration for receptor-specific 

interactions. Based on immunoblotting study, the proteins VE-Cad, VEGFR2, FGFR1, and 

Zeb1 were found to have their expression elevated by 1.35 ± 0.08, 1.48 ± 0.06, 1.54 ± 0.085, 

and 1.17 ± 0.04 folds, respectively (Figure 3.5C). Proangiogenic protein expression in SEK-

treated HG HUVECs was further investigated by immunocytochemistry analysis (Figure 3.6). 

The results indicated that SEK treatment effectively reinstated the expression of several critical 

angiogenic marker proteins, including Zeb1, a transcription factor associated with 

proangiogenic signaling, as well as endothelial cell surface markers, such as Tie2, CD31, and 

vWF. Furthermore, an augmented expression of the proangiogenic signaling molecule eNOS, 

as well as the growth factor receptors, VEGFR2 and FGFR2, was also observed. In comparison 

to untreated HG groups, we observed enhanced expression of Zeb1 by 10.20 ± 1.01 folds, Tie2 

by 1.80 ± 0.03 folds, eNOS by 4.47 ± 0.23 folds, CD31 by 1.63 ± 0.14 folds, vWF by 3.73 ± 

0.60 folds, VEGFR2 by 1.27 ± 0.03 folds, and FGFR2 by 1.20 ± 0.06 folds. These results 

underscore the potential of SEK in restoring angiogenic function in endothelial cells under 

chronic diabetic conditions and, thus, offering promising implications for therapeutic 

interventions targeting diabetes-related vascular complications. 

 

Figure 3.5. Expression profile of proangiogenic markers on SEK-treatment to hyperglycemic 

(HG) human umbilical vein endothelial cells (HUVECs). (A) Real-time qPCR investigation of 

proangiogenic genes after 24 h. (B, C) Immunoblotting and semiquantitative assessment of VE-

cad, VEGFR2, FGFR1, and Zeb1 proteins expression. The data has been shown as mean ± 
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standard deviation (n = 3), with ns denoting the insignificant difference and P values <0.05 (*), 

0.01 (**), and 0.001 (***) denoting significant differences 

 

Figure 3.6. The expression profile of proangiogenic proteins in hyperglycemic (HG) human 

umbilical vein endothelial cells (HUVECs) using immunocytochemistry following a 24-hour 

incubation with SEK CPNTs. Scale bar: 30 µm. The data has been shown as mean ± standard 

deviation (n = 3), with ns denoting the insignificant difference and P values <0.05 (*), 0.01 (**), 

and 0.001 (***) denoting significant differences. 

3.4.8.3. 2D and 3D cell migration in hyperglycemic (HG) conditions  
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The angiogenic signalling pathways, primarily mediated through the binding of vascular 

endothelial growth factor (VEGF) and fibroblast growth factor (FGF) to their respective 

receptors, have been shown to significantly influence cell migration, invasion, and proliferation. 

Therefore, a scratch-wound motility assay was performed to assess the impact of SEK nanotubes 

on cellular motility, focusing on the 2D-cell migration capabilities of HG HUVEC cells. The 

untreated HG HUVEC cells exhibited significantly reduced scratch healing abilities, which 

underscores a detrimental impact of high glucose levels on the natural healing and regeneration 

processes of endothelial cells. Conversely, when these HG cells were treated with SEK 

nanotubes, a noticeable improvement in scratch healing was observed within 48 hours. This 

improvement was attributed to the ability of SEK to augment cell migration by the activation of 

the angiogenic signaling pathways, a vital response for facilitating enhanced cellular migration 

and proliferation. The semiquantitative analysis by ImageJ software revealed that in the group 

treated with SEK nanotubes (HG + SEK), 62% healing of the scratch was observed, which was 

in contrast to the HG group, which showed only 38% healing (Figure A32, Appendix). The 

comparative analysis highlighted not only the detrimental effects of high glucose conditions on 

cell motility and wound healing but also underscored the potential therapeutic benefits of SEK 

nanotubes.  

Further, the transwell cell migration and invasion analysis provided in-depth insights into the 3-

D migratory behaviour of cells as they moved through physical barriers. The efficiency of 

HUVEC migration and invasion under HG conditions upon treatment with SEK was assessed 

using cell motility assays. Under HG circumstances, HUVECs' migratory and invasive activity 

was totally suppressed (Figure 3.7A, C); however, following the SEK administration for 24 

hours, this activity improved. Crystal violet staining was used to quantify the increased cell 

migration and invasion. A plate reader was used to determine the absorbance at 590 nm after 

the sample was eluted with 33% acetic acid (Figure A33, Appendix). When treated with SEK, 

the proportion of invaded and migratory HUVECs in HG conditions increased by 16.42 and 

35.93 times, respectively, in comparison to control HG cells. Transwell migration was found to 

be 2.19 times higher than in nonglycemic (NG) cells. Even in HG settings, the HG + SEK group 

demonstrated almost the same augmentation (1.12 times) of invaded cells as the NG group did 

in invasion experiments (Figure 3.7B, D), suggesting that SEK is actively stimulating 

angiogenesis in HG HUVECs. 

3.4.8.4. Endothelial tube formation assay  
Human umbilical vein endothelial cells (HUVECs) were grown on a Matrigel matrix in 

hyperglycemic (HG) conditions as shown in the schematic representation (Figure A34, 

Appendix) to explore the pro-angiogenic effects of SEK by assessing the tube formation ability. 

Consistent with the prior research, HG conditions were observed to deteriorate the endothelial 
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activity, as evidenced in the studied tube formation (Figure 3.7E). We observed that high 

glucose (HG) group compared with the normal glucose (NG) group, demonstrated a significant 

decrease in the several angiogenic markers, including the number of nodes formed, junctions, 

branches, and master junctions (Figure 3.7F), along with a reduction in the total length of master 

segments and tube length (Figure 3.7G). However, treatment with SEK resulted in a noticeable 

reversal of HG-induced impairments. The parameters indicative of tube formation showed a 

substantial increase in the SEK-treated group under HG conditions. Specifically, the number of 

nodes and junctions in SEK-treated HUVECs under HG conditions saw 7.75- and 9.5-fold 

increase, respectively, compared to untreated controls. Similarly, branch number, master 

segment length, and tube length saw improvements by factors of 3.4, 12.5, and 6.4, respectively, 

thus, showcasing the potent pro-angiogenic activity of SEK even under the stress of 

hyperglycemia. 
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Figure 3.7. Transwell invasion/migration and endothelial tube formation assay upon 24 h 

treatment of HG HUVECs with SEK CPNTs. (A, C) Transwell invasion and migration assay. 

(B, D) Percentage increment in the cell invasion and migration compared to hyperglycemic 

HUVECs, taken as control. (E) Endothelial tube formation assay showcasing the increase in 

capillary tube structures. Scale bar: 100 µm. (F, G) Semiquantitative determination of capillary 

tube nodes, junctions, branches, master junctions, master segments length, and tube length. HG 

and non-glycemic (NG) served as controls. The data has been shown as mean ± standard 

deviation (n = 3), with ns denoting the insignificant difference and P values <0.05 (*), 0.01 (**), 

and 0.001 (***) denoting significant differences. 

3.5. Conclusions 

Compromised angiogenesis in diabetic wounds presents a substantial impediment to effective 

healing, as it constrains the genesis of new blood vessels pivotal for the delivery of nutrients 

and oxygen to the damaged tissue. This impairment not only retards the healing process but also 

escalates the susceptibility to infection and persistent inflammation. Recognizing this challenge, 

our research was directed to develop cyclic peptide nanotubes designed to foster angiogenesis 

independently of conventional drugs, growth factors or supplements, like heparin. The peptide 

nanotubes were functionalized with bioactive hydroxyl, carboxylic acid, and sulfonate groups, 

which provides the material with inherent ability to mimic the glycosaminoglycan, like heparan 

sulfate. Thus, by aiding the effective binding of proangiogenic growth factors, like VEGF and 

FGF2 to their receptors, these nanotubes can endogenously manipulate and promote the 

angiogenic signalling. The conformational rigidity of cyclic peptides will prevent its proteolytic 

degradation in chronic wound environment. Moreover, the cyclic peptide nanotubes did not 

induce ROS-stress, immunotoxicity, and exhibited optimal hemocompatibility. In vitro studies 

involving human umbilical vein endothelial cells showcased that SEK cyclic peptide nanotubes 

significantly upregulated the expression of crucial genes and proteins associated with 

angiogenesis. The angiogenic potential of these nanotubes is evidenced not only by their ability 

to stimulate the formation of capillary-like structures but also to exhibit the enhanced cell 

migration and invasion activities, even under hyperglycemic conditions. The studies conducted 

using KEK and KFK nanotubes has elucidated the influence of hydroxyl group on the 

angiogenic potential of heparan sulfate-mimicking biomaterials The observed results indicate 

that SEK nanotubes exhibited enhanced angiogenic properties in comparison to both KEK and 

KFK variants. The proangiogenic potential of the cyclic peptide nanotubes imitating heparan 

sulfate has never been explored. The attractiveness of this approach lies in its potential to obviate 

the need for external growth factors or other supplements, aligning in with the primary objective 

of this thesis. Building on the theme presented in Chapter 2, the peptide-based nanoassemblies 

developed here aim to simplify therapeutic strategies by addressing impaired angiogenesis, a 
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key factor in the delayed healing of chronic wounds. By leveraging their intrinsic properties, 

these systems have potential to reduce the complexities associated with the exogenously 

administered adjuvants and offer a potentially cost-effective alternative. However, the true 

efficacy and practical application of these peptide nanotubes in promoting angiogenesis will 

require further elucidation through comprehensive animal studies, thus, setting the stage for 

possible future clinical exploitation. Following the validation of biomaterial in pre-clinical and 

clinical models, these nanotubes can be used in conjunction with other dressing materials to 

comprehensively address the wound chronicity. The inherent complexity of chronic wounds 

frequently encompass multiple contributing factors and these nanotubes primarily aim to 

promote angiogenesis, effectively addressing one of the pivotal barriers to healing. Designed to 

degrade gradually over time, cyclic peptides will integrate seamlessly with the wound 

environment and facilitate the regenerative process, as their degradation products consist of 

amino acids that are naturally occurring in the body. Their application alongside existing 

therapeutic dressings would complement the broader therapeutic goals of standard wound care 

treatments. 
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           Chapter 4     

Cyclic peptide nanotubes for bone regeneration 

4.1. Introduction 
4.1.1. Bone regeneration 
Bone, a dense connective tissue integral to the human structure, undergoes constant remodeling 

throughout the life of an individual to optimize its function and structure.1 Its composition 

largely includes cells, extracellular matrix (ECM) primarily containing collagen fibrils, 

hydroxyapatite (HA), and various bound minerals.2 Remarkably, collagen and HA encompass 

approximately 95% of bone's composition under dry conditions, illustrating the pivotal role 

these components play in bone's physical properties.3 The dual nature of bone as both a 

supportive and protective element underscores its critical role by not only facilitating the 

movement by anchoring muscles but also by safeguarding vital organs from external threats. 

Additionally, it plays a key role in blood cell production, calcium homeostasis, and acid/base 

buffering.4 The dynamic quality of bone facilitates an intrinsic regenerative capability, 

constantly balancing the resorption of old bone with the deposition of new bone.5 Bone 

regeneration is a complex process involving diverse cell types, including osteogenic stem cells, 

osteoblasts, osteocytes, and osteoclasts. Osteoblasts play a pivotal role in bone growth and 

remodeling by synthesizing, depositing, and mineralizing the bone matrix by producing a 

protein composite known as osteoid. Osteocytes, originating from MSCs, are quiescent 

osteoblasts that become ensnared within the bone they have formed and are crucial for 

intercellular communication within bone tissue. Osteoclasts secrete enzymes and acids to 

dissolve and digest minerals in the bone, leading to the bone resorption.6 The bone regeneration 

process typically initiates with the formation of a hematoma (blood clot) at the fracture site and 

infiltration of inflammatory cells, neutrophils, and macrophages at the fracture site. The next 

stage involves the invasion of fibroblasts and new capillaries to the hematoma leading to the 

formation of granulation tissue. Chondrocytes and fibroblasts produce collagen and cartilage, 

forming a soft callus around the fracture. Soft callus is gradually replaced by the hard callus 

(woven immature bone) by endochondral ossification. Osteoblasts produce new bone tissue, 

transforming the cartilage into woven bone. The woven immature bone is then remodeled into 

stronger, lamellar bone. Osteoclasts resorb the old bone, while osteoblasts form new bone, thus, 

restoring the bone's original shape and strength.7 

4.1.2. Challenges 
The natural bone remodeling process enables bones to heal autonomously in instances of minor 

damage without the necessity for medical intervention.8,9 However, clinical interventions are 

required where the magnitude of bone loss or damage exceeds the natural regenerative capacity 

of bone.10 Severe bone defects can be caused by the presence of diseases such as osteogenesis 



 
 

124 

imperfecta,11 rheumatoid arthritis,12 osteoporosis,13 or conditions resulting from tumor 

resection,14 severe trauma,15 infection,16 and congenital malformations.17 Age and nutritional 

deficiencies also leads to decreased bone regeneration capacity due to the decline in cellular 

functions. Further, the comorbid conditions like diabetes impairs the inflammatory response, 

vascularization and also lead to infections affecting the bone regeneration.18 Bone-specific 

diseases such as osteoporosis and bone tumors, as well as joint inflammatory diseases including 

rheumatoid arthritis and ankylosing spondylitis, are associated with increased levels of reactive 

oxygen species (ROS). The elevation in ROS stress within affected bones leads to the induction 

of cell death in both osteoblast precursors and mature osteoblasts, subsequently hindering the 

process of osteogenic differentiation.19 These bone defects have become a serious public 

concern and a global burden, with an increase in the cases of fractures by 33·4% in 2019. Since 

1990, 455 million cases of acute or long-term symptoms of a fracture have been reported. 

Globally, there were around 178 million new fractures in 2019.20 Low bone mineral density and 

osteoporosis have increased the risk of severe fractures, with more than 8.9 million fractures 

annually occurring due to osteoporosis.21  

4.1.3. Research gap 

Current treatment modalities for bone repair and reconstruction primarily rely on auto/allo bone 

grafts, with autografts being regarded as the gold standard for small bone tissue reconstruction. 

Despite their widespread use, bone grafts present several challenges including the potential risk 

of immunological rejection, scarcity of graft materials, morbidity at the donor site, and the 

necessity for subsequent surgeries.22 In recent years, various bioactive scaffolds obtained from 

the biomaterials like natural and synthetic polymers, metals, ceramics and their composites have 

emerged as pivotal means to replicate the structure and functionality of the natural bone 

extracellular matrix (ECM). These scaffolds offer a three-dimensional (3D) environment 

conducive for cellular adhesion, proliferation, and differentiation, all while possessing sufficient 

physical traits requisite for bone repair. Moreover, the integration of these scaffolds with various 

additives, including drugs, growth factors (GFs), and stem cells, has emerged as an effective 

treatment strategy, further enhancing their therapeutic potential in bone regeneration 

applications.23 Jansen et al. have reported the fabrication of growth factors rhTGF-β1- and 

rhBMP-2- loaded Ti-fiber mesh and CaP cement scaffolds for increased regeneration of bones.24 

Similarly, Liu and coworkers developed Nb-Ti-Ta alloy scaffolds with different porosities for 

bone tissue engineering.25 A microporous 3D collagen scaffold fabricated from fibrillated 

collagen for bone tissue regeneration has been reported by Lee et al.26 Fielding et al. have 

developed a 3D-printed osteoconductive β-tricalcium phosphate (TCP) scaffold supplemented 

with metal oxide dopants silica (SiO2) and zinc oxide (ZnO) to promote osteoinduction.27 

VEGF-loaded gelatin/hydroxyapatite cryogel scaffold has been reported by Ozturk and 

coworkers for the treatment of bone defects in rabbit tibiae.28 Raja et al. developed a 3D printed 
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bioceramic (α-TCP) and MC3T3-E1 cell laden alginate gel as core/shell scaffolds for the bone 

regeneration.29 

These scaffolds have shown very promising results, however, there are certain associated 

challenges and disadvantages. The utilization of metal-based scaffolds is hindered by their non-

biodegradable nature, necessitating additional surgery for removal. Additionally, there exists a 

risk of particle leaching and associated toxicity. Bioactive ceramics face limitations due to 

inconsistent degradation rates and osteogenic speed. Natural polymeric scaffolds exhibit low 

mechanical strength, whereas synthetic scaffolds degrade over a prolonged period, diminishing 

their effectiveness.30 The challenges with the use of growth factors are their stability, dosage, 

high cost along with their controlled and sustained release.31 The use of allogeneic cells can lead 

to immunogenic response and tumorigenesis.32 The immobilized native enzyme-based scaffolds 

have also been explored in the bone regeneration studies. Osathanon et al. have shown the 

immobilization of alkaline phosphatase (ALP) onto the microporous nanofibrous fibrin 

scaffolds for bone regeneration.33 The utilization of immobilized native enzyme-based scaffolds 

has been studied within the context of bone regeneration. Nevertheless, the complexities of 

processes associated with enzyme purification and handling, coupled with the notable variability 

in bioactivity observed across different batches of purified enzymes, serve as significant 

obstacles to their broad application as regenerative scaffolds. These challenges not only escalate 

the expense but also limit the practicality of employing native enzymes in tissue regeneration.34 

4.1.4. Self-assembled peptides 
Peptide-based scaffolds exhibit favorable biocompatibility due to their degradation products 

being primarily amino acids, which are readily metabolized by the body. This inherent 

compatibility underscores their potential in biomedical applications, particularly bone repair. 

However, the complex nature of bone defects necessitates that peptide-based hydrogels 

designed for bone repair possess controlled properties that are finely tuned to meet the specific 

requirements of bone regeneration. Achieving these tailored properties requires strategic 

modifications of the peptide chains constituting the biomaterial. By systematically altering the 

peptide structures, it is possible to significantly enhance the functional attributes of the 

hydrogels, such as improved mechanical stiffness, facilitation of drug delivery, and increased 

biological activity.35 Peptide scaffolds have been explored as a carrier for the delivery of 

bioactive substances (drugs, growth factors, and cells) as well as the functional scaffolds for the 

bone regeneration. Quan et al. fabricated a self-assembled peptide gel from BMP-2 core 

sequence oligopeptide, cell adhesive RGDS peptide, phosphoserine, and polyaspartic acid, 

which incorporated rat marrow mesenchymal stem cells (rMSCs) to differentiate them towards 

osteogenic lineage.36 Further, Stupp and coworkers reported peptide amphiphile nanofibers 

containing a BMP-2 binding domain that can bind the exogenous as well endogenous BMP-2 

for use in bone regeneration.37 Zhou et al. reported the controlled release of TGF-β1 from RADA 
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self-assembling peptide gel scaffolds.38 Rapaport and group developed acidic rich β-sheet 

peptides as a templates to induce the adsorption or in situ nucleation of amorphous calcium 

phosphate.39 Sugino et al. explored the ability of polyglutamic acid hydrogels to stimulate the 

formation of hydroxyapatite.40 Moreover, the modification of the side chains of peptide by 

phosphorylation has also been reported to induce the bone mineralization.41 Spoerke et al. 

developed a system that employed a phosphorylated, anionic nanofiber gel matrix and natural 

enzyme alkaline phosphatase to template HA nanocrystals.42.  

4.2. Objectives 
In the previous sections, we have discussed the application and challenges with different 

scaffolds and bioactive molecules used for bone regeneration. The exogenous delivery of growth 

factors, cells, drugs and enzymes suffer from various drawbacks that limit their efficacy and 

have potential side effects as well. This highlights a dire need for the development of artificial 

enzyme-based nanostructures that can mimic the activity of enzymes by embedding active 

functional groups within their composition, thereby offering a promising avenue to overcome 

the aforementioned challenges. Therefore, our objective was to develop cyclic peptide 

nanotubes that mimic the activity of alkaline phosphatase to enhance osteogenic differentiation 

and bone mineralization. The cyclic peptide nanotubes were fabricated using cyclic octa peptide, 
LHis-DLys-LHis-DLys-LAla-DLeu-LAla-DPro, incorporating histidine residues in the sequence. 

Histidine amino acids present in the active domain of ALP strongly affects its catalytic activity 

as their significance lies in the versatility of their imidazole rings that at physiological pH can 

act as general bases or acids or even serve as nucleophiles with the assistance of metals.43 These 

imidazole rings facilitate the complexation of organophosphates onto the enzyme and 

deprotonates the water, thus, converting it into a nucleophile. The deprotonated water then 

cleaves the phosphate monoester and starts the mineralization of hydroxyapatite.44 Further, the 

fabrication of artificial proteinases with imidazole as a sole catalytic group requires the strategic 

positioning of two or more rings in close proximity.43 The self-assembly of cyclic peptides into 

nanotubes will not only enhance the surface area but will also keep the multiple imidazole rings 

in close proximity, thereby augmenting the concentration of reaction loci. The nanotubes were 

fabricated from cyclic octapeptide by a pH-switch method in ACN/H2O in 50:50 under alkaline 

conditions and investigated their morphology using FE-SEM and HR-TEM. The catalytic 

activity of the material was analyzed by pNPP hydrolysis. The material was assessed for its 

cytocompatibility on osteoblast precursor MC3T3-E1 cells. Cyclic peptide nanotubes were then 

investigated for their ROS scavenging ability using ABTS and DCFDA assay. The osteogenic 

differentiation and bone mineralization potential was evaluated by calcium deposition, ALP 

production and expression level of various osteogenic marker genes like Runx2, osteopontin, 

osteocalcin, and ALP by qRT-PCR. We also investigated the immunogenic response to the 

treatment with nanotubes using M1 and M2 phase marker expression analysis. An osteoblast 
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and macrophage co-culture approach has been used to demonstrate the osteogenic and anti-

osteoclastogenic characteristics. Thus, the ALP-mimetic peptide-based nanotubes provide a 

promising approach to promote the bone regeneration. 

4.3. Experimental section 
4.3.1. Materials  
Unless otherwise specified, all chemicals and solvents were of a high analytical standard and 

were used without further purification. For the synthesis of peptides, 2-chlorotrityl chloride resin 

with a mesh size of 200–400 and a loading capacity of 1.00–1.80 mmol/g was purchased from 

Novabiochem. BLD Pharmaceuticals provided the amino acids Fmoc-His(trt)-OH, Fmoc-DPro-

OH, Fmoc-DLys(Boc)-OH, Fmoc-Ala-OH, and Fmoc-DLeu-OH. Sigma Aldrich supplied the 

anhydrous N, N-dimethylformamide (DMF), 2′,7′-dichlorodihydrofluorescein diacetate 

(DCFDA), and 2,2′-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt 

(ABTS). Trifluoroacetic acid (TFA), triisopropyl silane (TIS), N,N-diisopropylethylamine 

(DIEA), HATU, and 4-nitrophenylphosphate (pNPP) were acquired from TCI Chemicals. We 

obtained dimethyl sulfoxide (DMSO) from Merck. Dichloromethane (DCM) and piperidine 

were procured from Spectrochem and Rankem Laboratories. Solid-phase peptide synthesis was 

carried out using Bio-Rad PolyPrep chromatography columns (SPPS). All of the studies utilized 

deionized water (DI, 18.2 MΩ cm), which was obtained from a Milli-Q system. The ATCC 

supplied MC3T3-E1 cells (CRL-2593, Subclone-4). Thermo Fisher Scientific provided MEM-

α, 0.25% trypsin/EDTA, penstrep, SYBRTM Green Master Mix, and trizol. Fetal bovine serum 

(FBS), ascorbic acid, 4',6-diamidino-2-phenylindole, dihydrochloride (DAPI), and (3-(4,5-

dimethylthiazol)-2,5-diphenyltetrazolium bromide (MTT reagent) were obtained from Himedia. 

We purchased Phalloidin, Alexa FluorTM 488, and the LIVE/DEADTM Viability/Cytotoxicity Kit 

for mammalian cells from Invitrogen. Bio-Rad supplied the iScriptTM cDNA synthesis kit. 

4.3.2. Synthesis of linear peptides 
Solid-phase peptide synthesis (SPPS) was employed to synthesize linear peptides utilizing 2-

chlorotrityl chloride (CTC) resin with a specific loading capacity ranging from 1.80–1.95 

mmol/g. Bio-rad PolyPrep chromatography columns were used to carry out the synthesis. For 

overnight swelling, 100 mg of CTC resin beads were soaked in 1 mL of dichloromethane 

(DCM). Using DIPEA as a base, the first amino acid was attached to the solid support. After 

shaking the resin and amino acid with 4.5 eq of DIPEA for 10 min, 10.5 eq of additional DIPEA 

was added, and shaking was carried out for another 3 h. In order to cap the unreacted groups on 

the resin, methanol was added after 3 h, and the column was shaken for another 10 min. The 

remaining amino acids were coupled using 2.85 equiv of HATU as a coupling agent with 5.7 

equiv of DIPEA as a base. The Fmoc deprotection was performed using 20% piperidine in DMF. 

Following a 3-4 h coupling reaction, Fmoc deprotection was carried out for 45 min. Each step 

was followed by three washings of resin with 1 mL of DMF and DCM. After the complete 
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synthesis, the peptide was cleaved from the resin using 1% TFA in DCM and precipitated in 

ice-cold diethyl ether. The centrifugation was performed at 8000 rpm for 10 min to collect the 

precipitates and then dried under vacuum. Following this protocol, we synthesized two 

octapeptides, LAla-DLys-LAla-DLys-LAla-DLeu-LAla-DPro and LAla-DLeu-LAla-DLys-LHis-
DLys-LHis-DPro, and characterized them by mass spectrometry.  

4.3.3. Synthesis and characterization of cyclic peptides 
A 0.5 mM solution of the linear peptide was prepared in DCM to carry out cyclization using a 

high-dilution approach. The cyclization was performed using 6.5 eq. of HBTU and 7.36 eq. of 

HOBt with DIPEA as a base. The reaction was carried out at ice-cold temperature by stirring in 

a round bottom flask for five days. Thin-layer chromatography (TLC) indicated the completion 

of the reaction. Next, the reaction workup was performed using a separatory funnel employing 

brine solution (×1), DI H2O (×2), and 0.1 M HCl (×3). The cyclic peptide was subsequently 

collected after vacuum evaporation of the DCM layer. A cleavage cocktail consisting of 95% 

TFA, 2.5% triisopropyl silane, and 2.5% H2O was used to deprotect the side chains of the cyclic 

peptide following cyclization. Both the cyclic peptides, LAla-DLys-LAla-DLys-LAla-DLeu-LAla-
DPro and LAla-DLeu-LAla-DLys-LHis-DLys-LHis-DPro, were synthesized by similar procedure. 

HR-MS (XEVO G2-XS QTOF) was then used to analyze the cyclic peptides. We employed the 

JASCO J-1500 circular dichroism spectrophotometer to ascertain the secondary structures of 

peptides. Fourier Transform Infrared (FT-IR) spectroscopy was carried out using a Bruker 

Tensor 27 instrument in the Attenuated Total Reflectance (ATR) mode, where the analysis was 

performed in the 400-4000 cm-1 range. The acquired data was processed using OPUS software, 

and the graphs were plotted using GraphPad Prism. 

4.3.4.  Fabrication and characterization of cyclic peptide nanotubes 

Cyclic peptides were self-assembled into nanotubes by following a pH-switch approach. In this 

method, the cyclic peptides were completely solubilized in 50:50 ACN:H2O containing 0.1% of 

TFA at 0.1% w/v concentration. Next, 0.2 N NaOH was added gradually to the solution until 

pH reached 9. The cyclic peptides were allowed to eventually self-assemble in the solution by 

leaving it unperturbed for 10 days. Field-emission scanning electron microscopy (FE-SEM) was 

then used to analyze the surface morphology of the resultant nano assemblies. For the FE-SEM 

investigation, a JEOL apparatus, Model JSM7610F Plus, operating at a 15 kV accelerating 

voltage was utilized. The HRTEM analysis was used to make the morphological assessment. 

For the analysis, the samples were appropriately fixed on a copper grid and images were 

obtained at various magnifications using the HR-TEM JEM-2100 Plus instrument operating at 

200 kV. 

4.3.5. Antioxidant activity 
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The ABTS assay was performed to evaluate the antioxidant properties of cyclic peptide 

nanotubes. A stock solution of ABTS radical was prepared by mixing 1 mL of 2.58 mM 

potassium persulfate solution and 7.38 mM ABTS salt solution in DI water, and keeping it in 

the dark for 8 h. The stock solution was diluted with PBS to adjust its absorbance to 0.75 at 415 

nm. Subsequently, 200 μL of this solution was administered to each sample and control groups. 

A 1 mg/mL ascorbic acid solution was taken as a positive control, while the ABTS radical 

solution served as a negative control. The samples were then incubated at 37 °C and 100 rpm 

for 1 h. The solution was centrifuged at 700 rpm for 5 min after the incubation, and 100 µL from 

each set was taken to measure absorbance. 

4.3.6. Alkaline phosphatase (ALP)-mimicking catalytic activity 
The ALP-mimetic activity of HP-CPNTs was assessed by conducting the hydrolysis of p-nitro 

phenyl phosphate (pNPP). A dispersion of HP- and KP-CPNTs was prepared in a 20 mM 

phosphate buffer with a pH of 7 at a concentration of 1 mg/mL. The dispersion was vortexed 

for 10 min to achieve uniform suspension. Subsequently, 100 µL of the nanotube solution was 

added to a 96-well plate. The 12.5 mM solution of pNPP was prepared in a 25 mM tris buffer 

with a pH of 8, and 6 µL of this pNPP solution was combined with the 100 µL CPNTs solution 

in the 96-well plate. The catalytic efficiency of CPNTs was evaluated by measuring the 

absorbance of the solution at 405 nm at 15 min intervals for 150 min. The free imidazole was 

taken as control for the comparative analysis. Further, the absorbance of the substrate without 

CPNTs was analyzed to account for the self-hydrolysis effects. 

4.3.7. Cell culture studies 
The cell culture experiments were conducted using murine preosteoblast MC3T3-E1 cells. 

These cells were grown in MEM-α medium, which was further enhanced by adding 1% 

antibiotic (penicillin-streptomycin) and 10% fetal bovine serum (FBS) to support the cell 

growth. The cultured cells were maintained in a controlled environment, placed in a humidified 

atmosphere with a 5% CO2 level and at a constant temperature of 37 ℃. Covered T-25 flasks 

were employed for culture, and to ensure optimal growth conditions, the culture medium was 

renewed every 48 h. When the cell confluency reached approximately 80%, the cells were 

harvested using a trypsin-EDTA solution to detach them from the flask for further experimental 

use. 

4.3.7.1. Cytocompatibility analysis 

MTT assay. The cell viability of murine preosteoblast MC3T3-E1 cells following the treatment 

with nanotubes was assessed using the MTT assay, as previously reported.45 Cells were seeded 

at a density of 10,000 cells/well in a Nunc-coated 96-well plate and allowed to grow. 

Subsequently, the cells were treated with 100 µL of CPNTs (330 µg/mL) dispersed in 

incomplete media and incubated for 24 h in a humidified atmosphere with 5% CO2 at 37 ℃. 
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The control group consisted of the untreated cells. Following a 24-hour incubation period, each 

well received 20 µL of MTT (5 mg/mL) solution, which was then incubated in the dark for 3.5 

h at 37 °C. After extracting the MTT solution from each well, 100 µL of DMSO was applied 

to each well in order to dissolve the formazan crystals. In a plate reader, the absorbance of the 

dissolved crystals was determined at 570 nm. The cell viability was measured by comparing 

the absorbance of the sample sets to that of the control. Similarly, the cells were incubated with 

treatment samples for further 7 and 14 days to analyze the cell viability. 

Live/dead assay. The cytocompatibility of MC3T3-E1 cells was further examined using 

live/dead fluorescence staining with a LIVE/DEAD cell viability/cytotoxicity kit. A working 

concentration of ethidium homodimer-1 (4 M) and calcein AM (2 M) was prepared in 

accordance with the manufacturer's instructions. In a humidified atmosphere with 5% CO2 at 

37 °C, the cells were cultured on a 6-well plate coated with Nunc at a density of 1.2 x 106 

cells/well. Following the incubation, the cells were subjected to a 330 µg/mL working dose of 

peptide nanotube treatment and kept for another 24 h. The cells were stained for 45 min using 

the earlier-mentioned 500 μL dye solution. The Leica DMi8 fluorescent microscope was used 

to collect the fluorescence images of both alive and dead cells. 

Cytoskeletal staining. To further assess the cytocompatibility of the material, MC3T3 -E1 cells 

were examined for their morphology after exposure to the CPNTs. Cell morphology was 

visualized by staining cellular F-actin and nucleus with Alexa Fluor 488 phalloidin and DAPI 

after 7 days of culture using previously described methods.46 The cells were cultured over a 

coverslip and incubated in a humidified atmosphere with 5% CO2 at 37 °C for 24 h. The media 

was then substituted with the 330 µg/mL solution of CPNTs, and the treated cells were 

incubated for 7 days. Following a PBS wash, the cells were fixed using 4% paraformaldehyde 

solution and permeabilized for 15 min with 0.1% triton X-100. Alexa Fluor 488 phalloidin was 

added to stain the F-actin filaments, and the cells were kept in the dark for 30 min. 

Subsequently, the cell nuclei were stained for 10 min with a 1 μg/mL DAPI solution, and the 

cells were again washed with PBS. The stained coverslips were carefully positioned onto a 

glass slide using a mounting solution and images were captured with a fluorescence 

microscope.  

4.3.7.2. Immunogenic response 

The immune response against the treatment of cyclic peptide nanotubes was assessed by 

examining the expression of M1 phenotype macrophage marker, TNF-α, iNOS, and M2 

phenotype macrophage marker, IL-10, in murine macrophages RAW264.7 cell line. After 

incubating the cells with the nanotubes for 7-days, RNA was extracted from cells using TRIzol. 

The isolated RNA was quantified on NanoDrop One/One Microvolume UV–vis 

spectrophotometer and was taken for reverse transcription in order to synthesize cDNA using 
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Bio-Rad cDNA synthesis kit. The gene expression was analyzed. β-Actin was used as a house 

keeping gene for comparative analysis. 

4.3.7.3. In vitro cell migration 

To assess the migration of MC3T3-E1 cells on treatment with CPNTs, closure of a denuded area 

scratched in a confluent monolayer was monitored.47 The cells were seeded in a 6-well plate (1 

× 106 cells/well) and cultured at 37 °C temperature and 5% CO2. On achieving confluency, a 

scratch was made in a straight line at the center of well using a 200 μL sterile tip. The detached 

cells were then removed by washing with PBS. The cells were incubated with the solution of 

cyclic peptide nanotubes at a concentration of 330 µg/mL. We have used untreated scratch as a 

control for the comparative analysis. The images of the scratch-healing in the treated and control 

samples were captured with an inverted microscope (Evos XL core, Invitrogen) at specified 

intervals of 0, 24, and 48 h. The unhealed scratch area was semi-quantitatively estimated using 

ImageJ software (n = 3). 

4.3.8. Oxidative stress inhibition 
To assess the in vitro efficacy of the nanotubes to regulate the elevated levels of ROS, we 

utilized murine preosteoblast MC3T3-E1 cells, which were grown in MEM-α supplemented 

with 10% FBS and 1% penstrep at 37 °C with 5% CO2.  DCFH-DA assay assessed the 

intracellular ROS stress in which 2,7-DCFDA dye reacts with ROS and becomes fluorescent. 

The cells with a density of 1.2 × 106 cells per well were grown in a 6-well plate coated with 

Nunc and incubated for 24 h. The ROS-stress was induced in the cells by exposing them to 0.5 

mM of H2O2 for 1 h. Following the generation of ROS, the media was replaced by the nanotube 

samples and cells were further incubated for 24 h. The cells without the sample treatment (H2O2-

treated) were considered as positive control, while the cells treated with 1 mg/mL ascorbic acid 

were taken as negative control. After 24 h incubation with the samples, 25 μM of DCFDA dye 

was added to the cells to investigate the ROS scavenging ability of samples. The cells were kept 

in dark for 30 min after addition of DCFDA dye and then observed under fluorescence 

microscope, where green fluorescence is the indicative of ROS stress. Further, the semi-

quantitative determination of ROS-scavenging potential of CPNTs was performed by culturing 

MC3T3-E1 cells in a Nunc-coated 96-well black plate at a density of 1 × 104 cells/well. The 

cells were grown similarly as described and ROS-stress was generated by 1 h exposure to 0.5 

mM H2O2. The cells were incubated for 24 h after treatment with the samples and then stained 

with DCFDA (25 μM). Fluorescent intensity was measured at excitation and emission 

wavelengths of 485 and 530 nm using a plate reader. The untreated cells were used as negative 

control while the ascorbic acid served as positive control.48  

4.3.9. In vitro osteogenic activity 



 
 

132 

The osteogenic effect of CPNTs was evaluated by analyzing the ALP activity, which is an early 

osteogenic differentiation marker. Further, the bone mineralization potential was observed using 

alizarin red staining. We also investigated the expression profile of osteogenesis-related genes 

(ALP, OPN, Runx-2, and OCN) on 7- and 14-days of treatment with cyclic peptide nanotubes.  

4.3.9.1. Alkaline phosphatase (ALP) estimation 

ALP-estimation was performed by culturing the MC3T3-E1 cells (1 × 105/well) in complete 

MEM-α medium in a Nunc-coated 48-well plate. The cells were incubated for 24 h at 37 °C 

with 5% CO2 and then treated with the sample extracts at the aforementioned concentration for 

7- and 14-days. The treatment was repeated every 3 days during the course of the experiment. 

Sample set containing osteogenic media was considered as positive control, while the untreated 

cells were used a negative control. Osteogenic medium provides the ideal nutrition to promote 

the differentiation of MSCs into osteoblasts and is comprised of complete MEM-α, 50 μg/mL 

ascorbic acid, 10 mM β-glycerophosphate disodium salt hydrate, and 100 nM dexamethasone. 

After 7 days, the media was discarded, and the cells were rinsed with DPBS. Cell lysis was then 

induced by adding 200 μL of 0.2% Triton X for a 30 min to disrupt the cell membrane and 

facilitate the release of ALP molecules. Next, 200 μL of p-nitrophenyl phosphate (pNPP) 

solution was introduced to each well containing the lysate and incubated at 37 °C for 90 min in 

a light-protected environment. Subsequent to the incubation, absorbance at 405 nm was 

quantified utilizing a plate reader. Similar protocol was followed at 14 days of treatment to 

determine the ALP-activity. 

4.3.9.2. Alizarin red staining 

The degree of mineralization on MC3T3-E1 cells following the 7- and 14-days of culture with 

CPNTs was evaluated by using Alizarin Red S staining. The cells were cultured in Nunc-coated 

48-well plate and treated with the samples as described earlier. On 7th and 14th  day of treatment, 

the cells were washed with DPBS and fixed using 4% paraformaldehyde for 1 h. The cells were 

subsequently rinsed with PBS and kept for 1 h in a 500 µL solution of 40 mM Alizarin Red S 

(pH, 4.1). The unfixed dye was eliminated by gentle washing with DI water until a clear solution 

appeared. The cells were then observed using an inverted microscope to capture the images of 

red crystals formed. Further, the quantification of calcium deposition was performed by 

dissolving the obtained crystals in  200 μL of 10% cetyl pyridyl chloride solution. The plate was 

kept in dark for about 30 min and 100 µL of solution from each sample set was taken in a 96-

well plate. The absorbance of dissolved crystals was measured at 562 nm to quantify the 

observed mineralization. 

4.3.9.3. Gene expression of osteogenic marker genes 
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The murine preosteoblast MC3T3-E1 cells were cultured in a 6-well plate under the conditions 

mentioned earlier. The cells were incubated with 330 µg/mL of cyclic peptide nanotubes 

dispersed in incomplete media for 7-and 14-days. At specified time points, cells were lysed 

using TRIzol and total cellular RNA was isolated from each sample set. RNA was quantified 

using a NanoDrop One/One Microvolume UV–vis spectrophotometer (Thermo Fisher 

Scientific, USA) and reverse transcribed into cDNA with Bio-Rad cDNA synthesis kit. The 

relative mRNA expression levels of the osteogenic differentiation marker genes ALP, OPN, 

Runx-2, and OCN were quantified using RT-qPCR analysis with SYBR Universal in a Quant-

Studio 3 Real-Time PCR System (Applied Biosystem, USA). The normalization of data was 

achieved by comparing its expression with that of the housekeeping gene β-actin. 

4.3.9.4. Indirect co-culture of MC3T3-E1 and RAW 264.7 cells 

The indirect co-culture studies were performed using the murine preosteoblasts (MC3T3-E1) 

and macrophage (RAW 264.7) cell lines. The studies were performed in a 12-well plate 

containing inserts with a pore size of 0.4 µm. RAW 264.7 cells were cultured at the bottom of 

12-well plate in MEM- α with a cell density of 1 × 105 cells/well, while a similar concentration 

of MC3T3 cells were placed on the inserts. This plate was then incubated in humidified 

atmosphere with 5% CO2 and 37 °C temperature for 24 h. Following the formation of 

monolayer, the co-culture system was kept in both basal and osteogenic conditions with and 

without 50 ng/mL receptor activator of nuclear factor kappa-B ligand (RANKL) protein. The 

MC3T3-E1 cells were treated with CPNTs and incubated further for 7 days, where treatment 

was repeated every 72 h. After 7 days, the qRT-PCR analysis was performed to evaluate the 

expression of osteoclast differentiation markers, RANKL and TRAP. 

4.3.10. Statistical analysis 
Student's t-test was used to analyze the data. The data collected were shown as mean ± standard 

deviation (n = 3), and ns denotes the nonsignificant difference, while P values < 0.05 (*), < 0.01 

(**), and < 0.001 (***) denotes significant differences. 

 

4.4. Results and discussions 
The objective of this work was to develop self-assembled cyclic octapeptide, LHis-DLys-LHis-
DLys-LAla-DLeu-LAla-DPro, nanotubes designed to mimic the activity of alkaline phosphatase 

(Figure 4.1). These nanotubes demonstrate both enzyme-mimetic and reactive oxygen species 

(ROS)-scavenging potential, which is likely to contribute to the improved osteogenic 

differentiation and bone regeneration. The fabricated material incorporates multiple histidine 

amino acid residues, which are integral to the functional domain of ALP. These histidine-

presenting nanotubes can catalyze phosphate hydrolysis and induce bone mineralization.34 The 
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imidazole ring in the histidine is a critical functional group in numerous enzymes, as it ionizes 

near neutral pH and functions as both an acid and a nucleophile in various catalytic 

processes.49,50,51 Lysine (Lys) residue was hypothesized to further enhance the peptide's function 

by providing a basic environment that can stabilize negatively charged phosphate intermediates 

during catalysis, thus, complementing the ALP-mimetic activity. Additionally, it will aid in 

protecting the cells from oxidative damage due to the presence of lone pairs of electrons on the 

side-chain amine, which can effectively neutralize reactive oxygen species.52 The induction of 

proline ensured the peptide to adopt a specific conformation conducive to cyclic assembly, while 

leucine and alanine residues have been integrated to foster hydrophobic interactions that support 

the self-assembly.53 The cyclic structure of peptides will offer an enhanced resistance to 

enzymatic degradation when compared to linear peptides, rendering them particularly suitable 

for prolonged stability within the biological environment of bone tissue.54 Additionally, the 

optimal length of octapeptides will facilitate both mechanical stability and effective self-

assembly into nanotubular architectures, which are essential for supporting cellular migration 

and mineral deposition, as the longer sequence might increase synthesis complexity and 

introduce unnecessary flexibility.55 Furthermore, positioning multiple imidazole rings in 

proximity within the nano scaffold amplifies the concentration of reaction loci, substantially 

enhancing the catalytic efficacy of the material by effective cooperation.56,49 Thus, by 

incorporating the active enzyme component, we have developed bioinspired peptide nanotubes 

addressing several challenges associated with the direct use of native enzymes, including 

stability, immune response, handling, and batch-to-batch variance in efficacy. 

 

 

Figure 4.1. Self-assembly and alkaline phosphatase-mimicking activity of cyclic-octapeptide 

(LAla-DLeu-LAla-DLys-LHis-DLys-LHis-DPro) nanotubes. 
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4.4.1. Cyclic peptides 
Solid-phase peptide synthesis (SPPS) was employed to synthesize linear peptides LAla-DLys-
LAla-DLys-LAla-DLeu-LAla-DPro and LAla-DLeu-LAla-DLys-LHis-DLys-LHis-DPro (Figure A35, 

Appendix). The linear peptides were synthesized on 2-chlorotrityl resin (2-CTC resin) using 

Fmoc chemistry approach, where Fmoc protected amino acids were utilized for synthesis. The 

synthesized peptides were cleaved from resin with 1% TFA in DCM and precipitated in ice-

cold ether. After the vacuum drying of the linear peptides, they were cyclized in DCM at 0.5 

mM concentration at 0 ℃ using HBTU and HOBt. The cyclic peptide side chains were then 

deprotected using 95% TFA along with 2.5% H2O and 2.5% triisopropyl silane (TIS) (Figure 

A36, Appendix). The synthesized cyclic peptides LAla-DLys-LAla-DLys-LAla-DLeu-LAla-DPro: 

KP and LAla-DLeu-LAla-DLys-LHis-DLys-LHis-DPro: HP were characterized using mass 

spectrometry and their purity was determined by reversed-phase high-performance liquid 

chromatography (RP-HPLC). The mass of the KP and HP was found to be 750 KDa and 883 

KDa respectively, which matched with their theoretical values (Figure A37, Appendix). The 

LC-MS data showed more than 90% purity of the cyclic peptides (Figure A38, Appendix). 

Next, we performed the FT-IR and circular dichroism analysis (Figure 4.2C-E) for the 

secondary structure determination of peptides, where the FT-IR peaks showed amide-1 peaks at 

1632 and 1640 cm-1 for HP and KP, while amide-II peaks at 1536 and 1538 cm-1, which 

indicated the β-sheet like secondary structure. Further, the CD-spectra confirmed our analysis 

with the minima produced at 216 and 217 nm.  

4.4.2. Cyclic peptide nanotubes 
Self-assembly of the cyclic peptides synthesized with even number of alternative D- and L-

amino acids leads to the fabrication of cyclic peptide nanotubes. The nanotubes have their side-

chains extending outwards with the perpendicular amide groups forming hydrogen bonding and 

supporting the stacking of cyclic peptides.57 The cyclic peptides were self-assembled using pH-

switch approach, where the peptides were initially dissolved in ACN/H2O (50:50) with 0.1% 

TFA at a concentration of 0.1% v/v. Following the complete solubilization of peptides, the pH 

was inversed gradually by dropwise addition of 0.2 N NaOH until it reached 9. The self-

assembly took place in around 10 days and the material was sonicated in a bath sonicator prior 

to its characterization. The surface morphology of the nanotubes was determined using HR-

TEM and FE-SEM, which showed a tubular morphology with the size estimated to be between 

100-130 nm (Figure 4.2F-I). Further, the zeta potential analysis was performed to evaluate the 

stability of material, where the surface potential for HP and LP was found to be +42.4 ± 2.31 

and +34 ± 1.23 mV.  
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Figure 4.2. Structure and characterization of cyclic octapeptides and nanotubes. (A, B) 

Structure of cyclic octapeptides (LAla-DLeu-LAla-DLys-LHis-DLys-LHis-DPro): HP and (LAla-
DLys-LAla-DLys-LAla-DLeu-LAla-DPro): KP. (C, D) FT-IR spectra of cyclic peptides: (C) HP, 

and (D) KP. (E) Circular dichroism spectra confirming the β-sheet like structure. (F, G) FE-

SEM images of cyclic peptide nanotubes. Scale bar: 100 nm and 1 µm. (H, I) HR-TEM images 

of peptide nanotubes. Scale bar: 200 nm and 500 nm. 

4.4.3. Antioxidant analysis 

The excessive generation of reactive oxygen species on a bone fracture causes oxidative stress, 

stimulating osteoclastogenic activity and restricting osteoblast differentiation. During the 

inflammatory phase of bone healing, the immune and mesenchymal stem cells produce 

significant ROS to tackle any infection. This excessive production of ROS also damages the 

healthy cells and impairs the overall healing process.58,59 The developed cyclic peptide 

nanotubes exhibited significant antioxidant ability, thus, lessening the undesired damage and 

speeding up the bone healing process. The presence of lone pair of electrons on the side chain 

of lysine in cyclic peptides will be more susceptible to ROS attack and shield the cells from 

oxidative damage. We determined the antioxidant activity of the material using colorimetric 

ABTS assay (Figure 4.3A). The colored solution of ABTS radical changes to colorless on 

reduction with the antioxidant materials and absorbance was measured at 415 nm. We employed 
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1 mg/mL solution of ascorbic acid as positive control, while the untreated samples served as 

negative controls. The antioxidant activity of HP and KP-CPNTs were observed to be 91.09 ± 

1.59 and 90.89 ± 2.15%, which was comparable to the recent nonporous antioxidant scaffolds 

for bone regeneration reported by Asghar et al.60 The antioxidant activity of both HP and KP 

was greater than 90%, and showed significant reduction in oxidative stress on treatment and a 

potential to enhance the bone regeneration by protecting the oxidative cellular damage.  
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Figure 4.3. Antioxidant activity and cell viability analysis of CPNTs. (A) ABTS assay 

determining the antioxidant activity of HP and KP CPNTs, with ascorbic acid (1 mg/mL) taken 

as positive control and untreated cells taken as negative control. (B) MTT assay determining the 

cell viability of MC3T3-E1 cells on exposure to CPNTs for 1, 7, and 14 days. (C) Live/dead 

fluorescence assay of MC3T3-E1 cells on treatment with CPNTs for 24 h. Untreated cells were 

taken as control. Scale bar: 100 µm. The data are presented as mean ± standard deviation (n = 

3), with ns denoting the insignificant difference and P values <0.05 (*), 0.01 (**), and 0.001 

(***) denoting significant differences. 

4.4.4. p-Nitro phenyl phosphate (pNPP) hydrolysis  
The investigation into the ALP-mimicking activity of imidazole-presenting cyclic peptide 

nanotubes (HP-CPNTs) involved the assessment of their catalytic efficacy in the hydrolysis of 

p-nitrophenyl phosphate (pNPP) to p-nitrophenol (pNP). This conversion yields a yellow 

solution, with the progress measurable by an increase in absorbance at 405 nm. Absorbance 

readings were taken at 15-minute intervals over a duration of 150 minutes, and a time-dependent 

increase in absorbance provided confirmation of the catalytic capacity of HP-CPNTs to mimic 

alkaline phosphatase (ALP) activity. Comparatively, HP-CPNTs exhibited a more pronounced 

increase in absorbance over time at 405 nm when contrasted with free imidazole and KP-

CPNTs, underscoring the catalytic influence of the multiple imidazole rings incorporated within 

HP-CPNTs. Notably, after 150 minutes, HP-CPNTs demonstrated 3.81 times greater 

absorbance than KP-CPNTs (Figure A39, Appendix). The catalytic activity is comparable to 

the earlier report by Gulseren et al.34 

4.4.5. Cytocompatibility assessment  
Cytocompatibility assessment is a fundamental step in the development and application of 

biomaterials to ensure their safety and effectiveness. Moreover, it determines the compatibility 

of the material with the host tissue to prevent any adverse inflammatory response. The 

cytocompatibility of nanotubes was evaluated by MTT assay, Live/dead fluorescence, 

cytoskeletal imaging, and immune reaction analysis. MTT assay was performed to investigate 

the cell viability, proliferation, and cytotoxicity analysis on treatment with nanotubes for 1, 7, 

and 14 days (Figure 4.3B). The study was performed using murine preosteoblast MC3T3-E1 

cells. MTT assay quantitively assess the cellular viability based on the metabolic activity of the 

cell. It operates on the principle that metabolically active cells are capable of converting the 

yellow tetrazolium dye, MTT, into purple formazan crystals. This conversion is primarily 

facilitated by the action of the mitochondrial NAD(P)H-dependent oxidoreductase enzymes, 

signaling the presence of living, active cells. The formazan crystals were solubilized in DMSO 

and the absorbance was measured at 570 nm to allow for the quantification of cellular metabolic 

activity. The HP and KP nanotubes exhibited 104.14 ± 7.67 and 98.95 ± 6.38% cell viability on 
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24 h of treatment, while 7 and 14 days of treatment showed viability for HP to be around 121.75 

± 5.60 and 142.28 ± 5.54%, and for KP, 111.93 ± 6.03 and 142.06 ± 14.92% viability. 

Live/dead fluorescence imaging was performed to further confirm the cell viability results 

(Figure 4.3C). This study involves the staining of cells with ethidium homodimer-1 and calcein 

AM following the treatment with nanotubes. Ethidium homodimer, due to its membrane-

impermeable nature, selectively stains dead cells. In contrast, calcein AM can permeate live cell 

membranes and, intracellular esterases activity converts it into green fluorescent calcein. This 

characteristic allows for the distinction between living, proliferative cells and dead cells when 

observed under a fluorescence microscope. The observed predominance of green fluorescence 

indicates a majority of live and actively dividing cells. The observations from the live-Dead 

assay corroborate the results obtained from the MTT assay, reinforcing the conclusion that the 

cell population is predominantly viable and proliferative. 

Cytoskeletal staining, further investigated the morphology of MSCs on 7-day treatment with the 

nanotubes (Figure 4.4A). The cells were stained with the Alexa Fluor 488 phalloidin and DAPI 

stains. Alexa Fluor 488 phalloidin stains the cytoskeleton by binding of phalloidin to 

filamentous actin (F-actin), while DAPI (4′,6-diamidino-2-phenylindole) is a blue-fluorescent 

nuclear stain that exhibits fluorescence upon binding to AT regions of dsDNA. We observed a 

mononucleated, fibroblast-like shape of MCT3T3-E1 cells with an extended cytoplasmic 

projection on treatment with nanotubes. This intact and healthy morphology of cells further 

ensures the cytocompatibility of nanotubes. 

Immune response to the nanotubes was investigated by analyzing the gene expression profile of 

proinflammatory M1-macrophage markers, iNOS, TNF-α and anti-inflammatory M2-

macrophage marker IL-10 prior to the 14-days of treatment (Figure 4.4B). We observed a 

significant reduction in the expression of proinflammatory genes iNOS and TNF-α in both HP 

and KP CPNTs. HP downregulates the expression of iNOS and TNF-α by 0.44- and 0.67-fold, 

while KP showed a 0.41- and 0.49-fold decrease. Furthermore, the expression of IL-10, M2 

related gene upregulates significantly by 5.28 and 4.90-fold. This decrease in the pro-

inflammatory activity can be attributed to the antioxidant and ROS-scavenging potential of the 

material. 
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Figure 4.4. Cytocompatibility and cell migration analysis. (A) Cytoskeletal staining to 

determine the cellular morphology of MC3T3-E1 cells using Alexa Fluor phalloidin and DAPI 

after 7 days treatment with CPNTs. Untreated cells served as controls. Scale bar: 100 µm. (B) 

qRT-PCR analysis of M1 and M2 macrophage related genes iNOS, TNF-α, and IL-10 to 

determine the immunogenic response to the 7-day CPNTs treatment. (C, D) Scratch assay to 

analyze the cell migration on CPNTs treatment: (C) Semiquantitative analysis of the unhealed 

area of scratch at different time intervals. (D) Microscopic images of scratch healing taken at 0, 

24, and 48 h. Untreated cells taken as negative control, while osteogenic media (OM) served as 

positive control. Scale bar: 100 µm. The data are presented as mean ± standard deviation (n = 

3), with ns denoting the insignificant difference and P values <0.05 (*), 0.01 (**), and 0.001 

(***) denoting significant differences. 

4.4.6. In vitro cell migration 
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Migration of cells from the bone marrow and surrounding tissue to the site of injury is crucial 

for effective bone regeneration. Stem cells, once at the injury site, have the potential to 

differentiate into osteoblasts, which are the cells responsible for bone regeneration. Hence, the 

capacity to encourage cell migration is a critical factor to be considered in the development of 

biomaterials aimed at bone regeneration. We investigated the potential of nanotubes to promote 

cell migration by performing the scratch assay on murine MC3T3-E1 cells. Following an 

incision on the confluent monolayer of cells, the migration of cells into the scratch was observed 

by taking microscopic images after 24 and 48 h of treatment, where the untreated cells were 

considered control set (Figure 4.4D). The unhealed scratch area was estimated using ImageJ 

software, where we observed that HP nanotubes healed the scratch by around 90% in contrast 

to the KP and untreated cells, which showed 76 and 50% healing (Figure 4.4C). Thus, the HP-

nanotubes were found to promote the cell migration and ensure the recruitment of essential cells 

at the injury site, thereby, supporting their functions and facilitating the overall healing process. 

4.4.7. Oxidative stress inhibition  

Reactive oxygen species (ROS) play a critical role in the bone remodeling process by facilitating 

the degradation of the mineralized matrix by osteoclasts (OCs).61 However, the dysregulation 

of ROS can lead to oxidative stress, subsequently affecting the behavior of all cells implicated 

in bone remodeling, including precursor cells. Elevated ROS stress in damaged bones can affect 

the genetic integrity, potentially resulting in mutations or cell death in osteoblast precursors and 

mature osteoblasts, thereby hindering the process of osteogenic differentiation. Moreover, 

excessive ROS can also interfere with signaling pathways crucial for osteoblast function, such 

as Wnt/β-catenin, BMP/Smad, and MAPK pathways.62 Therefore, developing the biomaterials 

that can regulate the elevated ROS-stress is crucial for effective bone regeneration and 

preventing disorders related to impaired osteogenesis. We investigated the potential of 

nanotubes to scavenge excessive ROS-stress using DCFDA assay, where the cells induced with 

oxidative stress were given treatment with nanotubes and observed. Cell permeable H2DCFDA 

gets converted into 2′,7′-dichlorodihydrofluorescein (H2DCF) by the intracellular esterases. 

Further, H2DCFDA gets converted to 2′,7′-dichlorofluorescein (DCF) in the presence of ROS 

and gives green fluorescence. However, when observed under a fluorescence microscope, HP- 

and KP-treated cells exhibited a significant decrease in the green fluorescence as compared to 

the untreated cells (Figure 4.5A).  

Moreover, the ROS-scavenging ability of materials was quantitatively evaluated by measuring 

the fluorescence intensity in a 96-well black plate. The fluorescence intensity on treatment with 

HP and KP nanotubes reduced by 6.18 times in comparison to H2O2 (0.5 mM) treated cells 

(Figure 4.5B). The results obtained are consistent with the ABTS assay for antioxidant activity. 

Also, the cell viability of the ROS-stressed MC3T3-E1 cells was analyzed by MTT assay after 

24 h of treatment with CPNTs. We observed that on incubation with our ROS scavenging 
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CPNTs, even the H2O2-treated cells showed good viability. While the peroxide treated cells 

showed only 48.28% viability, on treatment with HP and KP CPNTs, around 101.32% and 

94.52% cells were found viable (Figure 4.5C). 

 

Figure 4.5. ROS-scavenging evaluation of HP and KP CPNTs. (A, B) DCFDA assay: (A) 

Fluorescence imaging of ROS-stressed MC3T3-E1 cells on 24 h treatment with CPNTs. Scale 

bar: 100 µm. (B) Fluorescence intensity of ROS-stressed MC3T3-E1 cells at excitation and 

emission wavelengths of 485 and 530 nm. Cells were treated with CPNTs for 24 h and stained 

with DCFDA dye. (C) Cell viability analysis of ROS-stressed MC3T3-E1 cells by MTT assay 

after incubation with CPNTs for 24 h. The H2O2-treated cells were used as negative control, 

while ascorbic acid was taken as positive control. The data was presented as mean ± standard 

deviation (n = 3), with ns denoting the insignificant difference and P values <0.05 (*), 0.01 (**), 

and 0.001 (***) denoting significant differences. 

4.4.8. Osteogenic differentiation studies 
To explore the potential of ALP-mimetic nanostructures in bone tissue engineering, their ability 

to induce osteogenic differentiation was studied on MC3T3-E1 preosteoblasts. These 

nanostructures have been found to facilitate the formation of bone-like structures by hydrolysing 

the organophosphate molecules. The evaluation focused on two key osteogenic markers, ALP 

activity and extracellular calcium deposition. Moreover, the expression profile of osteogenesis-

related genes, ALP, Runx2, OCN and OPN were also studied. These markers are crucial in 

understanding the extent of osteogenic differentiation and the subsequent formation of bone 

tissues, thus, highlighting the potential of CPNTs in supporting bone regeneration. 

4.4.8.1. Alkaline phosphatase activity 
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The assessment of early-stage osteogenic differentiation can be quantitatively analyzed through 

the measurement of Alkaline Phosphatase (ALP) activity. ALP serves as a crucial biomarker, 

indicative of bone metabolic efficacy, and its concentration is intimately associated with the 

differentiation of osteoblasts, significantly influencing the matrix mineralization phase.63,64 

Typically, osteoblastic cells undergo a proliferation phase for approximately 7 to 14 days. Post 

this proliferative phase, these cells commence the secretion of extracellular matrix (ECM) 

proteins and exhibit early differentiation markers like ALP, observable from the 7th day 

onwards.65 We have observed that on 7 days treatment with HP CPNTs, there has been a 

significant if not remarkable increase in the alkaline phosphatase activity compared to the 

untreated and KP-treated cells. The cells on 7-day treatment with HP-CPNTs showed a 1.57 

folds increase in the ALP activity, while KP-CPNTs showed only 1.26 times increase in contrast 

to untreated cells. On the contrary, cells cultured in HP CPNTs showed a dramatic increase by 

4.33 times in the ALP-activity after 14-days of treatment, which is comparable to that of the 

osteogenic media (4.14 times). KP exhibited only 1.55 folds increase in 14 days (Figure 4.6C). 

This enhanced activity in HP CPNTs is attributed to the presence of imidazole ring presenting 

histidine residues, which catalyzes the hydrolysis of organic phosphates and mimic the native 

ALP enzyme.  

4.4.8.2. Calcium deposition 

The development of mineralized nodules is a crucial marker of late-stage osteogenic 

differentiation. To investigate this process, Alizarin Red S (ARS) staining was utilized due to 

its ability to assess the mineralization of the extracellular matrix (ECM) by detecting calcium 

deposits.66 This mineralization is vital for the formation of hydroxyapatite crystals, which are 

instrumental in providing structural integrity and strength to bone tissue. Alizarin Red S 

achieves this by binding to calcium ions through chelation, thus, creating a stable orange-red 

complex that can be observed under a microscope.67 Our studies revealed that ALP-inspired 

cyclic peptide nanotubes (HP) formed bone-like nodules after 7 and 14 days of incubation, 

indicative of enhanced mineralization. The effectiveness of ARS staining was confirmed 

through both microscopic observation and semi-quantitative assessment of calcium deposition. 

When observed under microscope, the HP CPNTs showed a significant improvement in bone 

mineralization when compared to KP CPNTs and untreated cells, thus, offering promising 

insights into the potential of these nanotubes in bone tissue regeneration (Figure 4.6A). 

Further, the quantification was performed by calcium extraction using 10% cetylpyridinium 

chloride and absorbance measurement at 405 nm using a plate reader (Figure 4.6B). We have 

seen a significantly high absorbance on exposure to HP CPNTs compared to other groups in 

both 7- and 14-days of observation. HP CPNTs exhibited a 2.17 times upregulation compared 

to untreated cells, while KP showed only 1.38 folds in 7 days. After 14 days, the bone 

mineralization in the presence of HP CPNTs and osteogenic media markedly increased by 3.88 



 
 

144 

and 4.43 folds compared to untreated, while KP (1.32) did not show any significant 

upregulation. This confirms the significance of imidazole groups presented on the peptide 

nanotubes for CaP deposition. 

4.4.8.3. Osteogenic gene expression analysis 

To explore the underlying mechanism for the spontaneously promoted osteodifferentiation of 

murine preosteoblast MC3T3-E1 cells in the presence of HP CPNTs, the expression levels of 

osteogenesis-related genes RUNX2, OCN (osteocalcin), OPN (osteopontin), and ALP (alkaline 

phosphatase) were thoroughly examined using real-time qRT-PCR (Figure 4.6E-H). OCN, also 

known as bone gamma-carboxy glutamic acid-containing protein (BGLAP), is a calcium-

binding protein that serves as a critical marker for bone formation due to its exclusive secretion 

by osteoblasts.68 Our observations revealed an elevation in OCN mRNA levels in cells treated 

with histidine-presenting cyclic peptide nanotubes (HP) by displaying a significant increase, 

approximately 2.30 and 4.02-fold, in 7 and 14 days, respectively, compared to the control group. 

The transcription factor RUNX2 plays a crucial role in early osteoblast differentiation as the 

primary gene involved in bone formation although it is not necessary for the later stages of 

osteoblast differentiation.69 We observed a substantial increase in Runx2 expression in cells 

exposed to HP CPNTs, with levels rising by 3.80- and 4.71-fold compared to untreated cells 

after 7 and 14 days of treatment. The gene expression of OPN, bone sialoprotein I (BSP-1), is 

crucial as it is a negatively charged protein component of the extracellular matrix that enables 

robust binding to different forms of calcium-based biominerals in bones and teeth.70 In the HP 

CPNT-treated cells after 7 and 14 days of treatment, there was a notable elevation of OPN 

expression by 3.61 and 4.28 folds when compared to the untreated control cells. Similarly, the 

expression of ALP was also enhanced by 2.35 and 3.96 folds. However, the KP-nanotubes did 

not demonstrate any significant change in the gene expression of osteogenic differentiation 

markers, confirming the potential of histidine presenting HP nanotubes to promote osteogenic 

differentiation. 

We further investigated the effect of HP and KP CPNTs in a co-culture model of MC3T3-E1 

and RAW 264.7 cells. Bone regeneration involves a fine balance between the bone resorption 

by osteoclasts and bone formation by osteoblasts. Receptor activator of nuclear factor kappa-Β 

ligand (RANKL) and Tartrate-Resistant Acid Phosphatase (TRAP) are the key cytokines 

involved in the process. Osteocytes and osteoblasts secrete the RANKL that stimulates 

the osteoclastogenesis by interacting with the RANK-expressing osteoclast precursors and 

inducing their differentiation to mature osteoclasts. TRAP is an enzyme highly expressed in 

osteoclasts and serves as a biochemical marker for osteoclast activity and bone resorption. It 

degrades the bone matrix proteins and contributes to the acidic environment needed for bone 

resorption.71 Therefore, we analyzed the effect of CPNTs on the gene expression levels of 

RANKL and TRAP in the co-culture system (Figure 4.6D).  After 7 days of incubation with the 
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nanotubes, we observed a downregulation in the expression level of both the genes in HP 

CPNTs. However, KP CPNTs did not exhibit any significant effect on their expression levels. 

A reduction in the secretion of RANKL and TRAP in HP CPNTs provides a protective 

mechanism for preventing excessive osteoclast differentiation, pre-osteoclast maturation, and 

osteoclast resorption activity. 

 

 

Figure 4.6. Osteogenic differentiation and bone mineralization analysis on murine preosteoblast 

MC3T3-E1 cells. (A, B) Bone mineralization studies: (A) Microscopic images of calcium 

deposition, captured using Alizarin Red S staining on CPNT-treated cells. Scale bar: 100 µm. 

(B) Quantitative analysis of calcium deposited on mineralized cells by measuring absorbance at 

405 nm. Osteogenic media (OM) and untreated cells were taken as controls. (C) Quantitative 

analysis of alkaline phosphatase (ALP) activity in cells on treatment with CPNTs. OM and 

untreated cells served as controls for comparative analysis. (D) qRT-PCR of osteoclastic factors 

TRAP and RANKL for relative mRNA expression analysis in MC3T3-E1 and RAW 264.7 

following a 7-day treatment in an indirect coculture procedure. (E-H) Gene expression analysis 

of osteogenic differentiation marker genes after culturing with OM and CPNTs: (E) RUNX2, 

(F) OCN, (G) OPN, and (H) ALP. The data are presented as mean ± standard deviation (n = 3), 
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with ns denoting the insignificant difference and P values <0.05 (*), 0.01 (**), and 0.001 (***) 

denoting significant differences. 

4.5. Conclusions 
This work led to the development of self-assembled peptide-based enzyme-mimetic nanotubes 

with the bioactive functional groups present on the surface of the material. The imidazole rings, 

present in the functionally active domain of alkaline phosphatase, have been strategically placed 

in close proximity to mimic the activity of enzyme to hydrolyze the organic phosphatase and 

induce the bone mineralization. Furthermore, it facilitates osteogenic differentiation to promote 

bone regeneration. The developed nanotubes were cytocompatible and did not induce any 

immunogenic response. Their reactive oxygen species (ROS) scavenging capability further 

underscores their potential in mitigating oxidative stress, which often hampers the regeneration 

process. These histidine-presenting nanotubes have demonstrated a potential to promote 

osteogenic differentiation in vitro, without any exogenous support, as evidenced by the 

upregulated activity of alkaline phosphatase, an early osteogenic differentiation marker and 

enhanced bone mineralization, a crucial marker for late osteogenesis. The upregulation of 

osteogenesis-related genes, coupled with a reduction in the expression of genes associated with 

osteoclastogenesis, suggest their ability to support the molecular pathways involved in bone 

regeneration. Moreover, their dimensions, ranging from 100 to 130 nm, are comparable to the 

diameter of collagen fibrils in bone (20-500 nm),72 which may provide biophysical advantages 

for bone regeneration by offering biomimetic topographical cues to osteoprogenitor cells. The 

artificial enzyme-mimetic peptide nanotubes presented a promising approach to facilitate the 

maturation of preosteoblasts into osteoblasts and promote bone regeneration by potentially 

addressing the challenges associated with the use of bone grafts, native growth factors, and 

enzymes. However, further in vivo investigations are required to evaluate their effectiveness in 

more complex bone regeneration models.	These nanotubes can be integrated into the existing 

regenerative matrices to enhance osteogenesis or used as an adjunct to provide osteoinductive 

cues within the microenvironment. Since, cyclic peptide has well reported stability, their 

controlled biodegradability will allow them to be absorbed naturally as new bone forms, 

aligning with the remodeling process and seamless integration into the host tissue.	Chapters 2 

and 3 emphasized on the development of peptide-based biomaterials with innate attributes for 

the treatment of chronic wounds. This chapter continued in a similar vein by establishing an 

approach for promoting bone tissue regeneration that does not rely on growth factors, enzymes 

or drugs. The developed biomaterial demonstrated intrinsic capabilities in augmenting bone 

mineralization and promoting osteogenic differentiation and, thus, adheres to the overarching 

theme of this thesis by circumventing the reliance on externally sourced biomolecules or drugs. 
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           Chapter 5     

Conclusion and perspectives 

5.1. Thesis summary 

This thesis has explored the innovative use of self-assembled peptide-based biomaterials for 

wound healing and bone regeneration by presenting a drug and growth-factor free approach in 

it. The strategic choice of self-assembled peptides over other materials was to leverage their 

unique advantages like natural biocompatibility and optimal degradation. Unlike synthetic 

polymers or metallic materials, peptides are composed of natural amino acids, making them 

inherently biocompatible, reducing the risk of adverse immune responses and eliminating the 

long-term complications. Moreover, they offer a remarkable versatility in functionalization of 

the backbone. By incorporating specific amino acid sequences, peptides can be designed to 

possess desired biological activities, such as antibacterial properties, reactive oxygen species 

(ROS) scavenging, angiogenesis promotion and osteogenic differentiation. Self-assembled 

peptides can be precisely engineered to form a variety of nanostructures, such as hydrogels, 

nanotubes, and nanofibers, tailored with functionalities to meet specific biomedical needs. 

Various peptide-based biomaterials have been developed and investigated globally by the 

researchers for their wound healing and bone regeneration potential. These scaffolds have been 

loaded with antibiotics, drugs, growth factors, and stem cells but the exogenous administration 

of these biomolecules elicit the immunogenic response and have other drawbacks like off-

targeting, drug-resistance, instability, and tumorigenesis. Therefore, we decided to develop the 

peptide-based biomaterials with the rational incorporation of amino acids and functional groups 

to impart the wound healing and bone regenerative properties without the use of any drugs or 

growth factors.  

The thesis is structured into five chapters, focusing mainly on the peptide self-assembly process 

in Chapter 1. This chapter discusses the diverse nanostructures resulting from peptide self-

assembly, along with the strategies for their fabrication and the factors influencing the self-

assembly. It further presents a comprehensive review of existing literature, particularly 

highlighting the biomedical applications of these nanostructures in areas such as wound healing 

and bone regeneration. The literature review is followed by the identification of current 

knowledge gaps and the specific objectives of the thesis to address these gaps.  

Chapter 2 elaborates on the development of a novel multifunctional wound-healing nanofibrous 

peptide gel (NLG), synthesized from the peptide sequence, LA-LLys-DPhe-LLys-NH2 loaded 

with Y2O3 nanoparticles. This scaffold demonstrated a potential in bactericidal, reactive oxygen 

species (ROS)-scavenging, and proangiogenic activities crucial for enhancing chronic wound 



 
 

156 

healing. The analysis of the peptide gel revealed its nanofibrous morphology, excellent self-

healing attributes, viscoelasticity, and mechanical strength. A strategic incorporation of D-

phenylalanine in the peptide sequence imparts the peptide with significant proteolytic stability 

to counter the elevated protease activities typically observed in wound sites. The selection of 

this particular peptide sequence was methodically approached to include basic amino acids such 

as lysine, endowed with side chains containing amine groups. These groups engage in 

interactions with the positively charged membranes of bacteria, disrupting their integrity and 

functionality, thereby exhibiting potent antibacterial effects against strains such as E. coli and 

S. aureus. Moreover, these amine groups have lone pair of electrons that can play a crucial role 

in shielding cells from oxidative damage and endows the material with reactive oxygen species 

(ROS)-scavenging capabilities. This characteristic is significantly enhanced by the passive 

incorporation of Y2O3 nanoparticles within the scaffold, which not only augments the 

mechanical strength of the gel but also endows it with angiogenic properties. The Y2O3 

nanoparticles elicit a transient hypoxic state, which results in the activation of a hypoxia-

inducible cellular pathway that promotes cell proliferation and angiogenesis. This is primarily 

mediated through the activation of hypoxia-inducible factor-1 (HIF-1), which subsequently 

upregulates the expression of vital angiogenic factors such as VEGF, EGFR, and FGF-2. These 

factors play pivotal role in modulating cellular behaviour encouraging enhanced cell 

proliferation and migration. Overall, this NP-loaded peptide-based scaffold provides a 

comprehensive approach to target the multifaceted challenges of chronic wound healing. 

Chapter 3 reports the development of heparan sulfate-mimicking cyclic peptide nanotubes 

promoting angiogenesis under diabetic wound conditions. We have synthesized cyclic-

hexapeptides, DPro-LTrp-DLeu-LSer-DGlu-LLys: SEK, DPro-LTrp-DLeu-LLys-DGlu-LLys: KEK, 

and DPro-LGlu-DLeu-LLys-DPhe-LLys: KFK, functionalized them with the bioactive sulfonate 

group and fabricated their nanotubes. The presence of heparin-inspired functional groups like 

hydroxyl, carboxylate, and sulfonate in the SEK nanotubes aids them to promote the binding of 

growth factors like VEGF and FGF-2 to their cognate receptors and activates the angiogenic 

signalling pathways. The comparative analysis of the SEK nanotubes with KEK and KFK 

demonstrated the impact of the hydroxyl group on the angiogenic potential of these 

nanomaterials. The nanotubes demonstrated excellent biocompatibility against murine 

fibroblast (L929) and human umbilical vein endothelial (HUVEC) cell lines and did not elicit 

immunogenic response or ROS stress. These nanostructures were also found to be 

hemocompatible when analyzed using fresh human blood samples. Interestingly, under the 

hyperglycemic conditions, SEK nanotubes significantly upregulated the expression levels of 

various angiogenic genes like Zeb1, ETV2, vWF, eNOS, Tie2, TGF-β, VE-Cad, VEGF, FGF2, 

VEGFR2, and FGFR1 in HUVECs. Moreover, the elevated expression of proangiogenic marker 

proteins such as VE-Cad, VEGFR2, CD31, eNOS, Tie2, vWF, FGFR1, and Zeb1 was observed. 
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These nanotubes not only assisted in the growth factors-receptor binding but also prevented the 

degradation of growth factors under the proteolytic wound environment. Hence, it demonstrated 

an upregulated expression of proangiogenic genes compared to the hyperglycemic untreated 

endothelial cells. Furthermore, the nanotubes were found to restore the activity of dysfunctional 

hyperglycemic HUVECs and significantly improve their migration, invasion, and tube 

formation capabilities in a 3D Matrigel matrix. These results underline the therapeutic potential 

of SEK nanotubes in enhancing impaired vascularization, particularly under hyperglycemic 

conditions that mimic diabetic complications. Their ability to upregulate proangiogenic 

processes positions them as valuable tools in the development of advanced treatments for 

diabetic wound healing. 

Chapter 4 delves into the innovative development of cyclic-octapeptide nanotubes, which are 

ingeniously designed to replicate the activity of the alkaline phosphatase (ALP) enzyme. This 

is achieved through the strategic incorporation of histidine into the peptide sequence, LHis-DLys-
LHis-DLys-LAla-DLeu-LAla-DPro, thus, endowing these nanotubes with catalytically active 

imidazole rings that promote the bone mineralization and osteogenic differentiation, effectively 

emulating the natural activity of ALP. The imidazolyl group is prevalent in the functional 

domain of various proteinase enzymes, and its ability to ionize at nearly neutral pH endows it 

with the versatility to act in several catalytic roles, such as nucleophiles, general acids, and 

general bases. This ability is harnessed in designing these artificial enzyme-mimicking 

nanostructures, where two histidine residues are integrated into the peptide chain, which upon 

self-assembly, formed nanotubes with multiple imidazolyl groups in close proximity. This 

arrangement facilitates their effective cooperative interaction in the catalytic process. The cell 

culture studies showed that the nanotubes were biocompatible to the murine preosteoblast 

MC3T3-E1 cells, and promoted their proliferation and migration. Importantly, these nanotubes 

did not trigger any immunogenic response. However, there was a notable downregulation in the 

expression of proinflammatory markers like iNOS and TNF-α, alongside an upregulation of the 

M2-macrophage marker IL-10, which suggests the fabricated nanotubes may possess anti-

inflammatory properties. Additionally, nanotubes showcased their ROS-scavenging potential 

on H2O2-treated MC3T3-E1 cells. The investigations further extended to evaluate their ability 

to induce ossification by analyzing early and late-stage osteogenic differentiation markers. 

Results demonstrated an elevated alkaline phosphatase activity along with their ability to 

facilitate bone mineralization through calcium deposition in preosteoblast cells over 7- and 14-

day periods. The upregulated expression of osteogenic differentiation marker genes such as 

OCN, ALP, OPN, and RUNX2 further attested to their osteogenic effectiveness. In the coculture 

studies involving preosteoblasts and macrophages, the nanotubes exhibited their potential to 

inhibit osteoclastogenesis by downregulating the expression of osteoclast differentiation 

markers. Overall, this study describes the rational design and fabrication of ALP-mimetic self-
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assembled cyclic peptide nanotubes and their considerable potential as an artificial enzyme-

mimicking framework, fostering bone regeneration through a cell-free, growth factor-free 

approach.  

In Chapter 5, an overall summary, contribution to the current knowledge, and prospects for 

future development has been provided. 

5.2. Contribution to existing knowledge 

In this thesis, our aim was to develop self-assembled peptide-based nanoassemblies with an 

inherent ability to address the challenges associated with current therapeutic approaches for 

chronic wound healing and bone regeneration, without employing drug or growth factor. 

Chronic wounds pose significant challenges in their management due to multiple impediments 

such as impaired angiogenesis, infections, prolonged inflammation, and comorbid conditions 

like diabetes. The intricate nature of these wounds necessitates a comprehensive approach to 

treatment. However, the current therapeutic strategies often target a singular aspect of wound 

pathology or utilize complex systems containing a combination of antibiotics, drugs, and growth 

factors. Such approaches may either fall short of effectiveness or present overwhelming 

complexity in predicting their biological outcomes. This situation highlights the critical need 

for innovative treatment modalities capable of addressing the multifaceted aspects of wound 

healing without incorporating undue complexity into the treatment regimen. The emergence of 

antibiotic-resistant bacteria presents a significant challenge, a problem compounded by the 

toxicity concerns associated with traditional antimicrobial materials such as metals, metal 

oxides, polymers, and ceramics towards healthy cells. We have addressed these challenges by 

developing self-assembled, antimicrobial peptide gel with inherent bactericidal properties and 

loaded them with proangiogenic Y2O3 nanoparticles. This combination not only provides 

material with inherent bactericidal and angiogenic properties but also effectively reduce the 

toxicity associated with nanoparticles. Furthermore, the peptide gel demonstrated considerable 

antioxidant and ROS-scavenging activities, underscoring its potential as a multifunctional 

scaffold designed to target infections, impaired angiogenesis and preventing ROS-induced 

inflammation to promote chronic wound healing. 

Conventional proangiogenic strategies primarily focused on using natural biomolecules like 

angiogenesis-promoting growth factors (notably VEGF and FGF-2) as well as 

glycosaminoglycans (specifically heparan sulfate) to foster the angiogenic process. However, 

these biomolecules face several challenges in the chronic wound microenvironment, including 

poor stability, relatively short half-life, and issues related to delivery, dosage, and cost-

effectiveness. Moreover, their exogenous administration can trigger an immunogenic response, 
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leading to inflammation or other adverse effects. Peptide-based nanomaterials tailored with 

desired functional groups offer a promising alternative by overcoming these limitations. We 

addressed these challenges by developing cyclic peptide nanotubes functionalized with key 

functional groups, such as sulfate, hydroxyl, and carboxylate present on heparan sulfate chains. 

These nanotubes were cytocompatible and exhibited an immune suppressive effect. Moreover, 

it upregulated the expression of proangiogenic marker genes and proteins along with restoring 

the activity of dysfunctional endothelial cells under hyperglycemic diabetic conditions. Thus, 

these nanotubes had the inherent ability to promote angiogenesis by avoiding the use of any 

exogenous growth factors or supplements like heparin. The developed peptide-based materials 

demonstrated proteolytic stability due to the incorporation of non-natural D-amino acids and 

cyclization, thus, addressing the challenge associated with peptide stability for use in chronic 

wound healing. 

Current therapeutic modalities for bone damage primarily revolve around the use of auto/allo 

bone grafts. Recent years have witnessed a significant advancement in the research on bioactive 

scaffolds obtained from polymers, metals, ceramics, and composites. These scaffolds are often 

enhanced with additives such as drugs, enzymes, growth factors, and stem cells to facilitate bone 

repair and regeneration. Despite the promise, several notable challenges persist, such as 

secondary surgeries for graft removal, drugs off-targeting, growth factor stability, batch-to-

batch variance in enzyme efficacy and potential tumorigenic and inflammatory responses to 

stem cells. Chapter 4 of the thesis contributed to address these gaps by developing artificial ALP 

enzyme-mimicking cyclic peptide nanotubes containing bioactive imidazole groups to promote 

osteogenic differentiation and bone mineralization. As imidazole groups are present in the 

functionally active domain of enzyme, they provide the material with an inherent ability to 

mimic the alkaline phosphatase activity. This inherent potential led nanotubes to promote the 

formation of bone-like nodules, upregulate the expression of osteogenic markers and inhibit 

osteoclastogenesis, thus, eliminating the need for external adjuvants. Moreover, the biomaterial 

demonstrated ROS-scavenging and anti-inflammatory properties, and it offers a comprehensive 

approach to bone regeneration. 

5.3. Future perspectives 

The thesis explores the advancement of peptide-based nanoassemblies by emphasizing their 

potential as versatile biomaterials with inherent capabilities for applications in chronic wound 

healing and bone regeneration. By focusing on multifunctional bioactivity, each project has been 

designed to meet specific therapeutic needs, from antibacterial action and ROS regulation to 

promoting angiogenesis and osteogenesis. Recognizing the interdependency of these biological 

processes, our approach has been to develop modular, adaptable peptide formulations that can 

target different regenerative environments. While each biomaterial targets a specific therapeutic 
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challenge, they are developed to support the body’s natural healing processes by modulating the 

local biological environment. This integrative approach aligns well with the interconnectedness 

of oxidative stress, inflammation, and cellular differentiation seen in both wound healing and 

bone repair. Bringing these peptides closer to clinical use will require a strategy that balances 

efficacy with safety and reproducibility. To translate these peptides from laboratory to clinical 

application, preclinical and optimization studies will be essential. The in vitro results from each 

project provide a foundation to further explore these peptides through preclinical and animal 

studies to refine their bioactivity and therapeutic potential. 

The self-assembled peptide gel loaded with Y2O3 nanoparticles offers a potential 

multifunctional strategy to simultaneously address bacterial infections, oxidative stress, and 

impaired angiogenesis, which are significant barriers to the healing process. Despite promising 

results in the in vitro studies on murine fibroblasts L929 and human umbilical vein endothelial 

cells cultured under standard conditions, evaluating the effectiveness of this gel in an in 

vitro chronic wound model stands as a critical next step prior to advancement to animal studies. 

Delving deeper into the molecular biology aspects of its application will shed light on the 

specific cellular mechanisms affected by the treatment. This multifunctional peptide gel has the 

potential to serve as a primary dressing. Further preclinical studies utilizing mouse wound 

models will provide valuable insights regarding wound closure rates, histological responses, 

inflammatory profiles, as well as their long-term biocompatibility and biodegradation 

characteristics within a complex cellular environment. Based on these insights, the biomaterial 

can be optimized for the dosage, concentration, and release profile of Y2O3 nanoparticles that 

balances proangiogenic activity without causing the toxicity. Moreover, it is imperative to assess 

the efficacy of the peptide gel against a diverse range of drug-resistant bacterial strains that are 

commonly associated with chronic wounds.  If deemed necessary, further optimization of the 

lysine residues or other functionalization strategies can be pursued to augment the antibacterial 

and wound healing efficacy of the peptide gel for clinical translation. 

The development of proangiogenic cyclic peptide nanotubes for diabetic wound healing 

addressed various challenges associated with the exogenously administered growth factors, 

drugs or glycosaminoglycans. We have extensively analyzed the efficacy of the nanotubes in 

promoting angiogenesis under hyperglycemic diabetic wound conditions and investigated the 

expressions of various proangiogenic marker proteins and genes. The developed nano 

assemblies have shown promising results in the in vitro studies and can be further taken up for 

in vivo analysis in a diabetic mice model. In preclinical studies involving diabetic murine 

models, the efficacy of peptide nanotubes in promoting angiogenesis and facilitating wound 

healing can be assessed through various measures, including wound closure rates, tissue 

morphology, collagen deposition, vascularization, and overall tissue regeneration. Additionally, 

tissue samples can be collected to evaluate the signs of inflammation, fibrosis, or other immune 
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responses that could indicate potential adverse effects. The degradation profile of the peptide 

nanotubes requires thorough in vivo examination to confirm that they degrade at a suitable rate. 

Given that peptide nanotubes address one of several barriers to chronic wound healing, it is vital 

to assess various concentrations and combinations of these nanotubes with other wound-healing 

biomaterials, such as antimicrobial and anti-inflammatory peptides and polymer matrices as 

well as different methods of administration, including hydrogels or injectable forms, prior to 

advancing to clinical trials. Thus, transitioning to animal studies will provide more profound 

insights into the ability of nanotubes to enhance vascularization within the complex diabetic 

wound microenvironment, thereby, potentially opening new avenues for improving the healing 

process in diabetic patients.  

Lastly, the alkaline phosphatase-mimicking cyclic peptide nanotubes exhibited significant bone 

regeneration potential by promoting the osteogenic differentiation and bone mineralization in 

the in vitro studies on preosteoblast MC3T3-E1 and murine macrophage RAW264.7 cells for 7 

and 14 days. These investigations may be carried out over an extended period of 4 to 8 weeks, 

which will provide a more in-depth understanding of the long-term cellular responses. Since the 

material has shown promising results in our studies, performing in vivo studies on an 

osteoporotic mice model will provide essential insights into its efficacy, biocompatibility, long-

term safety and regenerative capabilities. To validate osteogenic differentiation, histological 

examination of tissue sections must be performed, focusing on the presence of a mineralized 

matrix and bone-specific markers, such as Runx2, Osteopontin, and Osteocalcin. Additionally, 

long-term toxicological assessments will be essential to establish the maximum safe dosage for 

in vivo applications while avoiding any adverse effects. Moreover, the potential 

synergistic/additive effect of combining these nanotubes with other osteoinductive scaffolds can 

be explored to enhance their overall effectiveness. Further, as we progress with preclinical 

validation, a key consideration should be given to refine the synthesis and scalability of these 

peptide-based biomaterials to ensure clinical-grade quality, reproducibility, and cost-efficiency. 

These projects collectively have the potential address some major challenges in peptide-based 

therapies for wound healing and bone regeneration. Conducting animal studies is crucial in 

validating their safety and efficacy in more complex biological systems, which can further pave 

the way for clinical trials. 
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Figure A1. Synthesis of lauric acid-peptide conjugate (LPC) LA-LLys-DPhe-LLys-NH2 using 
solid-phase peptide synthesis (SPPS) on rink amide resin. 
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Figure A2. HR-MS data of LA-LLys-DPhe-LLys-NH2 with m/z: [(M+H)+] = 603.4598 Da, 
[(M+2H)2+] = 302.23 Da. 

 

 

Figure A3. RP-HPLC profile of LA-LLys-DPhe-LLys-NH2. ACN:H2O was used as the mobile 

phase in a 50:50 ratio with 0.1% TFA and 1 mL/min flow rate. 
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Figure A4. 1H NMR (400 MHz, DMSO-D6) spectrum of LA-LLys-DPhe-LLys-NH2. 

 

Figure A5. FT-IR spectrum of LA-LLys-DPhe-LLys-NH2. 
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Figure A6. CD spectrum of LA-LLys-DPhe-LLys-NH2 showing minima at 196 nm, thus, 

confirming random coiled secondary structure. 

 

 
Figure A7. UV-Visible spectrum of yttrium oxide (Y2O3) nanoparticles. 
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Figure A8. BET plots of Y2O3 nanoparticles. (A) N2 adsorption-desorption isotherm 

carried out at 77 K. (B) Determination of half pore width by DFT-method. 

 

 

 

Figure A9. DLS data of Y2O3 nanoparticles. Mean particle size was observed to be 80.4 nm, 

with a polydispersity index of 0.0347. 
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Figure A10. FE-SEM images of Y2O3 nanoparticles. Scale bar: 100 nm. 
 

 

 

 

Figure A11. Self-healing of lauric acid-peptide conjugate gel (LPG) observed over different 

intervals. The gel was cut into half, with one half dyed with rhodamine B and the other left 

unstained. At various times, images of the dye diffusing from one part to the other were taken. 

(A) 0 h. (B) 6 h. (C) 12 h. (D) 24 h. 
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Figure A12. Proteolytic stability studies of peptide-conjugate gel (LPG, LA-LLys-DPhe-LLys-

NH2). RP-HPLC profiles and images taken after incubation with a mocktail of proteolytic 

enzymes for 0, 12, 24, 36 h. 
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Figure A13. Proteolytic stability studies of peptide-conjugate gel (LA-LLys-LPhe-LLys-NH2). 

RP-HPLC profiles and images taken after incubation with a mocktail of proteolytic enzymes for 

0, 12, 24, 36 h. 
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Figure A14. Minimum inhibitory concentrations (MIC) of lauric acid-peptide conjugate against 

both Gram-negative and Gram-positive bacterial strains, E. coli (312 µg/mL) and S. aureus (312 

µg/mL). 
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Figure A15. Live/dead fluorescence assay for analyzing antibacterial effect of NP-loaded lauric 

acid-peptide conjugate gel (NLG) against E. coli. Gentamicin sulfate (50 µg/mL) was used as a 

positive control and untreated bacterial cells served as a negative control. SYTO 9 stains live 

cells and emits green fluorescence, while PI stains dead cells and emits red fluorescence. The 

analysis was performed thrice with similar results. Scale bar: 100 μm. 

 

Figure A16. Dose-dependent cell viability of nanoparticle-loaded peptide gel (NLG) in murine 

fibroblast (L929) cell line. Data are presented as mean ± standard deviation (n = 3), where P 

values <0.05 (*), 0.01 (**), and 0.001 (***) were considered as significant difference, and ns 

represents the insignificant difference. 
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Figure A17. Cell viability analysis for the optimization of Y2O3 nanoparticle loading 

concentration in  peptide gel on murine fibroblast (L929) cell line. Data are presented as mean 

± standard deviation (n = 3), where P values <0.05 (*), 0.01 (**), and 0.001 (***) were 

considered as significant difference, and ns represents the insignificant difference. 

 

 
 
Figure A18. Scratch assay performed on cells treated with lauric acid-peptide conjugate gel 

(LPG). (A) Scratch healing of murine fibroblast (L929) cells at 0, 12, and 24 h. (B) Images of 

scratch assay on human umbilical vein endothelial cells (HUVECs) at 0, 24, and 48 h. Scale bar: 

100 μm. 
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Table A1. Primer sequences used in qRT-PCR studies performed on HUVECs on treatment 

with NLG in Chapter 2. 

 

Genes  Primer sequence (5’-3’) 
VEGF Forward 

Reverse 
5’-TACCTCCACCATGCCAAGTG-3’ 
5’-ATGATTCTGCCCTCCTCCTTC-3’ 

EGFR Forward 
Reverse 

5’-AGAAAGGCAGCCACCAAATTAGCC-3’ 
5’-TTCCTGGCTAGTCGGTGTAAACGT-3’ 

FGF-2 Forward 
Reverse 

5’-AGCGGCTGTACTGCAAAAACGG-3’  
5’-CCTTTGATAGACACAACTCCTCTC-3’ 
 

HIF-1 Forward 
Reverse 

5’-TATGAGCCAGAAGAACTTTTAGGC-3’           
5’-CACCTCTTTTGGCAAGCATCCTG-3’ 
 

Beta-actin Forward 
Reverse 

5’- AGCGAGCATCCCCCAAAGTT-3’ 
5’- GGGCACGAAGGCTCATCATT-3’ 
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Figure A19. Synthesis of linear hexapeptide, PWLSEK, by solid-phase peptide synthesis 

(SPPS) using 2-CTC resin. 
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Figure A20. Scheme for the synthesis of cyclic peptide PWLSEK. 

 

Figure A21. Synthesis of sulfonated cyclic peptide. (A) Deprotection of cyclic peptide side 

chains, and (B) Sulfonation of cyclic peptide (PWLSEK). 
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Figure A22. Mass spectra of sulfated cyclic peptides, SEK, KFK, and KEK. 
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Figure A23. RP-HPLC profiles of sulfated cyclic peptide nanotubes (CPNTs), SEK, KFK, and 

KEK. ACN:H2O (20:80) with 0.1% TFA was used as a mobile phase at a flow rate of 0.8 

mL/min. 
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Figure A24. FTIR spectra of cyclic peptides, KFK and KEK. 

 

 

Figure A25. Stability of cyclic peptide nanotubes by estimating the zeta potential under 

different conditions of pH (5.8, 7, and 8.4) and proteolytic enzymes (chymotrypsin, pepsin, and 

proteinase K). Data are presented as mean ± standard deviation (n = 3), where P values <0.05 

(*), 0.01 (**), and 0.001 (***) were considered as significant difference, and ns represents the 

insignificant difference. 
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Figure A26. Dose-dependent cell viability analysis of cyclic peptide nanotubes by MTT assay 

in murine fibroblast (L929) cell line. Data are presented as mean ± standard deviation (n = 3), 

where P values <0.05 (*), 0.01 (**), and 0.001 (***) were considered as significant difference, 

and ns represents the insignificant difference. 

 

 

Figure A27. Semi-quantitative analysis of live/dead fluorescence intensity: (A) murine 

fibroblast (L929) cells, and (B) human umbilical vein endothelial cells (HUVECs). Untreated 

cells were used as controls. Data are presented as mean ± standard deviation (n = 3), where P 

values <0.05 (*), 0.01 (**), and 0.001 (***) were considered as significant differences, and ns 

represents the insignificant difference. 
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Figure A28. Hemocompatibility analysis of cyclic peptide nanotubes (CPNTs). Triton-X (0.1 

% in PBS) was used as a positive control, while PBS alone was used a negative control. 

 

 

Figure A29.  Morphological assessment by cytoskeletal staining of murine fibroblast L929 cells 

using Alexa Fluor phalloidin and DAPI after 24-h treatment with SEK CPNTs. Untreated cells 

served as controls. Scale bar: 50 µm. 
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Figure A30. qPCR analysis of proangiogenic genes under hyperglycemic (HG) 
conditions. Data are presented as mean ± standard deviation (n = 3), where P values 
<0.05 (*), 0.01 (**), and 0.001 (***) were considered as significant difference, and ns 
represents the insignificant difference. 
 

 

 

 

Figure A31. Immunoblotting analysis of VE-cad and Zeb1 expressions under 
hyperglycemic conditions in comparison to nonglycemic (NG) cells. Data are presented 
as mean ± standard deviation (n = 3), where P values <0.05 (*), 0.01 (**), and 0.001 
(***) were considered as significant differences, and ns represents the insignificant 
difference. 
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Figure A32. In vitro wound closure analysis under hyperglycemic (HG) conditions. (A) Scratch 

assay of NG, HG, and HG + SEK at 0, 24, and 48 h, and (B) Scratch area left unhealed at 

different time intervals. Data are presented as mean ± standard deviation (n = 3), where P values 

<0.05 (*), 0.01 (**), and 0.001 (***) were considered as significant differences, and ns 

represents the insignificant difference. 

 

 

Figure A33. Absorbance value (OD590) of SEK-treated hyperglycemic HUVECs on crystal 

violet staining. (A) Transwell cell invasion, and (B) Transwell cell migration. Non-glycemic 

(NG) cells were taken as controls. Data are presented as mean ± standard deviation (n = 3), 

where P values <0.05 (*), 0.01 (**), and 0.001 (***) were considered as significant differences, 

and ns represents the insignificant difference. 
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Figure A34. Schematic of in vitro endothelial tube formation assay on Matrigel after 24-h 

treatment with SEK cyclic peptide nanotubes. 
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Table A2. Primer sequences used in qPCR studies performed on HUVECs treated with 

proangiogenic CPNTs. 

Genes Forward primer (5’-3’) Reverse primer (5’-3’) 

Human primers 
VEGF TACCTCCACCATGCCAAGTG ATGATTCTGCCCTCCTCCTTC 

FGF2 AGCGGCTGTACTGCAAAAACGG CCTTTGATAGACACAACTCCTCTC 

VEGFR2 GGAACCTCACTATCCGCAGAGT CCAAGTTCGTCTTTTCCTGGGC 

FGFR1 GCACATCCAGTGGCTAAAGCAC AGCACCTCCATCTCTTTGTCGG 

VE-Cadherin GAAGCCTCTGATTGGCACAGTG TTTTGTGACTCGGAAGAACTGGC 

vWF GTGTGTCCGAGTGAAGGAGG CAGCACGCTGAGGTCTTACA 

CD31 AAGTGGAGTCCAGCCGCATATC ATGGAGCAGGACAGGTTCAGTC 

Zeb1 TACCAGAGGATGACCTGCCA TGCCCTTCCTTTCCTGTGTC 

Tie2 TGCCACCCTGGTTTTTACGG TTGGAAGCGATCACACATCTC 

ETV2 ACGTCTCGGAAAATTCCCCC ATGTCTCTGCTGTCGCTGTC 

TGF-β CAAGCAGAGTACACACAGCAT TGCTCCACTTTTAACTTGAGCC 

β-actin AGCGAGCATCCCCCAAAGTT GGGCACGAAGGCTCATCATT 

Mouse primers 
β-actin GTACTCTGTGTGGATCGGTGG AGGGTGTAAAACGCAGCTCAG 

CCL5 CTGCCTCCCCATATTCCTCG TCGGGTGACAAAGACGACTG 

CCL2 GATGCAGTTAACGCCCCACT AGCTTCTTTGGGACACCTGC 

TLR2 GCCACCATTTCCACGGACT GGCTTCCTCTTGGCCTGG 

IL-15 TTCTCTGCGCCCAAAAGACT TTTCCTGACCTCTCTGAGCTG 

MHCII GAAGACGACATTGAGGCCGA GGAACACAGTCGCTTGAGGA 

IL-6 GGGACTGATGCTGGTGACAA ACAGGTCTGTTGGGAGTGGT 

IL-4 GCATGGCCCAGAAATCAAGG GAGAAATCGATGACAGCGCC 

Ym1 GTTTGGACCTGCCCCGTTC CCTTGGAATGTCTTTCTCCACAG 

NfkB CCACAAGGGGACATGAAGCA GATGGTACCCCCAGAGACCT 

IL-1β TGCCACCTTTTGACAGTGATG GAAGGTCCACGGGAAAGACA 

iNOS CTTGGTGAAGGGACTGAGCTG CGTTCTCCGTTCTCTTGCAGT 
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Table A3. List and details of antibodies used for protein expression analysis performed 
on HUVECs on treatment with proangiogenic CPNTs. 
 

Antibody  Catalog no.  Dilution 
iNOS Cell Signaling Technology (#13120) 1:500 for ICC 

CCL2 Santa Cruz Biotechnology (sc-32771) 1:250 for ICC 

IL-1β Invitrogen (P420B) 1:100 for ICC 

vWF Santa Cruz Biotechnology (sc-53466) 1:250 for ICC 

Zeb1 Abcam (#ab181451) 1:1000 for ICC 

Tie2 Abcam (#ab24859) 1:1000 for ICC 

eNOS Cell Signaling Technology (#32027) 1:250 for ICC 

CD31 Cell Signaling Technology (#3528) 1:1500 for ICC 

FGFR1 Novus Biologicals (NB600-1287) 1:1000 for WB 

1:500 for ICC 

VEGFR2 Novus Biologicals (NB600-530) 1:1000 for WB 

1:500 for ICC 

VE-Cad Cell Signaling Technology (#2158) 1:1000 for WB 

β-actin Invitrogen (AM4302) 1:1000 for WB 

Anti-Mouse IgG (Alexa Fluor 
488-conjugated)  

Invitrogen (A-11001) 1:1000 for ICC  

Anti-Rabbit IgG (Alexa Fluor 
568-conjugated)  

Invitrogen (A-11012) 1:1000 for ICC 

HRP-conjugated anti-mouse 
IgG antibody  

Sigma-Aldrich (#A9044) 1:20000 for WB  

HRP-conjugated anti-rabbit 
IgG antibody  

Sigma-Aldrich (#A9169) 1:20000 for WB  
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Figure A35. Synthesis of linear peptide LAla-DLeu-LAla-DLys(Boc)-LHis-DLys(Boc)-LHis-DPro 

by solid-phase peptide synthesis (SPPS) using 2-CTC resin. 
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Figure A36. Synthesis of cyclic peptide, LAla-DLeu-LAla-DLys-LHis-DLys-LHis-DPro. (A) 

Cyclization of side-chain protected linear peptide LAla-DLeu-LAla-DLys(Boc)-LHis-DLys(Boc)-
LHis-DPro. (B) Reaction scheme for the side-chain deprotection. 
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Figure A37. Mass spectra of HP and KP cyclic peptides. (A) LHis-DLys-LHis-DLys-LAla-DLeu-
LAla-DPro, m/z: [(M+H)+] = 883.3145 Da, [(M+2H)2+] = 442.1490 Da. (B) LAla-DLys-LAla-
DLys-LAla-DLeu-LAla-DPro, m/z: [(M+H)+] =  751.7434Da, [(M+2H)2+] = 376.4293 Da. 
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Figure A38. HPLC chromatograph of KP and HP. Chromotagraphs obtained under the 

conditions of linear gradient 10-100% of acetonitrile (0.08% TFA) over 10 min with 4 min 

equilibration, using Aglilent Zorbax SB-C3 LC coloumn at the 0.9 mL/min flow rate. UV-

absorbance of eluent was monitored at 214 nm. 

 

Figure A39. Time-dependent absorbance of p-nitro phenyl phosphate (pNPP) hydrolysis to 

determine the catalytic efficiency of HP-CPNTs. KP-CPNTs and free imidazole (Im) were used 

for the comparative analysis.  
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Table A4. Primer sequences used in qPCR studies on MC3T3 and RAW264.7 cells treated with 

ALP-mimetic CPNTs. 

Genes Forward primer (5’-3’) Reverse primer (5’-3’) 
β-actin GTACTCTGTGTGGATCGGTGG AGGGTGTAAAACGCAGCTCAG 

iNOS CTTGGTGAAGGGACTGAGCTG CGTTCTCCGTTCTCTTGCAGT 

TNF-α CTGTCTTGCGTTGGGGGAG TTAAGCTGCCTCACTCCCGT 

IL-10 GCTCTTACTGACTGGCATGAG CGCAGCTCTAGGAGCATGTG 

RUNX2 TCCACCACGCCGCTGTCT TCAGTGAGGGATGAAATGCT 

ALP CTGATCAGTGTGCCCCTGCAG GGAGCTTGGAACGAATGTTCTG 

OCN CAAAGGTGCAGCCTTTGTGTC TCACAGTCCGGATTGAGCTCA 

OPN CTTGCTTGGGTTTGCAGTCTT GGTCGTAGAGTTAGTCCCTCAGA 

RANKL CTAAGAGACATGGCCCACGG GTCCAGGGGTTAGACCCAGA 

TRAP AGCAGCCAAGGAGGACTACGTT TCGTTGATGTCGCACAGAGG 

 

 


