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PREFACE 

This Ph.D thesis is categorized into six chapters. The objective of the thesis work is to develop and 

validate the functional properties of protein, and peptides-derived biomaterials in drug delivery and 

wound healing applications. The introduction Chapter 1 outlines the general structure and functions of 

the peptide and proteins, and their assembled architectures for biomaterial applications. An overview 

of the recent developments in the field of peptide and protein-based biomaterial systems is presented. 

The major emphasis is given to the design strategies utilized for the development of silk fibroin (SF) 

protein-based hydrogel systems and cell penetrating peptides (CPPs) for healthcare and drug delivery 

applications.   

Chapter 2 deals with the injectable SF hydrogel for sustained insulin delivery in diabetic rats. The 

potential role of glycols for effective modulation of SF gelation to prepare injectable hydrogel (iSFH) 

is described. The iSFH exhibits good mechanical strength and mesoporous morphology suitable for 

insulin encapsulation. The in vitro study revealed that iSFH releases the encapsulated insulin in 

functional active form over 5 days. The biocompatibility and nonhemolytic nature of iSFH support its 

suitability for further evaluation in live systems. Subcutaneous injection of insulin-iSFH in diabetic 

Wistar rats developed an active depot underneath the skin, which releases the insulin slowly to restore 

the physiological glucose homeostasis for 4 days.  

In Chapter 3, we discuss the development of glucose responsive self-regulated injectable SF hydrogel 

for insulin delivery. Hydrogel was fabricated by functionalizing nucleophilic amino acid residues of SF 

protein with glucose responsive phenylboronic acid. The boronate ester formation between 

phenylboronic acid and hydroxyl group of serine residue induces SF gelation. The glucose oxidase 

enzyme was encapsulated inside the hydrogel to induce glucose responsiveness to initiate the 

degradation of hydrogel to affect the release of insulin. The in vitro studies showed that hydrogel 

releases basal levels of insulin at normoglycemic glucose concentrations, but release rate is enhanced 

with increasing glucose levels similar to hyperglycemia conditions. The enhanced insulin release 

kinetics in altered response to hyperglycemia-like conditions revealed pulsatile insulin release behavior 

of hydrogel. Thus, self-regulated SF hydrogel act as an artificial pancreas to deliver encapsulated insulin 

in hyperglycemia conditions. 

Chapter 4 deals with antioxidant SF composite hydrogel (SFCH) for rapid healing of diabetic wounds. 

The SFCH dressing is composed of naturally occurring SF protein, antioxidant melanin, and anti-

inflammatory isoquinoline natural product berberine. The SFCH scaffolds are highly mesoporous with 

suitable pore sizes for cellular infiltration and proliferation. In vitro studies have revealed that SFCH 

effectively quenches the reactive species and promotes the cell migration. The wound healing 

assessment in diabetic type I Wistar rats shows the biocompatible for cellular infiltration and  
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proliferation. In vitro studies have revealed that SFCH effectively quench the reactive species and 

promotes the cell migration. The wound healing assessment in diabetic type I Wistar rats shows the 

biocompatible SFCH treatment helps in rapid wound scab formation, and significantly increased the 

regenerative capacity through promotion of cell migration, tissue re-epithelialization, and collagen 

deposition. 

Chapter 5 present CPPs derived from intrinsically disordered Ku-protein for DNA delivery. We have 

designed CPPs, Ku-A4 and Ku-P4 from the unstructured tail extension of DNA binding Ku-proteins 

with repeated AAKKA and PAKKA sequences to enable the delivery of functional biomolecules. The 

biocompatibility, cellular uptake and DNA binding ability, and further DNA delivery efficacy are 

studied. Ku-P4 displays good internalization efficacy through the cell membrane. The detailed DNA 

binding studies show effective condensation of DNA into positively charged polyplex, which 

effectively penetrates and deliver plasmid DNA inside the cell. 

Chapter 6 deals with the study of tumor microenvironment pH responsive cell penetrating 

peptidomimetics. The designed peptidomimetic Hkd is composed of cyclic dipeptide (CDP)-based 

unnatural amino acid cyclo (Lys-Asp) (kd) and natural histidine. The rigid CDP unit has multiple 

hydrogen bonding donor and acceptor sites, protease stability, while histidine has pH responsive charge 

induction tendency. The pharmacokinetics studies unveiled the serum stability and biocompatibility of 

Hkd. In vitro cellular uptake studies by FACS and confocal microscopy revealed the enhanced peptide 

uptake at lower pH compared to physiological pH. Cytotoxicity of anticancer drug camptothecin (Cpt) 

and Cpt-Hkd show that the peptidomimetic fusion decreases the cytotoxicity of the anticancer drug in 

normal cells. The pH dependent uptake behavior of Hkd is useful in targeting cancer cell 

microenvironment for selective drug delivery without affecting the normal cells. 

In summary, the proposed thesis presents the current developments of protein and peptide-based 

biomaterial systems and objective of the work in the introduction chapter. The second chapter describes 

the injectable SF hydrogel and in vivo blood glucose-controlled efficacy in diabetic type I Wistar rat 

model. The third chapter presents the chemically modified injectable SF hydrogel and its glucose 

responsive insulin release behavior. The fourth chapter deals with evaluation of therapeutic efficacy of 

multifactorial composite hydrogel in diabetic type I Wistar rat model. The fifth chapter describes the 

design of biocompatible intrinsically disordered cell penetrating peptides for DNA delivery. The sixth 

chapter presents the pH responsive cell penetrating peptidomimetics to selectively target the cancer cell 

microenvironment over normal cells. 
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1.1 Peptides and Proteins 

Peptides and proteins are biomacromolecules made up of amino acids connected through the 

amide bonds (peptide bonds). They are essential biomolecules with a wide range of biological 

functions necessary to maintain the normal physiology, growth and survival of the organism. 

Essential functions carried out by peptides and proteins are catalysis (enzyme), molecular 

recognition, molecular and ion transport, hormonal activity, immunoprotection, radical 

scavenging, cytoskeleton structure, and maintenance, among others.1-4 These polypeptides are 

synthesized in living organisms through a multi-step process. Biosynthesis begins with 

transcription of genetic information coded in DNA to messenger RNA (mRNA). The 

information coded in mRNA translated into polypeptides (ribosomal machineries) and further 

undergoes various post-translational modification to adopt the functional three-dimensional 

structure in endoplasmic reticulum. In nature, another route for peptide synthesis is non-

ribosomal peptide synthesis facilitated by peptide synthetase enzymes. The non-ribosomal 

synthesis mainly results in the production of small indispensable secondary metabolites.5-7  

The structural conformation and functionality of protein and peptides depend on the amino acid 

compositions in the sequence. Amino acids are chemically known aminoalkanoic acids, where 

amine (-NH2) and carboxylic acid (-COOH) groups are attached at α-carbon in a specific 

conformation (L-conformation) with chemically diverse side chains (Figure 1). In nature, 

twenty proteinogenic amino acids are present, each with its unique side chain functionality, 

which facilitates characteristic structural and functional properties. Depending on side chain 

functionality (R), amino acids are categorized as nonpolar (aliphatic and aromatic side chain), 

polar, and charged amino acids. The molecular structure, three and single-letter abbreviations 

of natural amino acids are listed in Figure 1.1-4 



             Chapter 1: Introduction 

4 
  

 

Figure 1. Chemical structures and classification of natural proteogenic amino acids depending on the 

amino acid side chain nature. Three letter and single letter abbreviations of amino acids are denoted. 

 

Proteins exhibit different levels of organization, namely primary, secondary, tertiary, and 

quaternary structures.4 The primary structure is the amino acid sequence and composition of 

amino acids, which largely determines the next level of peptide chain organization. The major 

secondary conformations observed are either α-helical or β-sheet structures. The α-helical 

secondary structures are driven by intramolecular hydrogen bonding between carbonyl 

functionality and amide proton. While the β-sheet structures are stabilized by intra- and inter-

molecular hydrogen bonding, along with other noncovalent interactions depending on the 

amino acid sequence. Other secondary conformations observed in peptides and proteins include 

turns and coil conformation.1-4,8 The tertiary structure in functional proteins refers to three-

dimensional organizations of secondary structural units driven by hydrophobic and hydrophilic 
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interactions of amino acid side chain leading to the packing of hydrophobic units of peptide 

chain inside the structure and exposing only hydrophilic groups towards the surface water. The 

quaternary structure of a protein represents the three-dimensional organization of multi-subunit 

polypeptides or proteins into a functional conformation. Quaternary structures are stabilized 

through hydrophobic, electrostatic, disulfide, and salt bridge interactions.4,8 

The subtle difference in noncovalent interactions defined by their amino acid composition 

directs the organization of proteins into globular and fibrous forms with varying structural and 

functional properties. Globular proteins are polypeptides formed by about 1000 amino acids 

and involved in cellular biochemical functions. The fibrous proteins are very high molecular 

weight (up to ~2000 kDa) polypeptides, required for maintaining the structural integrity.2,9,10 

The intrinsic aggregation propensity of polypeptides is reflected in constructions of marvel 

materials such as silks under physiological conditions.11-14 On the other hand, misfolding and 

aggregation of polypeptides and proteins are responsible for pathological outcomes in form of 

neurodegenerative disorders such as Alzheimer's, Prion, and Parkinson's diseases.15-19 

Inspired by the diverse structures and functions of peptides and proteins, there is an increased 

interest in developing either natural or synthetic protein and peptide-based materials for a wide 

range of material and biological applications.20 Peptide-based materials have been used to 

develop therapeutics, templated synthesis of nanomaterials, drug delivery agents, biomaterials 

for tissue engineering, and many other biomedical applications.21-30 The potential advantages 

of peptide-based materials over other biomolecules include, i) large-scale availability from 

renewable sources such as biomass and ease of scalable production by genetic engineering or 

recombinant DNA nanotechnology and chemical synthesis, ii) versatility to modify the 

structure and function through exchanging the amino acid composition during chemical 

synthesis, iii) relative stability under ambient conditions as compared to other biomolecules, 

facilitating the ease of handling, iv) inherent biocompatibility and biodegradability, v) 
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molecular recognition through non-covalent interactions, vi) inherent aggregation propensity 

with the availability of diverse chemical functionalities with respect to amino acid composition 

to modulate physicochemical and biological properties, and vii) aqueous fabrication possibility 

into various physical formats, including gels, films, nanofibers, foams, porous microsystems, 

woven, non-woven mats, and nanomaterials. 

1.2 Self-Assembly 

Self-assembly is the process of spontaneous organization of individual molecular units through 

noncovalent interactions into ordered structural and functional materials.31-33 The molecular 

recognition between simple building blocks directs the way for association into microscopic or 

macroscopic objects with nanoscale order. The assembly process is driven by combination of 

hydrogen bonding, aromatic π-π interactions, van der Waals forces, electrostatic, and ionic 

interactions.34,35 Although these noncovalent interactions are relatively weak individually, the 

combined coordination of various interactions results in organization of simple blocks into 

extended structures. This process endorses towards the facile production of desirable functional 

materials with tailored properties. The nature and functionality of self-assembly outcomes 

exclusively depends on the information encoded in the individual molecular building blocks. 

The delicate design of the building blocks can modulate the self-assembly process into 

controlled molecular architechtures with enormous functionality.36 Therefore, the molecular 

self-assembly is an emerging field of interest across a vast array of molecular perspectives. 

Various synthetic organic and inorganic building blocks were designed and utilized to prepare 

self-assembled systems having materials and biological applications.37  

Nature, through the billions of years of evolution, is an excellent place to find the inspiration 

and ideas of self-assembly. Nature employs the self-assembly process to construct its functional 

biological machinery, including DNA structures, quaternary protein structure, enzymes, 
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ribosomes, cell membranes, cytoskeleton, extracellular matrix, collagen, and biomineralized 

materials.38 Inspired by nature, researchers are constantly attempting to harness the complexity 

of nature and master engineering of biomolecules such as peptides, proteins, and nucleic acids 

to create new synthetic materials through molecular self-assembly.39,40 Utilizing the peptide, 

protein, and their analogues as molecular building blocks is a promising approach because of 

its inherent biological relevance to functional and pathological conditions.41-48 

1.3 Self-Assembly of Proteins and Peptides 

Peptides and proteins are the major molecular scaffold-generating building blocks in the 

biological world. The protein assembly allows constructs in nanoscale, microscale, and 

macroscale materials with various functional properties in nature.49 The self-assembled actin 

protein fibers provide structural integrity and physical rigidity to cells.51,52 The microtubule 

assembly serves as nanoscopic railways tracks to allow the transport of cargo using the protein 

motor system.53 Collagen serves as the nanoscale structural blocks of the extracellular matrix 

and skin integrity.54 The macroscopic structures of nails and hairs are assembly products of 

keratin protein.55 The inorganic biological structures of the body systems such as bone, teeth, 

and animal shells are also directed by the protein templates through specific interaction with 

calcium or silicon (biomineralization).56 Thus, along with distinct functional entities, proteins 

serve as a template in the biological world. Therefore, protein and its fragment unit peptides 

are potential building blocks for designing innovative and biocompatible functional 

materials.57 Protein systems are highly complex to utilize as a building block because of their 

large three-dimensional structure and chemical composition. To enable the facile protein 

assembly, combined experimental, biophysical, and molecular architectonics strategies have 

been employed. These tools lead to artificial protein assemblies with unprecedented structure 

and functionality. 
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Figure 2. Strategies for protein and peptide assembly formation. Reproduced from reference 49. 

 

Xu et al. engineered oligomeric transmembrane pores assembled in membranes in vitro and in 

vivo.58 The designed water-soluble hexamer of coiled-coil motifs generates a 12-helix barrel 

(TMHC6) with the outward-facing residue to promote membrane insertions. The construct was 

suitably expressed as a hexamer unit in the membrane of E. coli and shows ion conductance 

with higher selectivity for K+ than Na+, due to pore size matching with partially dehydrated K+ 

than fully hydrated Na+. As molecular recognition is the most straightforward biological 

function of the protein and protein assembly, Li et al. designed self-assembled antibody 

nanorings (CSANs) with multiple target sites by fusions of DHFR2 with single-chain anti-CD3 

antibody.59 The octavalent anti-CD3 CSANs showed improved binding affinity to CD3 

expressing cells compared with the native monoclonal antibody UCHT-1. Der et al. reported 

the first example of C2 symmetric enzymatic active protein assembly from helix-turn-helix 
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domain of the Rab4-binding domain of rabenosyn.60 Further incorporation of metal-binding 

His4 coordination site at dimeric interface of protein assembly created a stable dimer with high 

Zn2+ affinity at interface. This molecular construct was quite active toward the hydrolysis of 

the model substrate p-nitro-acetate system with kcat/ Km values of 630 M-1.s-1.   Song et al. 

developed artificial metallo-β-lactamase (Zn4:
 C96RIDC14) through Zn-directed D2-symmetric 

tetramer of cyt cb562 variant C96RIDC1. The  C96RIDC1 selectively binds to Zn2+ and assembled 

in periplasm of the E. coli, which allowed them to survive in a moderate concentration of the 

β-lactamase antibiotic ampicillin.  

1.4 Hydrogel 

Hydrogels are water-swollen three-dimensional hydrophilic polymer networks, capable of 

absorbing large excess of water.61-63 Compared to other classes of synthetic biomaterials, 

hydrogel can stimulate natural living tissue because of its high-water content inside the matrix, 

porosity, and softness. The semipermeable hydrogel structure resembled to the native 

extracellular matrix.64 Thus, hydrogels allow the influx and efflux of nutrients, metabolites, 

and prevent the passage of different immune agents.65 Hydrogels are structured through self-

assembled architectures of the molecular building blocks in water media. The reversible or 

physical gels networks are governed through secondary forces such as ionic, hydrogen 

bonding, and hydrophobic interactions between the molecular entanglement. The physical 

hydrogel matrix can be easily disassembled by changing the environmental conditions such as 

pH, ionic strength, and temperature. In chemical gel, networks of covalent bonds join different 

macromolecular chains with a vast range of functional applicability depending on the 

functional groups. 

The advancement of hydrogel technologies has made a significant contribution to various 

biomedical applications.66 Early studies implicate the usefulness of hydrogel systems for local  
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Figure 3. Hydrogel and its vast applications in biology. 

 

and controlled release of bioactive molecules in drug delivery. Hydrogel was recognized as 

useful scaffold in reconstructive surgeries and became the fundamental tissue engineering 

technology in regenerative medicine. Hydrogels are extensively used in device coating, soft 

robotics, environmental engineering, and adoptive cell therapy. High water content in hydrogel 

makes these materials friendly to biological environment. Although, at the earlystage of 

development, various harsh mechanism of molecular cross-linking was used. But new 

development of safer noncovalent cross-linking tools triggers the gelation in situ after injection, 

where several environmental factors of the body, such as physiological temperature, pH, and 
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ionic strength act as cue to trigger the gelation process.67-69 The noncovalent cross-linked 

hydrogels showed various exciting properties such as self-healing, comparable mechanical 

properties to the native tissue, sustainability to natural forces, and body stress in motion.  

 In recent times, discovery of the shear-thinning hydrogels has advanced the applicability of 

the hydrogels.70,71 The shear-thinning hydrogels were formed through the dynamic and 

reversible cross-linking between the soluble molecular building blocks.72 The dynamic and 

reversible cross-linking provides unique injectable property to hydrogel and can be injectable 

even after hydrogel formation, which opens a new frontier of hydrogel technology. These 

hydrogels can stabilize proteins and cellular cargoes, adhere strongly to the tissues, act as 

protective barriers, bandages, and coat complex biological geometry.73-75 

The dynamic hydrogels open new translational possibilities by introducing unprecedented 

functionality into biomaterials. These features include programmable drug release, nanoscale 

patterning, and stimuli responsive behaviors.76 Therefore, interdisciplinary projects require 

chemists, nanotechnologists, protein engineers, and synthetic biologists to develop 

sophisticated multifunctional hydrogel for applications. In this regard, programmable 

bioengineering techniques are leading to smart injectable materials with the potential to release 

encapsulated drugs based on environmental triggers. With the maturation of these technologies, 

multifunctional and programable hydrogel may provide the technological foundation for 

multistage biological events such as tissue regeneration and immunity.77-79 

1.5 Protein-Based Hydrogel   

The perfect polydispersity, precise control of polymeric units, and fine-tuned molecular level 

noncovalent interactions make protein an ideal material for tissue engineering and drug 

delivery applications. The protein-based hydrogel can be prepared using both covalent and 

noncovalent strategies.80 Covalent strategies are stable and responsible for conformational 
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changes of protein, which are broadly applied to the screening of drug molecules and cell 

encapsulation. However, hydrogel prepared through noncovalent interactions is injectable and 

holds promising applications. Chemical reactions utilized for protein-based hydrogel 

preparation are Michael addition, site-selective conjugations, and enzymatic reactions.81 The 

physical protein hydrogel was formed through specific protein-protein, protein-peptide, and 

protein-polysaccharide interactions.82  

Murphy et al. synthesized noncovalent physical hydrogel of calmodulin protein by utilizing its 

conformational bias in native and Ca2+ binding state.83 In calcium-binding state, it exists as 

extended conformation of dumbbell-shape. This conformation undergoes a rapid transition to 

collapsed conformation in response to the binding of various small molecule drugs, peptides, 

and proteins. To assemble the protein hydrogel through a covalent approach, threonine residues 

of calmodulin was bioengineered with cysteine residue. The engineered protein can be photo 

cross-linked with the vinyl group of the PEGDA acrylate termini upon UV radiation in 

collapsed conformations. Francis et al reported the bio-orthogonal conjugation of a polymeric 

unit at protein terminal to form cross-linked polymeric protein materials.84 The polymer-protein 

cross-linked hydrogel selectively binds and removes heavy metals from water. Enzymatic 

cross-linking is a mild and selective method for protein hydrogel preparation in 3D cell 

encapsulations in tissue engineering. Enzymes used for protein cross-linking are 

phosphopantetheinyl transferase (PPTase), horseradish peroxidase (HRP), and many others.85 

In addition, bioactive groups can be integrated into the hydrogel system to promote cell 

spreading and support cell 3D migrations.86 The covalent hydrogels are mechanically stronger 

than the physical hydrogels, whereas physical mixing strategies are biocompatible to cells and 

therapeutic agents. The mechanical properties of resulting hydrogels can easily be tuned 

through altering the binding affinity of gelator. The specific protein-protein interactions are 

extensively applied to design the physiological protein hydrogel system. Tirrell et al. utilized 
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the coiled-coil interaction between leucine zipper protein domains and pH-dependent 

interactions to induce the aggregations. The coiled-coil domain of protein backbone can further 

integrate with polymeric backbone to get polymer-protein hydrogel systems where 

thermostability and swelling properties could be adjusted by changing the coiled-coil protein 

pair.87,88 Heilshorn et al. have reported two-component hydrogel using tryptophan domain of 

engineered protein which folds into antiparallel β-sheet structure and binds to proline-rich 

peptides.89     

1.6 Silk Fibroin 

Silks are fibrous protein polymers spun into fiber by some lepidoptera larvae such as 

silkworms, scorpions, spiders, mites, and flies.90 After biosynthesis in epithelial cells, they are 

stored in specialized glands and spun into fiber. Each protein differs in terms of composition, 

structure, and physical properties. Most extensively characterized silks are silkworm silk and 

spider silk. The cannibalistic nature of spiders limits the large-scale availability of spider silks 

for biomaterial applications.91,92 On the other hand, the domesticated silkworm Bombyx mori 

(B. mori) silks are readily available in large scale from sericulture farms. The major structural 

protein of silkworm silk is silk fibroin (SF), a ~ 400 kDa fibrous protein.93,94 SF has unique 

physicochemical properties, such as modular mechanical strength, water stability, slow 

degradability, biocompatibility, and low immunogenicity. Generally, silkworm silk was 

extensively used in textile industries and suture materials in biomedical applications.  

The silk fiber produced by the B. mori consists of two crystalline SF strands, held together by 

adhesive sericin protein. The sericin acts as adhesive glue for SF strands and helps to maintain 

the cocoon structure and protect silk moth from adverse environmental conditions. However, 

the sticky sericin protein is immunogenic, hence it is removed during the protein extraction 

process from cocoon. SF is a block co-polymer consisting of highly repetitive primary 

sequence, which provides the significant homogeneity in secondary  
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Figure 4. Schematic illustration of cocoon fiber. (A) Cocoon silk fiber and the different phase structure 

in fiber. Nano-crystalline domain was formed by the hydrogen bonding between β-sheet domains of the 

protein sequences. (B) Silk fibroin protein with heavy and light chain. Reproduced from reference 99. 

 

structure. The protein strands are made up of large hydrophobic crystalline domains interspaced 

with short hydrophilic amorphous domains that facilitate the silk assembly and confer strength 

and resilience to fiber. The hydrophobic domains are composed of crystalline β-sheet content 

arising from the antiparallel protein chains through extensive hydrogen bonding.95,96 Liquid 

crystalline phases and conformational polymorphism are implicated in biological processing 

which contribute to the architectural features towards the orientation of β-sheet crystals and 

fuzzy interspaced between the crystalline and amorphous domain. The hydrophilic domains 

are bestowed with functionalizable amino acids such as threonine, serine, aspartic acid, 

glutamic acid, and tyrosine. These amino acid side chains provides the possibility of diverse 

chemical modifications for requisite biomedical applications. Along with the chemical  
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Figure 5. Fabrication of various biomaterials from the regenerated silk fibroin (SF) protein and their 

applications. Reproduced from reference 100. 

 

modification, physiological and biological properties of SF can be simply modulated through 

simple physical mixing of desired materials.   

The impressive mechanical properties and biocompatibility of SF offer an important set of 

material options in the field of controlled release, biomaterials, and scaffold generation for 

tissue engineering.97-100 The relative environmental stability, biocompatibility, and genomic 

control over sequence keeps the opportunity to exploit these protein materials for biomedical 

applications.101-104 Kaplan et al. have developed various tissue engineering scaffolds which 
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shows excellent biocompatibility, adhesion, and proliferation of stem cells.105,106 They also 

developed the SF scaffolds for room temperature storage, stabilization of biomolecules for 

photonic and bioelectronic applications. The self-assembly nature, biocompatibility, and 

mechanical durability are used for slow, sustained, and controlled release of drugs in drug 

delivery applications.107 Recently, SF has been utilized as an edible coating for the storage of 

perishable fruits.108 Han et al. have developed a simple protocol for producing intrinsically 

colored and luminescent SF by feeding the silkworm with dye fluorescein, acridine orange, and 

rhodamine with the mulberry leaves.109 These inherently colored SF are a promising candidate 

for textile and biological applications with the photophysical and real-time monitoring 

element.110 Moreover, the recombinant SF also holds the applicability in gene delivery, 

tuneable hydrogel, film, sponge, and 3D printed microtechnology.111-114   

1.7 Diabetes Mellitus and Treatments 

The metabolic disease diabetes mellitus is defined chronic medical conditions arises from 

defective blood glucose regulation of the body.115,116 The metabolic abnormality elevated the 

risk of several long-term complications such as cardiovascular dysfunction, eye damage, 

kidney dysfunctions, and neurodegenerative diseases. Thus, diabetes is a group of disorders 

arising from insulin deficiency. Type I diabetes (T1DM) is a genetic disorder caused by the 

destruction of pancreatic β-cells through humoral and cellular immune factors. The only 

treatment for T1DM is insulin, and the disease was initially called “insulin dependent diabetes 

mellitus” (IDDM). The most abundant genetic trait associated with T1DM is human leukocyte 

antigen class II region.117 Type II diabetes (T2DM) comprises 85% of diabetes arising from 

insulin resistance or β-cell dysfunctions. The insulin resistance in liver hepatocytes, muscle, 

and adipocyte cells obstructed the glycogenesis process and leads to persisted 

hyperglycemia.118,119 According to the global estimation, 463 million people are suffering from 

diabetes which is estimated to reach 700 million by 2045 with 90% T2DM.120 The insulin 
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resistance tendency is partially hereditary, but obesity, aging, and sedentary lifestyle are key 

risk factors.121 Insulin resistance enhances insulin demands, subsequently the β-cells 

overproduces the insulin. But the impaired ability of the β-cell gradually results in transition 

from prediabetic to diabetic. 

          There are many treatment options in T2DM to ameliorate insulin sensitivity or enhance 

insulin production from the β-cells.122 In the early stages, altered lifestyle, improved physical 

activity, and weight loss can help to reduce insulin resistance. Sulfonylurea derivatives are the 

class of medicine known to increase insulin production from β-cells. Metformin and its 

derivatives reduce the insulin resistance and glycogenolysis process in the liver. 

Thiazolidinediones act on nuclear receptor peroxisome proliferator-activity receptor gamma 

(PPAR) a ubiquitously expressed receptor in adipose tissue. PPAR regulates the uptake and 

storage of lipid in peripheral tissue and stem cell differentiation into adipocytes.123 The 

polypeptide hormone glucagon-like peptide-1 (GLP-1) and its analogues are used to enhance 

insulin secretion. Intrinsically, GLP-1 is secreted from the L-cell of intestine after food intake 

and stimulates insulin secretion from β-cells. In T2DM, the GLP-1 functions were suppressed. 

These drugs or combinations can target multiple pathological defects in T2DM and maintain 

the blood glucose level at an early stage. Although these drugs ameliorate insulin sensitivity or 

production, none of them prevent the insulin resistance and progression of β-cell dysfunctions. 

The dysfunction in β-cells in T2DM and T1DM requires insulin administration.124 

1.8 Insulin 

Insulin, a peptide hormone produced by the β-cell of pancreas, maintains the blood glucose 

level. Insulin comprises 51 amino acids with two polypeptide chains called A and B.125 The 

polypeptide chain A composed of 21 amino acids, while the B chain contains 30 amino acids. 

These two polypeptide chains are held together by two disulfide bridges at A7-B7 and A19-
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B19. The primary structure of insulin varies in animal species, but the position of the disulfide 

bond is conserved in all insulin variance in mammals.126 The A chain adopts two antiparallel 

α-helices, while the B chain adopts a single α-helices with turn and β-strand conformations. 

The core of insulin is formed by a collection of hydrophobic amino acid residues. Although the 

biologically active insulin is monomeric, in the β-cell it exists as a hexamer, co-ordinated with 

Zn2+.127 Insulin secretes from β-cell of the pancreas in response to elevated blood glucose  

 

Figure 6. (A) Amino acid sequences of human insulin and disulfide bridge between A and B chain 

cysteine unit. (B) Insulin signalling pathway. Insulin binding promotes the fusion of GLUT4 glucose 

transporter containing vesicles to the membrane. The GLUT4 mediates the glucose uptake in various 

kinds of cells. 
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levels. Insulin receptors present in plasma membrane of liver, muscle, and adipose tissue binds 

with insulin at their α-subunit.128 Insulin binding at α-subunit of insulin receptor promotes the 

phosphorylation of β-subunit and activates the insulin signalling pathways. Subsequently, the 

glucose transporter type 4 (GLUT4) containing vesicles are rapidly translocate and fuse with 

the cell membrane.129 The GLUT4 receptors uptake the blood glucose and stored inside the 

cells as glycogen for further use. The dissociation of the insulin from insulin receptor recycles 

the GLUT4 transporter into cytosolic vesicle and terminates the glucose entry. 

1.9 Animal Models in Diabetes Research 

Several animal models have been established to investigate the mechanism underlying disease 

aetiology and to test potential interventions.130 Insulin deficiency in animal models has been 

induced using a variety of methods, including chemical ablation, viral infection of beta cells, 

and spontaneous development of autoimmune diabetes. Streptozotocin (STZ) or Alloxan are 

used to chemically trigger beta cell death.131 STZ enters the pancreatic beta cell via the Glut-2 

transporter and induces DNA alkylation, damage, and cell death. STZ at a single high dose of 

100-200 mg/kg in mice and 35-65 mg/kg in rats causes rapid ablation of the beta cell and 

hyperglycemia.132 The chemical annihilation method is easy, inexpensive, and applicable to 

more animals. The chemical ablation method is appropriate for testing beta cell-independent 

glucose-lowering therapies (new insulin formulation, transplantation therapies). The downside 

of chemical usage is that these compounds are non-specifically harmful to other body organs. 

In addition to the chemical method, a spontaneous autoimmune type 1 model has been 

developed to better comprehend the therapeutic potential of the design formulation. The most 

common diabetic model is non-obese diabetes (NOD) and Bio breeding (BB) rat.133 

Along with the rodent model, other big animal models, such as rabbits, pigs, and monkeys, 

have been developed. Pancreatectomy, STZ, or their combination were exploited to induce 
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diabetes in large animal models. The type 2 diabetes animal models are primarily obese, 

reflecting the human condition.  

1.10 Melanin 

Melanin is a well-known naturally occurring conductive polymeric pigment widely distributed 

in living organisms.134 It is responsible for structural coloration and protect from sunlight and 

radicals. Other functional properties of melanin included photosensitization, metal ion 

chelation, antibiotic, thermoregulation, and some involvement in nervous system. The 

chemical structure of melanin contains repeating units of 5,6-dihydroxyindole and 5,6-

dihydroxyindole-2-carboxylic acid. In living organism, the melanin was synthesized by two-

step enzymatic reaction. The first step involves the controlled oxidation of the side chain of the 

tyrosine followed by oxidative polymerization results in the formation of melanin. Synthetic 

melanin is prepared from dopamine. At alkaline condition, dopamine oxidized and 

simultaneously self-polymerized by oxygen into melanin.135 Melanin owing to its polyphenolic 

nature is redox-active and show excellent free radical scavenging property.134 The oligomeric 

aromatic backbone and hydration-dependent ionic conduction induce electrical 

conductivity.136-138 Thus, biocompatible, biodegradable, and electroactive melanin is a 

promising material option for preparing antioxidant biomaterial scaffolds in bioelectronics.139-

141 

 1.11 Wound Healing 

Wound healing is a complex biological process involving multiple biological pathways and 

chemical responses to retrieve tissue integrity and homeostasis.142 The repair process involves 

three distinct but overlapping phases of inflammation, tissue regeneration, and remodelling. 

After damage, blood coagulation cascades are activated to achieve haemostasis through platelet 

plugs and fibroin matrix formation. These fibrins plug matrix consist of polymerized 
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fibrinogen, fibronectin, vitronectin and thrombospondin embedded with platelets provides 

immediate coverage at damage site from infections. Followed by various cells undergoes 

phenotypic and genetic alternations leading to cell migrations, proliferation, and 

differentiation. Inflammatory neutrophile cells are recruited at wound sites to breakdown the 

degranulated platelets, damaged tissues, and bacteria.143 

The second stage of wound healing is new tissue formation, which starts after 2-10 days of 

damage. Keratinocyte cells are migrated from healthy site over the injured dermis layer. 

Sprouts of the new blood vessel capillaries along with the fibroblast and macrophage cells 

replace the clotted fibrin matrix with granulation tissues. Through granulation tissues, 

keratinocyte cells are migrated towards the wound site and proliferate, mature, restore the 

dermis layer of the skin. The vascular endothelial growth factor A (VEGFA) and fibroblast 

growth factor 2 (FGF2) play a major role in the new vessel formation process called 

angiogenesis process.144 Fibroblast cells at the wound are differentiated into myofibroblasts by 

stimulation of macrophages and join the edges of wound.145 The myofibroblast and fibroblast 

cells produce collagen extracellular matrix and form mature scar.146 Various growth factors, 

hepatocyte growth factor (HGF), epidermal growth factor (EGF), fibroblast growth factor 

(FGF) transforming growth factor (TGF), and hormones act as cues for re-epithelialization at 

the damage site. 

The final stage of healing is remodelling of newly generated tissues and extracellular matrix. 

This process starts from 2-3 weeks of the injury and can last till one year, depending on the 

damage sites. In this stage, all preactivated cascades after damage are slow down and further 

discontinued. Endothelial, macrophage, and myofibroblast cells present at wound site 

undergoes programable cell death (apoptosis) or leave the wound sites. Epithelial-

mesenchymal interactions continuously regulate skin integrity and homeostasis.147 The matrix 
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metalloproteinases secreted from the fibroblast, macrophages and endothelial cells remodelled 

the type III collagen to type I collagen matrix and provide the strength to regenerated skin.148  

1.12 Animal Models for Wound Healing 

In wound healing studies, in vitro, and in vivo models are available to understand the tissue 

repair process.149 However, the in vivo models remain the most predictive model for the 

realistic representation of wound environment, representing individual aspects of human 

physiology. Various preclinical models, such as mice, rats, rabbits, and pigs, can mimic acute 

and impaired related wounds. The most widely used species are rats and mice. Despite 

structural and physiological differences between rodent and human skin morphology, wound 

healing assessment will provide valuable transitional information.150 Using the rodent family 

for the wound healing model, rats are a better choice than mice because of their thick 

keratinocyte layer compared to the latter and the possibility of a large sample size. 

In comparison, rabbit and pig skin more closely matches human skin morphology and is a 

superior choice for wound healing assessments.151 Pig skin is more anatomically akin to human 

skin, with comparable levels of collagen, elastin, and growth factors. But they are more 

expensive to house and have chances to prompt infection. Wounds in the animal can be 

developed by excision or incision technique. Incisional wounds benefit surgical incision 

materials such as suture threads and mechanical properties through the evolution of tensile 

strength. Excisional wounds, on the other hand, reflect acute clinical injuries and represent the 

most commonly used animal model. Excisional wounds are created by surgically removing the 

whole skin layer, allowing us to explore the various phases of wound healing. The wound 

region can be imaged to determine the progress of wound closure over time. Animals can be 

sedated locally to get a biopsy punch or euthanized to collect regenerated skin patches for the 

histological investigation to assess the epithelial gap, granulation bed, and collagen 
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arrangement. Animal models mimicking the chronicity associated with non-healing wounds 

are used to replicate chronic disorders. The most frequently used chronic diseases are diabetes 

and nutritional-associated chronic conditions. 

1.13 Cell Penetrating Peptides (CPPs)  

Effective delivery of active ingredients into mammalian cells remains a major hurdle to 

realizing their therapeutic potential. The negatively charged cell membrane surface and 

hydrophobicity impede the delivery of hydrophilic drugs, proteins, nucleic acids, and 

nanosized materials in their effective concentration inside the cell. Several delivery vectors, 

liposomes, polymers, dendrimers, and exosomes are developed to enable efficient 

internalization into the cell.152-155 However, the problem associated with some delivery vectors 

is their toxicity and non-specific delivery to the cell. To overcome the toxicity, a biocompatible 

delivery vector cell penetrating peptides (CPPs) was introduced in the field of drug delivery.156-

160 CPPs are diverse groups of polycationic peptides or protein domains with 5-30 amino acids 

sequence. CPPs were first introduced by Green and Loewenstein, and Frankel and Pabo in 

1988.161,162 They observed that HIV’s Transactivator of Transcription (TaT) protein can 

effectively internalize to cells and endorsed viral transactivation. Later, penetratin a 16-mer 

third helix transcription factor domain of Drosophila Antennapedia was discovered which can 

translocate through biological membrane.163 In 1997 Vives et al. discovered that cationic lysine 

and arginine amino acid containing sequences from 49-57 of TaT is sufficient for cellular 

internalization.164 Subsequently, several CPPs have been designed based on the charge and 

structural properties of the CPPs sequence.165,166 The cationic side chain present in CPPs 

interacts with negative and zwitterionic lipid membrane through hydrogen bonding and 

electrostatic interactions, which aid their internalization into the cell.167-169 Activity studies on 

structural conformation and charges showed minimum of six cationic charges are required for 

efficient cellular uptake. Other designed cationic peptides are the arginine and lysine based 



             Chapter 1: Introduction 

24 
  

 

Figure 7. CPPs interactions with the membrane lipids and negatively charged sugar. 

 

nuclear localization sequences like SV40 (PKKKRKV), NF- Kb (VQRKRQKLMP), TFIIE- 

beta (SKKKKTKV).158 Further, the CPPs were attached with the lipid to enhance the 

membrane binding and uptake.170-172 Amphipathic peptides, where the hydrophobic domain 

was attached to the cationic or hydrophilic amino acids form a separate face of the α-helix for 

efficient grafting to the membrane.158 The proline-rich amphipathic peptide of maize with 50% 

proline and arginine residues can effectively penetrate the membrane. Bactenecin-7 

synthetically designed (PRR)n and (PPR)n SAP (VRLPPP)3 are the best examples of 

amphipathic peptides.173  

CPP carriers are promising tools for effectively delivering several bioactive molecules into the 

cell. By utilizing the CPPs effective delivery of the peptide, proteins, antibiotics, siRNA, and 

drug-loaded nanoparticles was achieved. Morris et al. showed that CPPs effectively deliver the 

oligonucleotide into the cell with good transfection efficacy.174 Schwarze et al. established the 

in vivo delivery protocol of 120 kDa β-galactosidase protein by fusion with HIV TaT peptide.175 

The well standardized chemical synthesis protocol provides the opportunity to design novel 

CPPs sequences with various target. Moris et al. designed a peptide sequence through a 

combination of different cellular target sequences, which effectively deliver large proteins 
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inside the cell.176 The CPP and antibiotic conjugates showed the more effective targeting of 

drug resistance microbes than pristine antibiotic.177 In drug delivery, CPPs hold the advantages 

of lower toxicity, uptake in various cell types, and non-dependency on cargo size. 

1.14 Peptidomimetics 

The proteolytic instability of peptides in biological media is one of the major concerns in 

peptide-based therapeutics and CPPs. To enhance the pharmacological properties of peptides, 

mimic of native analogue namely, peptidomimetics were developed.178,179 Peptidomimetics can 

be generated from its native peptide analogue through cyclization or coupling of unnatural 

amino acids. Several chemical modifications of native amino acids like amine alkylation, side 

chain substitution, and cyclization generates unnatural amino acids. Other classes of unnatural 

amino acids are β-amino acids, extended amino acids, and isosteric amino acids.  

 

Figure 8. Structural and composition manipulation of native amino acids into peptidomimetics. 
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Isosteric replacement within the peptide backbone confers a new chemical structure, such 

replacement induces new secondary conformation, diverse electrostatic properties with 

improved pharmaco-kinetics properties. Isosteric replacement of amino group by isosteric 

atom like oxygen atom gives the depsipeptides with reduced hydrogen bonding sites. The 

variation in hydrogen bonding altered the secondary conformation and folding pattern on the 

peptides.180 The lower resonance delocalization in ester compared to amide decreases rotational 

barrier for the cis-trans isomerization and induced better flexibility.181 Different analogues of 

the depsipeptides are found in fungi, bacteria, marine organism with various bioactivity like 

antimicrobial, antifungal, antitumor, immunosuppression, anti-inflammatory activity.182 The 

substitution of peptide bond with thiol groups gives isosteric peptidomimetics 

thiodepsipeptide. Inversion of the stereochemistry at α-carbon of the peptide generates D-

peptide with improved protease stability. The replacement of the α-hydrogen by alkyl or others 

group or isoelectronic replacement of the α-carbon with the nitrogen generates azopeptides. 

The N substitution eliminates the chirality of α-carbon and changes its geometry from 

tetrahedral to trigonal which provides the β-turn conformation geometry of the peptide.183 The 

electrophilicity of the carbonyl group also decreases due to resonance delocalization between 

the carbonyl and α-nitrogen and changes chemical and biological properties. Several backbones 

modified constitutional and configurational isomers were made by Seebach and Gellman group 

through incorporating extra carbon, nitrogen or other atom between carbonyl and amino group. 

The secondary and tertiary structure of these peptidomimetics depends on both the substitution 

pattern on the backbone and intermolecular hydrogen bonds.184 Several backbone extended 

peptidomimetics like α or β or γ-aminooxy peptides, α-hydrazinopeptides and aza-β3-peptides 

are this class of peptides. The peptidomimetic analogues of the peptides has better 

pharmacokinetic stability compared to native peptide. 
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1.15 Cyclic Dipeptides 

The head to tail cyclization of linear dipeptide generate 2,5-diketopiperazines, which is known 

as cyclic dipeptides (CDP), simplest cyclic peptide with rigid lactam core.185,186 CDPs are 

secondary metabolites conserved through the course of evolution, ubiquitously found in nature 

from bacteria to human.187 These metabolites and synthetic derivatives show numerous 

biological activities like anticancer, antimalarials, antimicrobials, inhibitor, hormonal 

antagonist, blood-brain barrier (BBB) transporter and drug delivery agents.188 Utilizing the 

rigid lactam scaffold overcome the limitations of native peptides such as proteolytic instability, 

poor bioavailability, and conformational flexibility. Our group developed cell penetrating 

peptidomimetics utilizing CDP core in the peptide backbone.189 The designed peptidomimetics 

has very good protease stability. The CDP core participates in hydrogen bonding interaction 

with the phosphate group of lipid and facilitates cell penetration. Konar et al. engineered the 

Aβ14-23 peptide by incorporating CDP units at predefined positions.190 The designed AkdNMC 

stabilized the Aβ-42 peptide and inhibits the toxic self-assembled amyloid fibril formation.  

 

Figure 9. Schematic of hydrogen bonding propensity of CDP core. (A) The hydrogen bonding 

interaction between CDP amide proton with the phosphate group of lipids. (B) Hydrogen-bonded CDP 

molecular chain. (C) Molecular layer. (D) Cell membrane permeability of CDP-based peptidomimetics 

Kkd-5. Reproduced from reference 189.   
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The unique CDP scaffold provide multiple hydrogen bonding donor and acceptor sites and 

helps in directed self-assembly to govern various molecular architectures with high mechanical 

strength and stiffness.191-194 In addition to the hydrogen bonding, amino acid side chain 

participates in other noncovalent interactions such as π - π interactions, van der Waal, 

electrostatic, and ionic interactions, which facilitate the self-assembly in 1D molecular chain 

or 2D layers.195,196 These CDP core also leads to self-assembled materials with potent activity 

in catalysis, sensing, and bioelectronic applications.197,198   

1.16 Objective  

Motivated by the unparalleled biological functional activity of natural proteins and peptides, 

the biomaterial applications of fibrous SF, CPPs, and peptidomimetic systems have been 

studied to harness material fabrication for drug delivery and healthcare applications. The 

working chapters of the thesis were divided into two parts. The first three working chapters 

represent the control and responsive release of the drug or therapeutic from SF hydrogel for 

controlling glucose levels and wound healing in diabetes. However, several drug molecules 

could not penetrate the cell membrane to reach their target for therapeutic efficacy. Therefore, 

in the last two working chapters, we used the reductionist approach to design new cell 

penetrating peptide and peptidomimetic systems to deliver therapeutic drugs inside the cell 

efficiently. In the thesis Chapter 2, the gelation time of SF was tuned through mixing the 

glycols to fabricate injectable hydrogel with mesoporous structure. Biophysical studies have 

been performed to investigate the effective drug encapsulation and release behavior. The 

therapeutic efficacy of the insulin entrapped hydrogel was investigated in type I diabetes Wistar 

rat model, which shows controlled and sustained insulin delivery over 4 days. Chemically 

modified injectable stimuli responsive SF hydrogel was fabricated for on-demand insulin 

release in diabetes conditions in Chapter 3. In Chapter 4, the antioxidant SF composite 

hydrogel SFCH was fabricated to tackle the various pathological abnormality associated with 
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diabetes wounds. The berberine release study indicates controlled berberine release over time. 

In vitro studies have been performed to understand the potential of the hydrogel. The 

therapeutic efficacy of the hydrogel was evaluated in the diabetes type I Wistar rat model. 

These three chapters represent the controlled delivery of the therapeutic molecule. In Chapter 

5, intrinsically disordered peptides from Ku-protein were designed and synthesized. The cell 

penetration efficacy, DNA condensation, and plasmid DNA transfection ability of peptides 

were investigated in vitro conditions. In Chapter 6, the peptidomimetic approach was applied 

to design an environment pH-sensitive cell penetrating peptidomimetics to selectively target 

the cancer cell by anticancer drug over normal cells. The delivery of the anticancer drug was 

investigated in vitro in cancer and normal cell line.  

 

Figure 10. Outline of thesis chapters 1-6. 
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Hypothesis: Diabetes is a chronic disease affecting over 400 million people worldwide. The 

conventional and last resort of treatment involves repeated subcutaneous insulin injections to 

maintain physiological glucose homeostasis. The continuous and multiple subcutaneous 

injections are associated with poor patient compliance and local amyloidosis of insulin, which 

can be overcome with controlled and sustained insulin delivery. In this context, we have 

hypothesized and formulated an injectable silk fibroin hydrogel (iSFH) system for sustained 

insulin delivery over a prolonged period under diabetic conditions. 
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Diabetes is a metabolic disorder and chronic medical condition that affects blood glucose 

regulation in the body.1 Diabetic condition is typically characterized by the elevated 

physiological blood glucose levels, a major causative factor for severe long-term complications 

such as eye damage, cardiovascular diseases, chronic kidney dysfunction and 

neurodegenerative diseases.2-7 The disease condition arises from the failure of pancreatic β-

cells to produce sufficient insulin (type I, T1DM), a peptide hormone that regulates glucose 

transporter activity and maintained the blood glucose homeostasis.8 On the other hand, liver 

hepatocytes, muscle and adipocyte cells become resistant to insulin (type II, T2DM), hampering 

the normal mechanism of glycogenesis.9 The bi-guanidine drugs are used as a first-line 

medication for T2DM as they potentially suppress hepatic glucose production and induce the 

phosphorylation of insulin-sensitive glucose transporter type 4 (GLUT4) enhancer factor  to 

increase the glucose uptake.10 The sulfonylureas are second-line treatment options, known to 

decrease gluconeogenesis in liver and insulin clearance from the liver.11 However, T1DM and 

the advanced stage of T2DM requires external administration (subcutaneous) of insulin once or 

multiple times a day.12 The multiple subcutaneous insulin injections are associated with pain, 

local tissue necrosis, infection, nerve damage and locally concentrated insulin amyloidosis 

responsible for inability to achieve physiological glucose homeostasis.13  

          In recent times, researchers have focused on the development of self-regulated injectable 

hydrogel-based insulin delivery systems for continuous delivery of insulin.14-16 Attractive 

features of hydrogels such as porous cross-linked three-dimensional network structure, diverse 

stimuli-responsive chemical compositions and optimum mechano-physical properties have 

made these soft materials as potential candidates for innumerable biomaterial applications.17-19 

The porous morphology allows encapsulation of various drug molecules within the hydrogel 

matrix. The encapsulate drugs are subsequently released depending on the diffusion coefficient 

of drugs and pore size of the gel-network.20 Additionally, the injectable hydrogels have an 
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advantage of minimally invasive delivery without surgical implantation and infection risk.16 In 

this context, silk fibroin (SF) protein extracted from the cocoons of Bombyx mori is an excellent 

choice as a biomaterial owing to its biological origin, biocompatibility, biodegradability, and 

low immunogenic property. SF, the major structural protein component of cocoon can be 

processed into fibers, particles, films, sponges, hydrogels and electrospun mats depending on 

the intended biomaterial application.21-27 In particular, silk hydrogels are excellent soft material 

platforms for drug delivery, tissue engineering, and regenerative medicine.28 However, SF takes 

a relatively longer gelation time (4 days) in aqueous media due to slow conformational 

transition rate from the random coil to the β-sheet structure and not suitable for the iSFH 

preparation.29 These drawbacks of SF have been overcome by fine-tuning the interaction 

between the β-sheet chains using various physical and chemical methods such as vortexing, 

sonication, pH and electric field or with the help of additives such as surfactant, acids, salts and 

polymers.30-36 The morphological architecture of SF hydrogel is tuneable and potent for 

materials and biological applications like controlled delivery of bone morphogenetic proteins 

in tissue engineering among other applications.37,38 However, alternation of material properties 

and maintaining sterile condition are difficult to achieve through reported methods.29 

          The effective modulation of SF gelation at room temperature using additives ethylene 

glycol (EG) and triethylene glycol (TEG) to prepare an injectable hydrogel for insulin delivery 

in diabetic conditions is reported here. Glycols EG and TEG restrict the rotation of β-sheet 

emerging units in SF and facilitate the conformational transition from the random coil to the β-

sheet structure. The additives and SF ratios in the formulation were standardized to ensure 

quick gelation with the retention of injectable properties. The prepared iSFH was mesoporous 

in nature and capable of encapsulating the human recombinant insulin without affecting its 

structural and functional integrity. The subcutaneous injection of iSFH encapsulated insulin 

(insulin-iSFH) in streptozotocin (STZ) induced T1DM Wistar diabetic  
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Figure 1. Schematic illustration of iSFH formation with the help of additives ethylene glycol and 

triethylene glycol (formulation: SF/EG/TEG = 60:20:20). 

 

rats generated active insulin depot under the skin and slowly releases the entrapped insulin and 

maintained normal glucose level for 4 days under diabetic conditions (Figure 1). 

2.1 Preparation and Characterization of iSFH 

Injectable hydrogels have attracted much attention and interest as drug delivery tools due to 

their easy administration without invasive surgical implantation procedures and patient 

convenience.21 The SF undergoes self-assembly and forms hydrogel in 4 days at physiological 

conditions.34 To prepare an iSFH formulation rapidly, EG and TEG were used as additives with 

SF protein. The sol to gel transformation was assessed by the vial inversion method at different 
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Figure 2. (A) Sol to gel transformation of SF in the presence of additives (EG and TEG) at room 

temperature. (B) Change in OD at 550 nm during the gelation process in the presence of individual 

additives (EG and TEG, 40%, v/v) and mixture of 20% EG and 20% TEG with different SF 

concentrations.  

 

time intervals (Figure 2A). Besides, gelation time also monitored by measuring the optical 

density (OD) at 550 nm (Figure 2B). Transparent solutions of SF protein and additives 

individually showed weak absorption at 550 nm. Upon mixing, SF undergo self-assembly in 

presence of additives to form aggregates which increased the absorption intensity (550 nm) 

 

Table 1. Gelation time of 6% SF protein solution with different ratio of TEG and EG. 
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with time and reached maximum and this saturation is indicative of the complete gel formation 

(Figure 2B). Further, the concentration of SF and additives were tuned to optimize the gelation 

process to form iSFH (Table 1). The optimum ratio was found to be 6% SF with 20% (v/v) of 

each EG and TEG to develop iSFH in 50 min. In contrast, SF (6%) transformed into gel in the 

presence of individual additives (EG or TEG, 20%, v/v) over a period of 15 h and 4.5 h, 

respectively (Figure 2B). The glycols (combination of EG and TEG) increased the viscosity of 

the medium and broke the hydration layers of SF protein, which facilitated the effective 

collision between the β-sheet emerging units of SF proteins triggering rapid gelation.39 Further, 

the effect of SF concentration was assessed to optimize the gelation process, and results showed 

that increasing concentrations of SF (6, 10, and 15%) decreased the gelation time at 50, 32, and 

18 min, respectively (Figure 2B). Although higher SF concentration reduced the gelation time, 

the injectable properties of SFH were compromised due to the hardness of the hydrogel. 

Finally, the SF, EG, and TEG ratio was successfully optimized to 60:20:20, which effectively 

forms iSFH within 50 min for further applications. 

Next, the morphology of freeze-dried iSFH was evaluated through field emission scanning 

microscope (FESEM), which displayed a mesoporous structure with elongated pores of 60-200 

µm (variable size and shape) surrounded by laminar SF layer (Figure 3). A high magnification   

 

Figure 3. Field Emission scanning electron microscopy (FESEM) image of iSFH, the pores are 

elongated in shape and surrounded by a layer of SF. 
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image revealed extremely dense cross-linked fibrous assembly of SF in the laminar layers. The 

presence of this cross-linked layer is crucial to load the active drug molecules and its sustained 

release. This satisfied our design strategy and encouraged us to encapsulate drug molecule 

(insulin) to validate the therapeutic potency. 

The secondary structure of SF in the matrix was studied by ATR-FTIR measurements (Figure 

4A). The FTIR spectra of SF displayed the characteristic peaks at 1645 and 1512 cm-1, 

corresponding to amide I and II peaks of random coiled structure. iSFH showed strong peak at 

1620 cm-1, which is a characteristic peak for β-sheet. Indicating conformational transformation 

of SF protein from the random coil to ordered β-sheet structure during the sol to gel 

transformation (Figure 4A).40 In addition, the FTIR spectra of iSFH also showed two weak 

shoulder peaks at 1650 and 1696 cm-1, which indicated the coexistence of random coil 

conformation along with β-sheet. The observed conformational transformation was further 

confirmed by the circular dichroism (CD) studies. SF solution showed a characteristic negative 

cotton effect at 197 nm, indicating less ordered random coil structure (Figure 4B). Interestingly, 

SF in  

 

Figure 4. Characterization of the secondary structures of SF before and after gelation. (A) ATR-FTIR 

analysis of SF and a freeze-dried iSFH sample after washing with water. (B) CD spectra of the SF 

protein and iSFH. The CD spectra indicate the secondary conformation transformed from random coil 

to ordered β-sheet structure. 
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the gelation sample exhibited a characteristic negative cotton effect at 218 nm corresponding 

to β-sheet conformation while the negative cotton effect at 197 nm disappeared.37 Thus, the 

conformational transformation of SF from random coil to β-sheet structure and the coexistence 

of minor random coil with the major β-sheet structure is the driving force for the rapid and 

injectable gelation property.  

Next, the mechanical property of iSFH was investigated using dynamic frequency sweep 

measurements (Figure 5A). The energy stored in the iSFH (storage modulus, G') was ~70 kPa, 

which is higher than the dissipated energy ~12 kPa (loss modulus, G"), as shown in Figure 5A. 

The higher G' and G" values indicate highly solid-like behavior inside the gel network. The 

high storage modulus allowed iSFH to encapsulate the drug molecules inside the pores and aid 

the controlled release from its matrix. Incorporation of insulin within iSFH matrix increased 

the storage modulus of the iSFH drastically to ~258 kPa. This signifies the cooperative 

interaction and alignment inside the hydrogel matrix, which enhanced the mechanical 

properties of iSFH without affecting the SF gelation behaviour. The excellent gelation kinetics 

and mechanical strength of iSFH reassured us to evaluate its injectable potential and 

 

Figure 5. Mechanical properties of the iSFH. (A) Frequency sweep of iSFH and insulin-iSFH shows 

the storage modulus (G′, lines with solid symbols) and loss modulus (G″, lines with hollow symbols). 

(B) Demonstration of the injectable property of 6% iSFH loaded with rhodamine B dye using a 23 G 

needle. 
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remarkably, iSFH was found to extrude easily through the 23 G needle (Figure 5B). The faster 

gelation, excellent mechanical strength, and injectable nature of iSFH make it an excellent drug 

carrier. 

In addition, the swelling behavior influences the drug release from the hydrogel.41 The swelling 

ratio of iSFH was investigated in PBS buffer (10 mM, pH = 7.4) at 25 °C and found to reach 

the equilibrium in 4 h (Figure 6A). The maximum swelling ratio observed was ~41% which 

remained constant even after 12 h suggesting the possible slow release of the drugs after 

administration. The lesser swelling ratio and highly cross-linked structure signify its usefulness 

for the delivery of drug molecules. The interaction of additives and SF in the iSFH matrix was 

determined by monitoring its release from iSFH. The addition of water to iSFH showed ~23, 

60 and 97% release of glycols at time intervals of 1, 6, and 24 h, respectively (Figure 6B). This 

indicates a weak van der Walls interaction between the glycols and SF protein in the iSFH 

matrix.42 

 

Figure 6. (A) Hydrogel swelling in PBS at 25 °C. The swelling becomes saturated in 4 h. (B) Release 

profile of the additive glycols from the iSFH with time.  
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2.2 Encapsulation and Sustained Release of Insulin 

The potential of iSFH for the encapsulation and sustained release of insulin was investigated. 

The insulin was labelled with FITC dye using the previously reported protocols and 

characterized by MALDI-TOF mass spectrometry.43,44 The FITC labelled human recombinant 

insulin (FITC-insulin) was encapsulated into the iSFH matrix, and its release kinetics was 

monitored by the absorbance (Figure 7A) and fluorescence (Figure 7B) of FITC. Insulin was 

added during the SF gelation process to obtain insulin-iSFH. Upon addition of PBS (10 mM, 

pH = 7.4), insulin-iSFH swollen and slowly released the encapsulated insulin depending on its 

interaction with the iSFH matrix. As shown in Figure 7C, insulin was released gradually over 

 

Figure 7. Release of FITC-insulin from iSFH at different time intervals. (A) The absorbance spectra of 

the releases FITC-insulin. (B) The normalized fluorescence spectra of released FITC–insulin released 

from iSFH at different time intervals. (C) Release percentage of the insulin at different times. (D) 

Secondary structure of native insulin from iSFH hydrogel. 
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a period of 5 days from the iSFH matrix. This slow and sustained release of insulin from iSFH 

is in good agreement with the rheological and swelling properties of iSFH (Figure 5A). This 

study also signified the controlled release of insulin from the iSFH matrix over a prolonged 

period (up to 5 days) without the sudden or burst of high insulin release. Such controlled release 

profile is necessary for long-term insulin delivery under diabetic conditions to maintain the 

physiological glucose homeostasis. Further, the conformational and structural integrity of the 

insulin released from the insulin-iSFH matrix was ascertained by the CD measurements (Figure 

7D). PBS (10 mM, pH = 7.4) was added to the insulin-iSFH at 37 °C, and CD measurement 

were performed for the insulin released at different time intervals. The insulin released from 

iSFH showed two negative cotton effect at 208 and 220 nm (Figure 7D), which are 

characteristic of α-helical secondary structure of insulin.15 This result suggests effective 

functional conformation of released insulin, besides its active storage inside the pores of iSFH. 

The insulin encapsulation and its slow-release kinetics have showcased the effectiveness of 

iSFH matrix for the prolonged insulin delivery with implications for diabetes treatment. The 

cytotoxicity of iSFH in L929 fibroblast cells and human red blood cells was investigated prior 

to evaluating the efficacy of insulin-iSFH in the animal model.  

2.3 Cytotoxicity and Hemolysis Study 

The viability of L929 fibroblast cells in the presence of different amounts of iSFH was 

evaluated according to ISO 10993-5-9-2009 protocol using 3-(4,5-dimethythiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) assay (Figure 8A).25 To assess the cytotoxicity, L929 cells 

were cultured and treated with iSFH-DMEM extract in 48 well plate for 24, 48 and 72 h under 

cell growth media. The iSFH-DMEM extract treated cells showed > 93% cell viability (Figure 

8A) after 72 h of incubation compared to the control cells (100%). This data indicates high 

viability of cells presence of iSFH and can be used for in vivo animal study. The hemolysis 

experiment was carried out to assess the cytotoxicity profile of iSFH towards the red blood  
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Figure 8. (A) In vitro cytotoxicity of iSFH in the mouse fibroblast cell line (L929) at different time of 

incubations (24, 48, and 72 h). (B) Toxicity profile of iSFH toward human red blood cells. The 

hemolysis data show that no detectable cell lysis was observed in the presence of iSFH. 

 

cells (Figure 8B). Triton-X was used as a negative control in the experiment, which cause 

complete red blood cell lysis (100%). However, iSFH or PBS (10 mM, pH = 7.4) treated red 

blood cells did not show any significant lysis compared to Triton-X (Figure 8B).45 These 

cytotoxicity results confirmed that iSFH is a suitable candidate for insulin delivery in animal 

model. 

2.4 In vitro Insulin Functional Activity Assay 

Inactivation of insulin function is a major concern. Hence the ability of iSFH to maintain the 

native structure and activity of insulin under in vitro conditions was assessed (Figure 9A). The 

glucose oxidase enzyme oxidizes glucose to gluconic acid and generates hydrogen peroxide 

(H2O2) in the presence of oxygen (Figure 9B).46 Therefore, monitoring H2O2 levels by DCFDA 

correlates with the oxidation of glucose present in the solution. HEK 293T cells were cultured 

and treated for 24 h with insulin released from iSFH, and the cultured media were collected. 

The glucose concentration of collected media and fresh media was monitored by using glucose 

oxidase enzyme followed by DCFDA. As shown in Figure 9C, the glucose concentration of  
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Figure 9. In vitro functional activity study of insulin released from insulin-iSFH in HEK 293 T cells. 

(A) Schematic experimental protocols. (B) Glucose oxidase enzyme's catalytic functional activity and 

oxidation of DCFH2 to fluorescence DCF. (C) DCF fluorescence response of the cultured media in 

controls and insulin treatment after glucose oxidase treatment. All insulin treated samples showed less 

fluorescence response due to enhanced glucose uptake. 

 

collected cell culture media in insulin-iSFH treated cells at 24 h was found to be lower than the 

control and untreated cells media. This indicates that high glucose uptake by HEK 293T cells 

in the presence of active released insulin from insulin-iSFH. These results confirmed that the 

functional activity of insulin encapsulated within the iSFH pore is preserved and encouraged 

us to evaluate the in vivo delivery and efficacy. 

2.5 In Vivo Insulin Delivery in Diabetic Rat  

The therapeutic efficacy of insulin-iSFH to regulate blood glucose levels under diabetic 

condition was evaluated in T1DM Wistar rats. The blood glucose level in normal healthy rats 
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Figure 10. In vivo delivery and therapeutic efficacy of insulin-iSFH in the STZ injected Wistar rat 

model. (A) Creation of a diabetic rat model by injection with STZ, administration of insulin-iSFH, and 

monitoring the glucose levels at different time intervals (in days/weeks). (B) Blood glucose levels of 

Wistar rats after subcutaneous injection of free insulin, PBS, iSFH, and insulin-iSFH. Values represent 

mean ± SD (n = 5 per group). (C) Initial change of blood glucose level after injection, data from (B). 

 

was ~140 mg/dL, which elevated significantly and reached > 450 mg/dL after 7 days of 

intraperitoneal STZ treatment due to specific damage of insulin generating pancreas β-cells 

(Figure 10A).47 Diabetic rats were randomly divided into individual groups and treated with 

PBS (10 mM), insulin (1 mg/mL), iSFH and insulin-iSFH (insulin dose 20 mg/kg). The blood 

glucose levels were monitored at different time interval (1, 6 and 12 h) using the ACCU CHEK 

Instant S glucometer. The blood glucose level of rats treated with PBS and iSFH did not show 

any significant changes compare to the control diabetic rats (480 mg/dL). The subcutaneous 

insulin injection reduced the high glucose level to its normal levels (140 mg/dL) for a short 

duration and expectedly the glucose level rose again after 6 h (Figure 10B).15 Remarkably, 
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treatment with insulin-iSFH reduced the glucose level from 480 mg/dL to 150 mg/dL within 3 

h of injection without leading to hypoglycemia (Figure 10C), which is a frequently observed 

and major problem with subcutaneous insulin injection. Subsequently, the blood glucose level 

was maintained in a normoglycemia condition up to 4 days (Figure 10B). These studies have 

validated the potential of insulin-iSFH for in vivo delivery and controlled release of insulin for 

prolonged period to effectively manage glucose metabolism in diabetic Wistar rats. 

2.6 Conclusion 

Injectable SF protein hydrogel (iSFH) has been developed for controlled and sustained delivery 

of insulin under diabetic conditions. iSFH was standardized with SF (6%) in presence of two 

viscous additives, EG (20%) and TEG (20%) which transform into an injectable formulation 

at a faster rate (< 1 h). The viscous glycols restrict the mobility of SF protein backbones and 

aid the conformational transformation of random coil to ordered β-sheet structure while 

retaining minor quantity of random coil structure, which together results in the rapid gelation. 

FESEM analysis of iSFH revealed highly porous microstructures with different sizes 

surrounded by laminar aggregation of the SF layer. The iSFH microstructures have high 

mechanical strength and injectable using 23 G needle. The porous morphology of iSFH allowed 

the encapsulation of human recombinant insulin in its active form. In vitro release profiles of 

FITC-labeled insulin suggested that iSFH is a good delivery tool for sustained insulin delivery 

(~5 days) into the blood due to lower swelling ratio. Subcutaneous injection of insulin-iSFH in 

diabetic rats (T1DM Wistar rat) form active depot under the skin from which insulin leach out 

slowly and restores the physiological glucose homeostasis for a prolonged period of 4 days. 

Interestingly, the insulin-iSFH did not cause hypoglycemia through sudden burst of a high 

concentration of insulin into the blood. The excellent mechanical strength, cytocompatibility, 

encapsulation, storage, and sustained delivery of active insulin in the diabetic animal model 
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proved our design strategy of iSFH as effective insulin delivery tool and have potential 

implications for use in diabetic patients. 

2.7 Experimental Methods 

2.7.1 Materials  

The mulberry silkworm Bombyx mori cocoons of CB gold variety were purchased from the 

Ramanagara silk cocoon market, Karnataka, India. Lithium bromide (purity >99%, MW: 86.84 

g mol-1), EG (purity > 99%, MW: 62.068 g mol-1) and TEG (purity > 99%, MW: 150.174 g 

mol-1) were purchased from Spectochem India. Human recombinant insulin (MW: 5807.57 g 

mol-1) was obtained from HiMedia (Cas No: 11061-68-0). MTT (3-(4,5-dimethythiazol-2-yl)-

2,5-diphenyltetrazolium bromide) dye (MW: 413.03 g mol-1) was purchased from Merck. 

Dulbecco's modified eagle medium (DMEM) and fetal bovine serum (FBS) were obtained from 

ThermoFisher Scientific. L929 and HEK 293 cells were obtained from National Centre for Cell 

Science, Pune, India. The deionized water used for experiments (resistivity: 18.2 MΩ.cm at 25 

°C) was obtained from the Barnstead GenPure water purifier system. High-performance liquid 

chromatography (Prep-Prominence UFPLC, Shimadzu LC-10A) was used to purify the FITC-

labelled insulin, and the purity was monitored by the absorbance study at 215 nm and 495 nm. 

Matrix-assisted laser desorption ionization (MALDI) mass spectrometry (Autoflex max, 

Bruker) was used to characterize the integrity of FITC-labelled insulin. Absorbance and 

fluorescence measurements were performed using Agilent Cary series UV-Vis NIR 

Spectrophotometer, Agilent Cary Eclipse Fluorescence Spectrophotometer and SpectraMax 

i3x Microplate Reader (Molecular Devices). Zeiss Gemini SEM 500 was used to characterize 

the morphology of iSFH. Circular dichroism (CD) spectra of SF, iSFH, and insulin were 

measured using Jasco-815 Spectropolarimeter (Japan). ATR-FTIR spectra were recorded using 
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GladiATR, PerkinElmer. The mechanical properties were measured using Physica MCR 101 

Rheometer (Anton Paar). 

2.7.2 SF Extraction and Purification  

SF was extracted from Bombyx mori cocoon according to the protocols reported earlier by our 

group and others.18,24 The silkworm was removed, and the cocoon was cut into an appropriate 

size, washed with water, and boiled for 1 h in 20 mM sodium carbonate solution. During this 

process, the residual sericin protein was removed. The SF was washed with plenty of water to 

completely remove the sericin protein and dried to obtain white fibroin fibers. It was then 

dissolved in 9.3 M lithium bromide as a denaturant at 60 °C for 4 h. The resulting solution was 

dialyzed using activated 14 kDa cellulose dialysis membrane in Milli-Q water with water 

changes (for six times) at a regular time interval. The solution was centrifuged to remove 

residual insoluble fibrous debris and stored in -20 °C or freeze-dried to get the SF powder. The 

final concentration of SF solution was close to 7% (w/v), which was further diluted with water 

to get different lower concentrations. A higher concentration of SF solution was prepared by 

solubilizing lyophilized solid powder in water. 

2.7.3 iSFH Preparation 

EG and TEG were added to induce a faster gelation of SF and mixed thoroughly at room 

temperature. For the gelation experiments, stock solutions of SF (6% W/V) in water and 

variable ratios of EG, TEG (10 - 40%) were mixed in a glass vial at room temperature. The 

gelation propensity and kinetics were checked by vial inversion procedure and through optical 

density measurements at 550 nm at 25 °C. 

2.7.4 Optical Density (OD) Measurement  

The gelation time for SF in water was determined by measuring the change in optical density 

(OD) at 550 nm due to self-assembling network formation.39 For this, 6% SF solution in water 
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was mixed thoroughly with varied concentrations of EG and TEG and transferred into 24-well 

plates. The optical density was measured at 5 min intervals using a microplate reader. The 

gelation process resulted in the formation of cross-linked structures that can change the light 

diffraction from the solution, which results the change in optical density. The maximum optical 

density change was observed at the gelation point due to complete assembly of the SF. 

2.7.5 Field Emission Scanning Electron Microscopy (FESEM)  

The surface morphology and porosity of the SF hydrogel were analyzed by FESEM (Zeiss 

GeminiSEM 500) at 3 kV. The hydrogel was washed with water (Milli Q) several times to 

remove the EG and TEG additives, and the sample was dried through the freeze-drying process. 

Samples were mounted onto FESEM stubs using double-sided carbon tape, and gold sputtering 

was carried out on the sample prior to the imaging. 

2.7.6 Circular Dichroism (CD) Study  

The secondary structure of SF protein was studied by CD measurements. SF stock solutions 

(10 µL of 6% SF protein) were diluted with 200 µL of water (Milli-Q), and CD spectra were 

recorded from 300 to 190 nm using 1 mm quartz cuvette in Jasco-815 CD spectrometer (Jasco 

Co., Japan). For SF hydrogel, the SF solution (600 μL) was mixed with EG (200 μL) and TEG 

(200 μL). In addition, 20 µL aliquot was mixed with 180 μL of water and quickly transferred 

into a cuvette. CD spectra were recorded at different time intervals at room temperature. 

2.7.7 EG and TEG Release Study  

The hydrogel was prepared by mixing 150 µL of SF solution, EG (50 µL) and TEG (50 µL) in 

1.5 mL tubes with a known weight. After gelation, the hydrogel was dried at 60 °C for 12 h to 

remove the residual water, and the weight of dried gel was measured (W1). The tubes were kept 

in a glass beaker with water and slowly stirred. At different time intervals, the tubes were taken 
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out and dried at 60 °C to determine the weight of the dried gel (W2). The percentage of glycol 

(EG and TEG) released was calculated as follows: Wrel (%) = (W1 – W2)/W1 ˟100 

2.7.8 Hydrogel Swelling Study 

The swelling property of the hydrogel samples was measured by gravimetric analysis. Dried 

samples of hydrogels were dipped into PBS, and the samples were removed at different time 

intervals. The surface water was removed using filter paper. The samples were weighed on an 

analytical balance. The swelling ratio was calculated from the following equation. 

Swelling ratio =
Swollen weight of sample

Dry weight of sample
 × 100 

2.7.9 Hydrogel Stability Measurement  

The mechanical property of hydrogels was investigated using Physica MCR 101 Rheometer 

(Anton Paar) on a 25 mm parallel plate. Initially, the dynamic strain sweep was carried out to 

check the range of viscoelasticity. The dynamic frequency sweep was performed at 0.1% strain 

over a frequency range of 0.1 to 100 Hz at 25 °C. The storage modulus (G') and loss modulus 

were plotted against the angular frequency (ω). 

2.7.10 Hydrogel Injectability  

The injectability of hydrogel was investigated by extruding it from the syringe. The optimized 

SF solution (300 μL, 6% SF) was mixed with EG (100 μL) and TEG (100 μL) and transferred 

into the syringe with 23 G needle. The hydrogel formulation (500 μL) was extruded typically 

by applying pressure with syringe-piston, which confirmed that the entire sample was extruded 

easily through the 23 G needle. 

2.7.11 Attenuated Total Reflectance Fourier-Transform Infrared Spectroscopy (ATR 

FT-IR)  



Chapter 2: Sustained insulin delivery 

67 
  

The secondary structure of SF and iSFH was analyzed using FT-IR spectroscopy with 

attenuated total reflectance sampling technique. In case of SF, the freeze-dried protein sample 

was placed on a diamond crystal cell, and measurements were performed. For iSFH, the sample 

was prepared by freeze-drying after washing the glycols using water.42 The measurement was 

carried out in the wavenumber range 4000-400 cm-1, and the data was plotted as absorbance 

against wavenumber (cm-1). 

2.7.12 FITC Labelling of Insulin 

To monitor the drug release from iSFH, insulin was labelled with the fluorescein isothiocyanate 

(FITC) dye.43,44 Human recombinant insulin was dissolved in water, and FITC solution in 

DMSO was added dropwise under basic condition. The nucleophilic amino groups of insulin 

react with the isothiocyanate group of FITC. Due to the presence of several amino groups on 

insulin, different extents of labelling were observed. The mono FITC labelled insulin was 

purified by UFPLC and characterized by MALDI-TOF mass spectroscopy.  

2.7.13 Insulin Encapsulation into iSFH  

The porous gel network of iSFH was employed to encapsulate and control the release profile 

of recombinant human insulin. Insulin or FITC-insulin (50 μL, 1.0 mg) was added to a mixture 

of SF solution (300 μL), EG (100 μL) TEG (100 μL) and incubated at room temperature for 

gelation.39 Interestingly, SF solution containing insulin efficiently formed hydrogel, which 

indicates effective encapsulation. FITC-insulin loaded iSFH (50 μL) was treated with 1 mL of 

PBS buffer (10 mM, pH = 7.4), and aliquots of 5 µL were removed at different time points. 

The absorbance and fluorescence spectra were recorded to assess and quantify the released 

insulin at different time points from the iSFH. Similarly, CD spectra were recorded to assess 

the native insulin structure released at different time points from the insulin-iSFH. 

2.7.14 Cytotoxicity Assay  
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The cytocompatibility of the iSFH was assessed by measuring the cell viability in L929 

fibroblast cell line following the ISO 10993-5-9-2009 protocol and using the MTT assay.25 

MTT dye (3-(4,5-dimethythiazol-2-yl)-2,5-diphenyltetrazolium bromide) reacts with the 

mitochondrial reductase enzyme in live cells and converts to purple colored (E,Z)-5-(4,5-

dimethylthiazol-2-yl)-1,3-dimethylformazan. For this assay, 1.5 × 104 cells were cultured in 

24-well plate for 24 h using Dulbecco's modified eagle media (DMEM) with 10% fetal bovine 

serum (FBS) and 1% penicillin-streptomycin (PS). The iSFH was mixed with DMEM media 

and incubated at 37 °C for 72 h. Aliquot of the media was sterilized through a 0.22 μm syringe 

filter to get iSFH-DMEM extract. The culture media of cells was exchanged with an equal 

volume of complete DMEM and iSFH treated media. The media was changed to complete 

DMEM at 24, 48, and 72 h of iSFH solution treatment. Cells were treated with 15% MTT 

solution (stock solution 5 mg/mL) in PBS and incubated for 4 h. The purple-colored formazan 

crystals were formed depending on the number of viable cells. These purple crystals were 

dissolved in 200 μL of methanol: DMSO (1:1), and absorbance was recorded at 595 nm using 

a microplate reader. 

2.7.15 Hemolysis Assay 

The suitability of iSFH formulation for in vivo experiments was analyzed via hemolysis assay 

with human red blood cells. iSFH (500 μL) was incubated with 500 μL PBS solution (10 mM, 

pH = 7.4) for 72 h and sterilized through the 0.22 µM syringe filter. The different aliquots of 

the solution were mixed with 100 µL blood sample and incubated at 37 °C. The samples 

collected at different intervals were centrifuged to precipitate the red blood cells.45 Triton-100 

was used as a positive control, and 10 mM PBS was used as a negative control to check for 

hemolysis. Triton-100 completely lysed the red blood cells, and hemoglobin was distributed 

through the solution. The absorbance of the supernatant was recorded at 540 nm to detect lysed 

hemoglobin in the supernatant. 



Chapter 2: Sustained insulin delivery 

69 
  

2.7.16 In Vitro Insulin Activity Assay 

The preservation of native structure and activity of the encapsulated insulin inside the iSFH 

was analyzed through in vitro functional assay.14 HEK-293T cells were cultured in 24-well 

plates at 2 × 104 cell density per well with high glucose-containing media. After 24 h, the 

released insulin solutions (50 µL) from insulin-iSFH were added to the cell culture. From this, 

an aliquot (50 µL) of culture media was collected and treated with glucose oxidase solution (50 

µL of 1 mg/mL stock in 10 mM PBS to generate gluconic acid and hydrogen peroxide.46 The 

hydrogen peroxide was detected using 2',7´-dichlorofluorescein diacetate (DCFDA, 50 µM), 

which was converted into strongly fluorescence 2',7´-dichlorofluorescein in the presence of 

hydrogen peroxide.25 The fluorescence of 2',7´-dichlorofluorescein was measured at 529 nm 

using the microplate reader. 

2.7.17 In Vivo Insulin Delivery into Diabetic Rat  

Wistar rats were obtained from JNCASR animal facility, which are maintained under 12 h light 

and dark cycles. Animal experiments were performed according to the guidelines of the 

Institutional Animal Ethics committee (IAEC), JNCASR. The protocol (TG 002) was approved 

by the IAEC and Committee for the Purpose of Control and Supervision of Experiments on 

Animals (CPCSEA). Experimental group sizes were made based on statistical power, 

feasibility, and ethical aspect. STZ (70 mg/kg dose) was injected subcutaneously into the 

Wistar rats once to induce type I diabetes (T1DM).47 After STZ injections, blood was collected 

from rat tail, and glucose level in blood was monitored by using ACCU CHEK instant S 

glucometer (ISO 15197:2013 certified with 10/10 accuracy). After one week of treatment, rats 

were confirmed to be diabetic due to the STZ-induced damage of pancreatic beta cells. All the 

diabetic rats were divided into 4 groups, with each group containing 5 rats. Individual group 

was administered with insulin, iSFH, and insulin-iSFH (insulin dose, 20 mg/kg). The control 
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rats were treated with PBS to analyze the blood glucose levels in diabetic and normal 

conditions. Blood was collected from each rat tail, and glucose levels were monitored over 

time at regular intervals, initially at every 1 h (for first 6 h) and subsequently at 12 h intervals. 

2.8 Appendix 

• Animal ethical clearance  
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Hypothesis:  In recent years, stimuli-responsive drug delivery systems have received 

significant attention owing to their environmental sensitivity and sustained release behavior. 

Current insulin treatment methods are self-administrational open-loop delivery systems. 

However, open-loop methods are associated with inaccurate doses, leading to acute and fatal 

hypoglycemia. Thus, glucose-responsive smart insulin delivery systems are promising in 

diabetes management. In this chapter, the design of glucose responsive SF system was 

hypothesized and developed 
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Stimuli-responsive drug delivery systems have received significant attention owing to their 

environmental sensitivity and sustained release behavior.1,2 Inherent sensing ability of stimuli-

responsive systems convert the environmental stimulus into a signal to trigger the alteration of 

physical or chemical properties of the system. These exciting properties encourage the 

development of self-regulated intelligent molecular systems for various biological 

applications.3-6 In diabetes mellitus (DM), elevated blood glucose level compared to the basal 

physiological level lead to complications like cardiovascular diseases, renal dysfunction, 

blindness, and decreased overall quality of life.7-10 While several treatment options are 

available for the diabetes management, insulin therapy remains the last resort of treatment to 

control blood glucose level. Glycaemic control by insulin treatment effectively suppresses the 

evolution and escalating health complications.11 Currently, insulin treatment methods are self-

administrational open-loop delivery systems. However, open-loop methods are associated with 

inaccurate doses, leading to acute and fatal hypoglycemia. Therefore, glucose-responsive smart 

insulin delivery systems are promising in diabetes management.12,13 In recent times, several 

attempts have been made on the design of self-regulated closed-loop delivery systems to deliver 

more precise amounts of drugs in response to the environment glucose level.14,15 Closed-loop 

systems are integrated delivery modules of glucose-sensing feedback control elements and 

insulin storage systems, also called the artificial pancreas. There have been continuous research 

efforts focusing on the development of such closed-looped artificial pancreas systems.16-19 The 

glucose sensing elements in closed-loop electronic devices continuously monitor the glucose 

level, and the integrated infusion pump releases insulin in response to elevated glucose level.20 

However, high cost of the devices, complex periodic calibration against standards, discomfort 

in wearing, and biofouling have limited their applications.21,22 Therefore, glucose-responsive 

chemical approaches encompassing low-cost, bio-compatible, and bio-degradable materials are 

alternative options.23-26 These materials respond to the environmental glucose alternations and 
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undergo various structural reorganizations like swelling, shrinkage, dissociation, and 

degradation to facilitate the tuneable release of encapsulated insulin. The glucose-sensing 

ability of glucose oxidase (GOx), sugar-binding lectin, and concanavalin A are utilized to 

bestow the storage system with prerequisite sensitivity.27-29 

          Phenylboronic acid (PBA) and its derivatives are primarily exploited as glucose sensing 

molecular systems for high glucose sensitivity. The boronic acid group of PBA reversibly binds 

with the cis-diol of glucose and induces hydrophilicity to the network. The chemical conversion 

leads to matrix swelling or degradation, which aid the sustainable insulin release.30-32 The GOx 

was frequently integrated with boronic ester-containing delivery systems to catalyze glucose 

oxidation into gluconic acid and H2O2.
33-36 The generated gluconic acid alter the environment 

pH, and H2O2 reacts with boronic ester matrix. These environmental changes triggered 

structural rearrangements include matrix degradation, swelling, shrinkage, pore generation, 

and material dissolution. Therefore, phenylboronic acid and GOx combined systems can be 

employed to construct glucose-mediated responsive delivery systems. The glucose-sensing 

elements and drug storage modules are integrated into the same formulation.37 The entrapped 

glucose-sensing elements can easily leak out after dissociating the drug storage module, 

limiting the formulations for multi-round sensitivity of glucose fluctuations. The preservation 

of the functional activity of the drug (insulin) during storage and administration remains a 

challenge for developing a long-acting closed-loop delivery system.38 Therefore, suitable 

materials that stabilize glucose-sensing elements and insulin in functional form inside the 

matrix are highly desirable.  

          Herein, the fabrication of glucose and H2O2 responsive silk fibroin (SF) protein hydrogel 

(SFBH) was described to deliver a precise dose of insulin for prolonged time. The natural SF 

protein was utilized as matrix for drug loading owing to its excellent biocompatibility, 

biodegradability, low immune response, and accessibility. Amino acids side chain of SF were 
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covalently modified with glucose-responsive phenylboronic acid. Side chain modification 

directs boronic ester formation between boronic acid and serine residues, brings proximity 

between the hydrogen bonding sites, and induces rapid gelation. SFBH possesses good 

mechanical strength and porous morphology suitable for effective drug encapsulation. 

Hydrogel retains the active conformation of encapsulated glucose-sensing element GOx inside 

its pore and regulates the enzyme activity in response to the environment glucose level. 

Hydrogel matrix swells depending on environment glucose concentration and degrades by the 

generated H2O2 via elimination of the boronic ester. The stepwise GOx activity entails hydrogel 

holds the encapsulated GOx for extended periods, which reiterate its suitability to employ as 

continuous and live diffusive systems. In situ release profile reveals glucose-dependent 

encapsulated insulin release kinetics from hydrogel matrix at various environmental glucose 

levels. SFBH exhibited promising pulsatile insulin release kinetics on fluctuation of glucose 

level. Therefore, the designed glucose-responsive cytocompatible hydrogel acts as a closed-

loop artificial pancreas and can be applied for controlled insulin delivery over an extended 

time.  

3.1 Synthesis and Characterization of Phenylboronic Acid Modified SF 

SF is a fibrous protein consisting of 5509 amino acids. The major crystalline hydrophobic 

domains of SF are interspersed with short amorphous hydrophilic domains consisting of 

functionalizable serine, threonine, aspartic acid, glutamic acid and lysine amino acids. The side 

chain conjugations of SF with glucose-responsive phenylboronic acid was performed by amide 

bond formation using N-hydroxy succinimide activated 4-carboxy phenylboronic acid (Figure 

1). Modified SF (SFB) readily forms hydrogel (SFBH) in 4 to 6 h at low protein concentration 

(0.8%). However, the pristine SF at 1-2% concentration forms hydrogel over weeks to 

months.39  
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Figure 1. Schematic of SF side-chain functionalization with N-hydroxy succinimide activated 4-

carboxy phenylboronic acid 

 

The rapid gelation of SFB is attributed to high affinity of phenylboronic acid with alcohol. The 

boronic acid modification leads to the formation of boronic ester between the boronic acid and 

serine residues of SF (Figure 2A). Boronic ester formation amalgamates the β-sheet forming 

sequences of two different SF chains or terminals of the single protein, accelerating the protein 

crosslinking and rapid gelation (Figure 2B). The GOx enzyme was subsequently encapsulated 

inside the hydrogel for glucose-responsive drug release. Integration of the insulin and GOx into 

the SFB does not alter the gelation process and results in a homogeneous hydrogel (SFBH). 

GOx facilitates the glucose responsive H2O2 generation and dissociation of the boronic ester 

of hydrogel matrix and release of encapsulated insulin. 

Infrared spectroscopy was performed to validate the boronic acid functionalization of SF and 

its conformational transition during the gelation process. Lyophilized SF has characteristic 

absorbance peak at 1642 and 1510 cm-1 attributed to amide I and amide II stretching in random 

coil structure (Figure 3A). The SFBH absorbs at 1621 cm-1, indicating the adaptation of β-sheet 

secondary conformations during the gelation process.40,41 However, significant absorbance at 

1650 cm-1 suggests the coexistence of random coil conformations  
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Figure 2. Hydrogel formation (A) SFB assembly through β-sheet formation of protein backbone 

supported by boronic ester formation between the serine residue side chain and boronic acid. (B) Optical 

images of inverted vials of SF, physical mixture of SF with CPBA-NHS and SFB after 24 h incubation. 

SFB form hydrogel, whereas other solution does not form hydrogel. 

 

and β-sheet (Figure 3A). The presence of significance random coil structure might be the effect 

of side-chain modification, which blocks the transformation of several β-sheet forming units 

into ordered β-sheet conformations. Further, B-O bond stretching at 1333 cm-1, O-B-O out of 

plane bending peaks at 770, 693, 637, and 600 cm-1, and in-plane broad stretching of O-B-O 

bonds indicates the functionalization of SF with boronic acid.42,43 The carbonyl stretching of 

succinic anhydride at 1725 cm-1 was absent in SFBH, which confirms the covalent modification 

of SF by activated PBA. The hydroxyl group stretching of boronic acid at 3380 cm-1 was 

diminished in SFBH due to boronic ester formation (Figure 3B). The β-sheet conformation in 

SFBH indicates the PBA functionalization retains majority of the H-bonding sites in SF. Thus, 

covalent modification will not hamper the protein mechanical strength.  
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Figure 3. FTIR spectra of CPBA-NHS, SF, and SFBH. (A) FTIR spectral region from 4000 to 2000 

cm-1 showing N-H and O-H stretching. The O-H stretching of boronic acid was absent in SFBH due to 

boronic ester formation. (B) FTIR spectra from 2000 to 400 cm-1. The peak at 1333 cm-1 and broad peak 

from 700 to 550 cm-1 suggest the boronic acid functionalization in SF. The peak at 1620 cm-1 indicates 

the presence of β-sheet structures in SFBH.  

 

The hydrogel morphology was visualized by field emission scanning electron microscopy 

(FESEM). FESEM Images show highly porous morphology of hydrogel matrix suitable for 

substantial amounts of drug encapsulation (Figure 4A). All the pores are surrounded by 

crosslinked SF aggregate layers. Higher magnification of layers revealed the presence of highly 

crosslinked SF nanofiber without any significant minor pores in the layers (Figure 4A). The 

energy dispersive X-ray analysis (EDX) of the scaffold revealed the homogeneous distribution 

of boron in the hydrogel matrix (Figure 4B). The incorporation of insulin and GOx exhibit 

similar mesoporous hydrogel scaffolds. Interestingly, significant amounts of closed pores were 

observed inside the hydrogel matrix, which will be effective for multi-round responsiveness of 

glucose alternations. The porous and close-packed morphology of the hydrogel indicates 

significant drug loading capacity inside the hydrogel matrix and sustained release kinetics. 
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Figure 4. Morphological analysis of SFBH. (A) FESEM image of dried cross-sections of SFBH. 

Hydrogel has highly porous morphology, and pores are enclosed by aggregation layer of SF aggregates. 

Higher magnified images of SF aggregation layers show that the layers are made of highly closed-

packed SF fibers. (B) EDX elemental analysis of SFBH cross-section. The boron is uniformly 

distributed throughout the hydrogel matrix.  

 

3.2 Rheological Analysis 

The mechanical properties of the hydrogel were analyzed by performing rheological 

experiments. The dynamic amplitude sweep was measured from oscillation stain of 0.01 to 

100% to determine the stability of the hydrogel. Hydrogel maintains a linear range of the 

storage modulus (G′) up to 1.22% shear strain. The increment of shear strain from 1.22% breaks 

the hydrogel matrix (Figure 5A). Frequency sweep was performed from 0.1 to 100 rad/s at a 

constant strain of 0.1% to discern the stiffness and viscoelastic properties. Hydrogel has G′ of 

5.1 kPa, indicating good  
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Figure 5. Mechanical properties of SFBH. (A) Frequency sweep from 0.1 to 100 rad/s. The storage 

modulus of SFBH was higher than the loss modulus. (B) Amplitude sweeps of the hydrogel from shear 

strain of 0.01-100%. Hydrogel maintained steady storage modulus up to 2.57% of shear stain further 

increment of the strain breaks the hydrogel matrix. (C) Viscosity at different shear rates of 0.1 to 100 s-

1. Viscosity was declined with rise in shear rate due to the shear-thinning ability of the hydrogel. (D) 

Viscosity changes with time in alternative shear rates of 0.1% and 100%. The thixotropic hydrogel 

almost recovered the viscosity to its initial state after stain removal. (E) Injectability of the hydrogel 

through 25 G needle. SFBH is easily injectable through the needle, indicating the injectable behavior.   
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mechanical properties attributed to β-sheet structure of SF (Figure 5B). The viscosity of the 

hydrogel was measured with variable shear rate of 0.015 to 100 s-1. Viscosity was gradually 

decreased with the increased shear rate due to shear thinning properties of the hydrogel (Figure 

5C). Viscosity was measured with alternate low (1 s-1) and high (100 s-1) shear rates to 

understand the reversibility of the hydrogel to regain the initial gel like structure. Hydrogel 

viscosity was completely declined at 100 s-1 shear rate. It retrieves the viscosity alike to the 

initial state after shear removal, indicating the injectable behavior (Figure 5D). The hydrogel 

was injected through 25G needle, and very smooth flow of hydrogel from the needle was 

observed (Figure 5E). Therefore, this hydrogel can be utilized for delivery of encapsulated 

drugs without any surgical implantation.44, 45 

3.3 Glucose Responsive Studies 

The GOx enzymatic activity inside the hydrogel was evaluated to ascertain the utility of the 

hydrogel system. GOx enzyme oxidizes the β-D-glucose in the presence of oxygen into 

glucono-1,5-lactone and H2O2. The generated glucono-1,5-lactone hydrolyzed into gluconic 

acid through non-enzymatic pathways and reduces the pH of the medium (Figure 6A). Thus, 

pH change of the medium was monitored to determine GOx activity inside the hydrogel matrix 

with various glucose concentrations. The GOx encapsulated hydrogel was treated with PBS, 1 

mg/mL, and 5 mg/mL of glucose solution. The pH of only PBS treated hydrogel sample was 

not altered with time due to the absence of glucose in the medium (Figure 6B). However, pH 

of glucose-treated hydrogel gradually decreased with time, and pH change was depending on 

glucose concentration of the medium. In 1 mg/mL glucose treated samples, pH the solution 

reached 6.5 and attained saturation. Whereas the hyperglycemic glucose concentration of 5 

mg/mL reduced the pH of the solution to ~4. These observations confirmed that the hydrogel 

system preserved the functional activity of the encapsulated GOx inside the pore of hydrogel.46 

Further, the GOx functional activity inside the hydrogel system was  
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Figure 6. Glucose responsiveness of GOx. (A) Schematic representation of GOx activity on β-D 

glucose. The glucose converted to D-glucono-1,5-lactone and H2O2. D-glucono-1,5-lactone hydrolyzed 

through nonenzymatic pathway and declined the medium pH. (B) pH change of the aliquot solution 

with time in different glucose concentrations. The GOx catalytic activity inside the hydrogel depends 

on environment glucose levels. (C) Stepwise GOx functional activity over one week inside the hydrogel.  

 

monitored by removal of treated glucose solution with fresh solution in 24 h intervals to 

understand the enzyme presence and matrix stability after multiple glucose fluctuations. The 

hydrogel holds the GOx and maintained the steady decline of pH over 7 days (Figure 6C). The 

catalytic activity slowly declined over a period of 7 days due to the release of GOx from the 

hydrogel matrix. The prolonged enzymatic activity of hydrogel matrix is indication of slow 

degradation of the hydrogel matrix and slow diffusion of large GOx from hydrogel pores. 

Overall, the designed glucose responsive hydrogel SFBH preserves the sensing element GOx 

for an extended period and effective in prolong insulin delivery. 

The glucose responsive nature of SFBH was further determined through the swelling ratio with 

different glucose concentrations. SFBH xerogel was incubated in PBS, 1 mg/mL, 3  
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Figure 7. The swelling ratio of SFBH xerogel at different glucose concentrations. The swelling ratio 

was enhanced with increase in glucose concentrations. A significant change in the swelling ratio was 

observed between the normoglycemic and hyperglycemic glucose concentrations.  

 

mg/mL, and 5 mg/mL of glucose solution and incubated at 37 °C. All hydrogel samples absorb 

water from the buffer and swell with time, and equilibrium was established at 12 h of incubation 

(Figure 7). The SFBH exhibited swelling ratio of 80% in PBS and 134% in the presence of 5 

mg/mL of glucose. The swelling ratio of glucose-treated hydrogels is higher compared to the 

PBS-treated hydrogel, owing to its strong binding affinity with the boronic acid group of the 

SFBH through five-membered ring formation. Glucose binding release SF serine groups from 

boronate ester, results in increased hydrogel volume and enhanced swelling. 

Next, the environment glucose concentration-dependent insulin release profile from hydrogel 

matrix was investigated. FITC-insulin was used as a model drug to investigate the insulin 

release from the hydrogel.47 The FITC-insulin added SFBH was found to form hydrogel at 

identical environmental conditions suggesting effective encapsulation of FITC-insulin inside 

the pore of hydrogel. The hydrogel was treated with PBS and varying clinically relevant 

glucose concentrations of 1 mg/mL (normoglycemic condition) and 5 mg/mL glucose 

(hyperglycemia condition). At 24 h time the insulin release in PBS, 1 mg/mL  
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Figure 8. Stimuli responsive insulin release. (A) Glucose responsive FITC-insulin release from SFBH 

in different glucose concentrations. SFBH releases basal levels of insulin at normoglycemic conditions, 

but insulin release was significantly enhanced in hyperglycemic glucose levels. (B) H2O2 concentration 

dependent FITC-insulin release kinetics of SFBH. Slow insulin release was observed at 0.1 mM 

concentration of H2O2. Whereas insulin release was maximum at 1 mM H2O2 concentration. Which is 

comparable to the total insulin release at 5 mg/mL glucose concentration.   

 

and 5 mg/mL solutions were 16%, 16.5% and 23% (Figure 8A). Although the FITC-insulin 

release was comparably high at hyperglycemia, however, not superior because of the osmotic 

release phase. On PBS treatment hydrogel releases a basal level of insulin. The basal insulin 

release under normoglycemic conditions is also required in insulin-based therapy to manage 

certain changes in blood glucose fluctuations.48 The insulin release rate was not significant at 

1 mg/mL glucose concentration and it similar to the PBS treatment. The release rate was 

significantly enhanced in response to hyperglycemic glucose level (5 mg/mL). The cumulative 

insulin release was continuously increased in hyperglycemic conditions, and 78% of the 

encapsulated insulin releases over six days. The overall insulin release in PBS and 1 mg/mL 

glucose treated SFBH was 27% and 35%, significantly lower than the hyperglycemic glucose 

level. This suggests the presence of closed packed SF aggregation layers play major crucial 

role in controlled release of insulin from hydrogel pores. Higher glucose concentration 

promotes the total cumulative release of encapsulated insulin. The insulin release rate was 
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correlated with the glucose-responsive swelling ratio (Figure 7) and GOx triggered pH change 

inside the hydrogel (Figure 6B). These improved insulin release kinetics of hydrogel in 

response to glucose concentrations have the potential to deliver more insulin to normalize the 

enhance blood glucose level. 

To determine the role of in situ generated H2O2 towards the insulin release from the hydrogel, 

FITC-insulin encapsulated SFBH was treated with PBS, 0.1, 0.5, and 1 mM of H2O2 in PBS 

buffer. As shown in Figure 8B, the insulin release rate was significantly increased in 1 mM 

H2O2 treatment, and 76% of the insulin release was observed over 8 days. GOx catalytic 

oxidation produces gluconic acid and decreases the pH of the medium. The combined effect of 

pH and H2O2 enhances the total insulin release up to 79% in 7 days. Thus, H2O2 produced by 

catalytic oxidation of the glucose leads to slow degradation of the hydrogel matrix and 

generates pores in the highly packed crosslinked hydrogel layers. Relatively low molecular 

weight insulin molecules diffuse from these pores effectively compared to large molecular 

weight GOx. Thus, H2O2-induced degradation of the hydrogel matrix plays key decisive role 

in the responsive and controlled release of encapsulated insulin. 

 

Figure 9. Insulin release from pristine SF hydrogel. The insulin release kinetics was similar in different 

glucose concentrations.    



                                                                                                     Chapter 3: Glucose-triggered insulin release 

92 
  

 

Figure 10. Glucose-dependent insulin release. (A) Insulin release profile at different concentrations of 

glucose. SFBH shows faster insulin release kinetics at hyperglycemic glucose level of 5 mg/mL than 

the normal glucose level due to the glucose-responsive ability of the hydrogel. (B) CD spectra of the 

insulin solution and released insulin from the SFBH matrix. The secondary conformation of released 

insulin showed identical cotton effect alike insulin. 

 

The insulin release profile of the pristine SF hydrogel (SFH) encapsulated with glucose-sensing 

element GOx, and insulin was investigated. The SF (2.5% solution) forms hydrogel after one 

week and showed the glucose concentration dependent GOx activity comparable to the SFBH. 

However, the insulin release rate in PBS, 1 mg/mL, and 5 mg/mL glucose concentrations 

remains constant (Figure 9). Thus, the covalent modification of the SF side chain with pendant 

PBA in SFB imparts glucose responsive behavior and hydrogel release the encapsulated insulin 

on integration of glucose sensing element GOx. The pristine SFH lacks glucose-responsive 

functional groups and does not show glucose-responsive drug release. Altogether, these results 

ascertained that insulin release kinetics was glucose responsive in SFBH. 

The insulin release from the hydrogel was further analyzed by Bradford assay. The unmodified 

insulin release rate was faster compared to the FITC-insulin. At 24 h of incubation, 27% of the 

insulin release was observed under hyperglycemic conditions, which increases to 60% in 4 

days (Figure 10A). The secondary structure of the released insulin from the hydrogel matrix 
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was ascertained by CD spectroscopy analysis. The released insulin showed negative cotton 

effect at 222 and 209 nm which are identical to the native insulin (Figure 10B). Thus, SFBH 

effectively preserved the functional secondary conformation of encapsulated insulin inside its 

pores. 

The insulin secretion from the pancreatic β-cells follow the pulsatile release pattern in both 

animals and humans.49,50 The changes in membrane potential of β-cells coupled with the 

variation of glucose concentration in blood stimulate or downregulate insulin secretion. The 

enhanced blood glucose levels facilitate the glucose transport to the electrically excitable β- 

cells by GLUT1 and GLUT3 glucose transporter. The glucokinase present in β-cells 

phosphorylate the glucose into glucose phosphate. Through metabolic cycle, glucose phosphate 

 

Figure 11. Pulsatile insulin release. (A) schematic of insulin release behavior of pancreas on the 

fluctuation of glucose concentration inside the body after food uptake. The enhanced glucose 

concentration after food uptake stimulates the β-cells of the pancreas and promotes insulin secretion. 

(B) Released insulin on altering the glucose level from 1 mg/mL to 5 mg/mL. SFBH maintains pulsatile 

insulin release kinetics in multiple cycles of glucose alternation. 
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produces ATP and excites the membrane K+ channel. This generates high Ca2+ concentration 

impulse inside the β-cells and triggers the exocytosis release of the insulin granules. The lower 

glucose concentration inhibits the insulin secretion from β-cells. Mimicking the pulsatile 

mechanism of the β-cells in synthetic materials holds clinical importance (Figure 11A). A 

major advantage of periodic release compared to the continuous hormone release minimizes 

the risk of hypoglycemia and provides the long-term release behavior of the encapsulated 

insulin. Therefore, we have investigated the insulin release profile on alternation of the glucose 

concentration from 5 mg/mL to 1 mg/mL to understand the pulsive release ability of the 

hydrogel. The insulin release was significantly decreased on reduction of glucose concentration 

to 1 mg/mL compared to 5 mg/mL, and this pattern was observed in multiple cycles (Figure 

11B). Thus, SFBH acts as an artificial pancreas to deliver more insulin in hyperglycemia 

compared to the normoglycemic conditions. 

 

Figure 12. Morphological analysis of hydrogel after 7 days of treatment. The aggregation layers of the 

SF were almost intact after PBS treatment. Few pores were observed in the matrix layer of the hydrogel 

in 1 mg/mL glucose treatment. Matrix layers become completely fragile after 5 mg/mL glucose 

treatment.  
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The structural morphology and mechanical strength of SFBH after various treatments were 

analyzed through FESEM and rheological studies. PBS treatment over 7 days did not alter the 

structural morphology of matrix layers, suggesting good hydrogel stability. Considerable pores 

were observed in matrix layers upon 1 mg/mL glucose treatment. The hydrogel becomes 

completely fragile, and various pores are observed in hydrogel layers on 5 mg/mL glucose 

treatment (Figure 12), indicating the degradation of the matrix by H2O2. Further, the mechanical 

strength of hydrogel after glucose treatment was investigated through frequency sweep 

measurement at 0.1% constant strain. The mechanical strength of the hydrogel was decreased 

from 5.1 kPa to 1.48 kPa after seven days of treatment with 1 mg/mL of glucose (Figure 13). 

In hyperglycemic conditions, the storage modulus reached 0.3 kPa, due to the major collapse 

of the hydrogel matrix by the H2O2 degradation. 

 

Figure 13. Rheological analysis of SFBH after 7 days of treatment with PBS, 1 mg/mL, and 5 mg/mL 

of glucose concentration. The storage modulus declined after one week of treatments. Reduction of 

storage modulus was maximum for the 5 mg/mL of the glucose treatment.  
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Figure 14. In vitro cell viability of the L929 fibroblast cells. (A) cell viability after treatment of the 

different amounts of only SFBH solution. (B) cell viability after treatment with GOx encapsulated 

SFBH. Cell viability remains more than 94%, which indicate relatively non-toxic nature of the hydrogel.   

 

3.4 Cytocompatibility and Hemolysis 

For the applicability of any delivery tools in living system, it is essential to address the 

biocompatibility. To evaluate the cytocompatibility of SFBH, viability of L929 fibroblast cells 

in the presence of different amounts of hydrogel solution was carried out using MTT assay. 

Cells were cultured in 48 well plates, treated with varying amounts of the hydrogel extract, and 

cultured for 24, 48, and 72 h. No significant change in the cell viability was observed even 

 

Figure 15. Hemolysis propensity of SFBH. (A) The percentage of human red blood cells hemolysis 

with different amounts of SFBH solution. (B) Hemolysis percentage in the presence of GOx 

encapsulated SFBH.  
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after 72 h of incubation with hydrogel extract and in all cases, cell viability remains > 94% 

(Figure 14A, Figure 14B). Therefore, the hydrogel system is cytocompatible and can be used 

for in vivo insulin delivery applications. For application of SFBH in animal models, the 

hemolysis assay was performed with human red blood cells. Triton-X-100 was used as positive 

control for the experiment, which is known to lyse the red blood cells, and PBS was used as 

negative control. The hemolysis percentage shows only 1.11% lysis of the red blood cells even 

at 200 µL of hydrogel solution (Figure 15A). Although a slight increment of hemolysis (2.27%) 

was observed in SFBH encapsulated with the GOx enzyme (Figure 15B), it is considered within 

the acceptable limit for applications. The hemolysis results showed SFBH has low hemolytic 

proclivity and can be utilized for further insulin delivery and blood glucose level monitoring. 

3.5 Conclusion  

Glucose-responsive injectable SF hydrogel (SFBH) was fabricated through covalent 

modifications of reactive amino acid residues of SF with phenylboronic acid. The doped 

pendant phenylboronic acid reacts with abundant serine side chain to form boronic ester 

between two protein units and accelerates the crosslinking through β-sheet formation. The 

modified SF has the propensity to form hydrogel at low protein concentration (0.8%). The 

SFBH showed good mechanical strength and injectable through 25-gauge needle. Encapsulated 

GOx displays environmental glucose responsive functional activity inside the hydrogel. 

Hydrogel releases basal levels of insulin at normoglycemia conditions, but release was 

significantly enhanced in response to hyperglycemia. The in vitro studies confirm the 

cytocompatibility and low hemolytic behavior. Therefore, self-regulated glucose-sensing 

elements containing SFBH act as the artificial pancreas to deliver the encapsulated insulin to 

environmental demands. Further studies on biocompatibility, in vivo evaluation of insulin 

release pharmacokinetics and glucose level control in animal models are required, which will 

be pursued in near future. Overall, the cytocompatible, stimuli response and cost effective 
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SFBH may potentially be useful in the controlled release of insulin for the effective treatment 

and management of diabetes.   

3.6 Experimental Methods 

3.6.1 SF Extraction and Purification 

Extraction of the SF from the cocoon was performed following the previously reported protocol 

by our group and others. Briefly, cocoons are separated from silkworm and boiled for 1 h in 20 

mM sodium carbonate solution to remove the additive sericin protein. The fibroin fibre was 

washed and dried at room temperature to get dried protein. The protein fibre was mixed with 

9.3 M of LiBr and kept at 60 °C for 4 h to denature the fibre and transform it into solution. The 

resulting solution was dialyzed against distilled water for 3 days with water exchange in 12 h 

intervals to remove the salt. Dialysed solution was centrifuged to remove the debris and give 

the 6% (w/v) protein solution. Extracted protein was stored at -20 °C until further use.  

3.6.2 CPBA-NHS Preparation 

Activated N-hydroxy succinimide ester of the carboxy phenylboronic acid was prepared by 

following the previously reported protocols. Briefly, carboxy phenylboronic acid (1g, 6.02 

mmol) was dissolved in 20 mL of dimethylformamide (DMF) under ice-cold conditions and 

2.5 mL of N,N-diisopropylethylamine (1.95 g, 2.5 mL, 15.05 mmol) was added. N-ethyl-N′-

(3-dimethylaminopropyl) carbodiimide hydrochloride (1.7 g, 9.03 mmol) was then added to 

the solution and stirred for 30 min. N-hydroxy succinimide (1.04 g, 9.03 mmol) was added to 

the solution, and the reaction mixture was stirred for 24 h. DMF was evaporated under vacuum, 

redissolved in dichloromethane (DCM), and washed with 0.1 N HCl solution (3×100 mL). The 

product was collected in DCM layer. Column was performed in Methanol/DCM solvent 

system, product was eluted at 5:95 Methanol/DCM and gives crystalline solid at 71% yield. 

1H-NMR (400 MHz, DMSO-d6) δ 2.90 (m, 4H), 8.00 (m, 4H), 8.44 (s, 2H). 13C-NMR (100 
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MHz, DMSO-d6) δppm 25.3, 125.5, 128.6, 134.7, 161.9, 170.2. HRMS (ESI-MS): found 

262.0298, calculated for C11H9BNO6 [M-H]- m/z = 262.0528. 

3.6.3 Boronic Acid Modification of SF 

4 mL of 6% SF was added dropwise in 6 mL of 0.1 M of MES buffer at 4 °C with constant 

stirring. CPBA-NHS (40mg in 1 mL DMSO) was drop wisely added to the fibroin solution. 

The pH of the solution was adjusted to pH 7 by using 1 M of sodium bicarbonate. The reaction 

was stirred for 6 h at room temperature. Unreacted CPBA-NHS was removed through dialysis 

once in 2% DMSO/water followed by water in 6 h intervals. The dialyzed solution was 

centrifuged at 4 °C to remove debris present in the solution. Phenylboronic acid modified SF 

solution (SFB) was kept at 37 °C for gelation. Gelation was monitored by vial inversion 

procedure. The solution was mixed with 100 µL of GOx (10 mg/mL) solution to make glucose 

responsive drug release system. 

3.6.4 Attenuated Total Reflectance-Fourier Transform Infrared Spectroscopy 

Ligation of SF with phenylboronic acid was checked by the FTIR spectroscopy studies. 

Hydrogel was dried through freeze-drying process and placed on a diamond crystal cell and 

measurement was carried out in wavenumber range of 4000-400 cm-1. The spectra of SF and 

CPBA-NHS were also performed similarly, data were plotted as transmittance vs wavenumber 

(cm-1). 

3.6.5 Morphological Analysis 

The structural morphology of the SFBH was visualized using field emission scanning electron 

microscopy (Zeiss Gemini SEM 500). Hydrogel samples were frozen slowly at -80 °C freeze 

to form the ice crystal and further froze using liquid nitrogen and dried using lyophilizer. The 

hydrogel cross section was made by using the surgical blade and mounted into the carbon tape. 

Elemental analysis was performed to confirm boron doping.   
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3.6.6 Glucose Responsiveness of Hydrogel 

The glucose responsiveness properties of the hydrogel were checked through the pH change of 

the medium after glucose treatment. The hydrogel was treated with phosphate buffer saline 

(PBS, pH = 7.4), 1 mg/mL, 5 mg/mL glucose solution in PBS. Every 24 h, the aliquots were 

removed, and the fresh glucose solution was added to the hydrogel. The pH of the aliquots was 

measured to check the gluconic acid release from the catalytic consumption of the glucose by 

encapsulated GOx. 

3.6.7 Swelling Ratio 

SFBH was dried by vacuum to get the xerogel. The xerogel was dipped into the PBS, 1 mg/mL, 

3 mg/mL, 5 mg/mL of glucose solutions. At different time intervals, the hydrogels were taken 

out and surface-bound water was removed by wiping through the tissue paper and weight of 

the hydrogel was measured. The swelling ratio was calculated by using the following equation  

Swelling ratio =  
Ws − Wd

Wd
 

Where Ws is the swollen mass of the xerogel and Wd is the initial weight of the dried xerogel. 

3.6.8 Rheological Analysis 

The rheological behavior of the hydrogels was performed on Physica MCR 101 Rheometer 

with a 25 mm parallel plate at 25 °C. Frequency sweep and strain sweep were performed to 

check the mechanical strength and viscoelasticity. Frequency sweep was tested in a constant 

strain of 0.1% over 0.1 to 100 Hz frequency range. Amplitude sweep was performed from 0.1% 

to 100% strain at a constant frequency of 6.28 rad/s. Viscosity of the hydrogel was measured 

with change of the shear rate from 0.1 to 100 s-1. Further, viscosity of the hydrogel system was 

monitored by applying alternative small oscillation force (γ = 1% strain) and large one (γ = 

100% strain).     
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3.6.9 FITC-Insulin Release Profile 

The encapsulation and release profile of encapsulated drug (insulin) from hydrogel system was 

further carried out. FITC-insulin (100 µL, 1 mg) and GOx (100 µL, 1 mg) were mixed with the 

800 µL of SFB solution and kept at 37 °C to form the hydrogel in 5 mL glass vials. The 

hydrogel was treated with 2mL of PBS, 1 mg/mL, and 5 mg/mL of glucose solution in PBS 

and incubated at 37 °C incubators with constant shaking. The aliquot was removed at different 

time intervals and replaced with fresh glucose solutions. The absorbance of the aliquots was 

measured in Cary series spectrometer and plotted with times. 

3.6.10 H2O2 Responsive Release     

SFB solution was mixed with 100 µL of FITC-insulin and incubated at 37 °C for gelation in 5 

mL glass vials. The hydrogel was treated with PBS, 1 mM, 5 mM, 10 mM of H2O2, and 10 

mM of H2O2 in acetate buffer pH 5, incubated at 37°C with constant shaking. At different time 

intervals, aliquots were removed, and gels were filled with fresh buffer solutions. The 

absorbance of the released insulin was measured in Cary series spectrometer and cumulative 

release was plotted against time.  

3.6.11 Insulin Release Study 

Further human recombinant insulin was encapsulated, and glucose responsive release was 

performed. Insulin (100 µL, 1 mg) and GOx (100 µL, 1 mg) were mixed with the 800 µL of 

SFB solution and kept at 37 °C to form the hydrogel in 5 mL glass vials. The hydrogel was 

treated with PBS, 1 mg/mL, and 5 mg/mL of glucose solution in PBS and incubated at 37 °C 

incubators with constant shaking. The aliquot was removed at different time intervals and 

replaced with fresh buffer and glucose solutions. The amount of insulin released was quantified 

by the Bradford assay. Only PBS-treated samples were subtracted during quantification of each 
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sample. CD spectroscopy was performed to check the structural conformation of the released 

insulin from the hydrogel matrix.   

3.6.12 Glucose Responsive Morphology Change and Mechanical Strength 

The morphology of the hydrogel after glucose treatments was analyzed by the FESEM. 

Hydrogels after 7 days of treatments were frozen and lyophilized to get dried hydrogel scaffold, 

cut by the surgical blade, and mounted into the carbon tap. The images were captured after 

gold spouting. The mechanical strength of the treated hydrogels was checked by rheological 

experiments. Frequency sweep was performed from 0.1 to 100 Hz frequency range at 0.1% 

constant strain to check the storage modulus and loss modulus of the hydrogel.  

3.6.13 Cytotoxicity and Hemolytic Assay 

In vitro biocompatibility of hydrogel system was performed using MTT assay in L929 cell. 

Cells were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% 

FBS and 1% penicillin-streptomycin at 37 °C in 5% CO2. 1.5 ×104 cells were plated in 48 well 

plates and cultured for 24 h. Hydrogel (1 mL) was mixed with 1 mL of glucose-free DMEM 

media and vortex for 30 min to form a homogeneous extract. 25, 50, 100, and 200 µL of the 

hydrogel extract was added to the wells and further cultured for 24, 48, and 72 h. In control 

cells, the same amounts of media were added. After predetermined time points, wells were 

treated with 15 µL of MTT dye solution (5 mg/mL in PBS) and further cultured for 3 h to form 

formazan crystals. Crystals were dissolved in 200 µL of 1: 1 methanol/DMSO and absorbance 

was recorded at 570 nm with background absorbance at 690 nm. The percentage of the viable 

cells was plotted using GraphPad Prism software. 

3.7 Appendix 

• 1H and 13C NMR analysis of CPBA-NHS 
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• HRMS analysis of CPBA-NHS 
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Hypothesis: Wound healing is a complex biological process that requires activation and 

synchronization of multiple pathways and chemical responses to recover tissue integrity. In 

diabetic patients, increased production of reactive oxygen species, attack of pathogenic 

microorganisms, and high glucose levels delay the normal healing process. Therefore, a 

composite hydrogel formulation of SF protein with antioxidant-electroactive melanin and 

anti-inflammatory-antibacterial berberine has been anticipated to combat pathological 

abnormalities associated with diabetic wound healing. 
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Diabetes is a major metabolic disorder that seriously affects the overall health condition of an 

individual with an added economic burden. The prevalence of diabetes is growing rapidly 

because of changes in lifestyle and diet. International Diabetes Federation (IDF) 2019 global 

report revealed that more than 463 million people are suffering from diabetes worldwide and 

are expected to reach 578  million by 2030.1 Under diabetic conditions, human body becomes 

incapable of producing or using the metabolic hormone insulin, which maintains glucose 

homeostasis.2 Imbalance in glucose levels causes health complications like blindness, kidney 

failure, heart attack, and delayed wound healing.3-7 While wound care management is well 

established, the effective treatment of the diabetic wound remains challenging due to prevalent 

oxidative stress, inadequate angiogenesis, and exacerbated inflammation.8-12 Wound healing is 

a complex multi-stage process that includes coordination of cell signaling, growth factors, 

extracellular matrix deposition, and cell recruitment.13 After tissue damage, coagulation 

cascades are activated to achieve hemostasis by clotting the platelet plugs and fibrin matrix, 

which prevent blood and body fluid loss. The inflammatory neutrophil cells at the wound site 

degrade the degranulated platelets, damaged tissues, and bacteria present at the wound site. 

Subsequently, keratinocytes are migrated to the damaged dermis, and the angiogenesis process 

is initiated with the help of vascular endothelial growth factor A (VEGF) and fibroblast growth 

factor (bFGF). The blood vessel capillaries with the spout of fibroblast cells and macrophages 

replace the fibrin matrix and generate support for keratinocyte migration. In the process, 

keratinocytes slowly mature and regain the epithelial barrier function.14,15 The fibroblast cells 

in stimulation with the macrophages transform into myofibroblast cells, which bring the wound 

edges together.16 In the remodeling stage, all preactivated processes initiated after tissue 

damage are deactivated. Activated immune cells (macrophages, myofibroblast cells) present at 

the wound site either emerge into blood circulation or undergoes apoptosis. The interaction 

between the epithelial and mesenchymal cells regulates skin integrity and homeostasis.17 
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However, hyperglycemia in diabetic patients leads to several cellular impairments, including 

poor glucose metabolism, enhanced microvascular endothelial injury, reduced oxygen 

delivery, flawed neural growth, and activated immune system.18-20 As a result, hyperglycemia 

conditions cause cell hypoxia, tissue ischemia, increased production of reactive oxygen species 

(ROS), and weakening of defensive mechanisms against pathogenic microorganisms at the 

wound site.21 These multiple factors adversely affect and delay the cell migration, proliferation, 

and remodeling of the extracellular matrix at the wound site. 

          In the last few decades range of pharmaceutical formulations, including foam dressings, 

hydrogels, hydro fibers, nanoparticles, and electrospun scaffolds, have been used for diabetic 

wound healing.22-24 Among them, hydrogels are preferred for topical applications due to their 

softness, absorption ability of wound exudates, and maintaining the hydrated environment at 

the wound site. Hydrogel scaffolds protect the wound from pathogenic microorganisms and 

deliver drugs, growth factors, cytokines, and antibiotics in a controlled manner.25 Notably, 

hydrogels are structurally analogous to the extracellular matrix and serve as three-dimensional 

support for complete tissue regeneration and new vascular network formation.26,27 Besides, 

soft, flexible nature of hydrogels provides greater comforts and can be easily applied and 

removed from the wound site without causing discomfort and additional damage. Keeping this 

in mind, researchers have developed a variety of hydrogels using several natural and synthetic 

materials.26 

          SF protein extracted from silkworm cocoons (Bombyx mori) has been widely used for 

tissue engineering and regenerative applications.27-31 The surface adhesion, proliferation, and 

differentiation of various cell types, including fibroblast, epithelial, endothelial, keratinocytes, 

osteoblast, and glial cells, were enhanced on the SF scaffold. The tunable mechanical strength 

and excellent biocompatibility of SF have found utility for the development of wound dressing 

materials.32 Numerous studies have reported SF hydrogel efficacy to control the delivery of 
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growth factors and drugs.33-36 SF is found to enhance the NF-κB signaling pathway through the 

expression of cyclin D1, VEGF, fibronectin, and vimentin, which modulates the cellular 

activities like adhesion, proliferation, inflammation, and scavenging of ROS.36-40 Therefore, 

SF-based materials are sought-after in fabricating wound repair formulations. Recently, our 

group developed a pigmented and conducting nanofibrous composite scaffold by doping SF 

matrix with melanin for skeletal muscle tissue engineering.29 Broad absorption range of 

melanin in UV-visible light and near-infrared (NIR) imparts intrinsic photoacoustic signals 

suitable for imaging and photothermal therapy.41 Melanin with large numbers of catechol, 

amine, and imine groups serve as an effective antioxidant to detoxify several types of radicals 

and ROS.42 The inherent antioxidant and conducting property of SF doped with melanin 

improved the proliferation of myoblast cells and induced their differentiation into myotubes 

while reducing the ROS level. 

          Bacterial infection at the wound site is one of the significant problems in wound 

recovery.43 Moreover, bacteria and microbes have developed resistance to conventional 

antibiotics. In this context, utilizing natural products as antibiotics at the wound site is 

considered an effective strategy to control bacterial infections.44,45 Berberine, an isoquinoline 

natural product widely used in Chinese herbal medicine and India for its antibacterial, 

antioxidant, anti-inflammatory, immuno-enhancer, and hypoglycemic properties.46 The 

versatile properties of berberine are anticipated to enhance wound closure in diabetic patients. 

The natural occurrence of berberine has a low tendency to suffer antibiotic resistance and retain 

an excellent inhibitory effect against pathogens. The hydrophobic and cationic nature of 

berberine permits cell membrane permeability and stable intercalation with microorganism 

DNA. Binding suppresses DNA and protein synthesis selectively in microorganism cells. 

          Herein, a hybrid hydrogel (SFCH) formulation of natural constituent hypolipidemic SF, 

antioxidant melanin, and anti-inflammatory berberine has been reported to stimulate the 
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Figure 1. Schematic illustration of silk fibroin and silk fibroin-melanin (antioxidant)-berberine (drug) 

composite hydrogels (SFH and SFCH, respectively) and effective wound healing process upon 

treatment with drug-load antioxidant SFCH in diabetic rat. 

 

wound healing process in diabetes. Melanin and berberine addition into the SF did not affect 

the hydrogel mechanical stiffness. SFCH hydrogel exhibited excellent antioxidant properties 

and effectively reduced oxidative stress. Berberine release kinetics indicates the hydrogel 

slowly releases the encapsulated berberine over a prolonged time. Encapsulated berberine 

molecules protect the wound site against pathogenic infection. The hybrid hydrogel 

formulation is biocompatible and supports excellent cell migration under in vitro conditions. 

The hydrogel efficacy in wound repair was evaluated in streptozotocin (STZ)-induced diabetic 

Wistar rats, which showed effective wound closer on applying the hydrogel at the wound site 

(Figure 1). The SFCH hydrogel treatment effectively controls the macrophage presence during 

the healing process, promotes angiogenesis, and enhances collagen deposition. This study 

reveals that the biocompatible SFCH with natural constituents is a potential healing 

formulation for diabetic wounds. 
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4.1 Hydrogel Preparation 

The biocompatible, biodegradable, antioxidant, and drug loaded SFCH was formulated by the 

synergistic combination of 4% SF protein, 0.01% antioxidant melanin, and 0.1% therapeutic 

berberine (Figure 1). The naturally occurring SF protein tends to aggregate and form a hydrogel 

in physiological conditions. The crystalline β-sheet domain in the protein sequence imparts 

high mechanical strength and long-term stability to the hydrogel. Hydrogel was prepared by 

the physical mixing of SF protein, melanin, and berberine solutions. The incorporation of 

melanin and a mixture of melanin and berberine were found not to disrupt the gelation ability 

of SF. The gelation process was monitored by the vial inversion method for all the solutions 

(Figure 2). 

 

Figure 2. FESEM images of SFH (A), SFMH (C), and SFCH (E) and the insets show the photographs 

of inverted vials containing corresponding hydrogels. Scale bar 100 µm. SFH shows loose 

microstructure with low porosity. SFMH show higher porosity in the hydrogel matrix. SFCH exhibit 

highly porous morphology revealing its suitability as a three-dimensional matrix for cellular growth. 

(B, D, F) High magnification FESEM images of SFH, SFMH, and SFCH correspond to (A, B, C). Scale 

bar: 400 nm. The macroscopic porous structures consist of cross-linked nanofiber.   
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Figure 3. TEM images of the nanofibers of the hydrogel scaffold. 

 

4.2 Morphological Analysis  

The structural morphology of hydrogels was analyzed by field emission scanning electron 

microscopy (FESEM) to gain insights into the architectural characteristics of hydrogel matrix 

and its suitability as soft biomaterials to use with soft tissues. The silk fibroin hydrogel (SFH) 

showed loose nonuniform porous microstructure (Figure 2A, 2B) of fibrous cross-linked 

aggregates with 10-20 nm width (Figure 3). The incorporation of melanin into SF solution did 

not alter the cross-linking between the hydrophobic domains of SF protein. However, pore 

density in hydrogel matrix was increased significantly compared to that of SFH (Figure 2C, 

2D). The increase in cross-linking relies on multiple hydrogen bonding sites of polymeric 

melanin. Notably, adding berberine into SF and melanin to obtain SFCH hydrogel did not alter 

the porous morphology and fiber width (Figure 2E). Besides, berberine incorporation 

introduced highly porous morphology suitable for cellular infiltration and accelerated cellular 

growth inside the hydrogel matrix (Figure 2F).47 The highly porous morphology observed with 

SFCH compared to SFH emphasized the suitability of the former for infiltration and 

proliferation of cells inside the hydrogel matrix compared to the latter.48 

4.3 Conformation Analysis 

The secondary conformation changes in SF after gelation was assessed by the powder X-ray 

diffraction (PXRD) analysis of the xerogels. SF, after processing from cocoon adopts the 

amorphous structure. All hydrogel samples showed crystalline morphology with diffraction 
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peaks (2θ) at 8.62°, 20.72°, and 24.2° (Figure 4A). The weak diffraction peak at 2θ = 20.72° 

indicates a crystalline silk II structure with higher mechanical strength. The weak diffraction 

peak at 19.7° in SFCH revealed the presence of crystalline silk I and silk II conformations. The 

driving force for the observed cross-linking during the gelation of SF protein was studied by 

FTIR spectroscopy analysis. The structural conformation of a protein can be determined by 

monitoring the amide region of the FTIR spectrum (Figure 4B). SF protein extracted from the 

cocoon showed absorption bands at 1649 cm-1 and 1517 cm-1, corresponding to amide I (C=O 

stretch) and amide II (N‒H deformation), respectively, indicative of random coil structure 

(Figure 4B). The strong absorption band observed for SFH at 1621 cm-1 (amide I) revealed β-

sheet conformation of SF in the hydrogel matrix.49 In addition, the shoulder peak at 1648 cm-1 

suggests the co-existence of β-sheet and random coil structure in the hydrogel. SFMH showed 

absorption peaks at 1621 cm-1 and 1521 cm-1 corresponding to amide I and amide II bands, 

which suggest melanin incorporation did not affect the gelation process of SF  

 

Figure 4. (A) PXRD of SF protein and xerogels. (B) FTIR spectra of SF protein, SFH, SFMH, and 

SFCH. The amide peaks at 1650 cm-1 in SF and 1620 cm-1 in SFH, SFCH indicates the conformational 

transition from random coil to the order β-sheet structure. 
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Figure 5. (A) The possible hydrogen bonding pattern between melanin and SF. (B) The FTIR spectra 

of SF, SFH and SFMH indicattes the hyrogen bonding between SF and melanin. 

 

protein. However, the slight shift in the amide II band suggests the interactions between the 

amide N-H of SF with carbonyl groups of melanin (Figure 5A, 5B). Addition of berberine did 

not alter the amide peak position confirming the absence of its influence on conformational 

transition from random coil to ordered β-sheet structure of SF protein. Overall, the IR data 

revealed structural rearrangement of SF protein involving the conformational change from 

random coil to β-sheet leading to fibrillar network to support the gelation process. 

4.4 Mechanical Properties 

Next, the mechanical properties of SFH and SFCH were investigated. The ideal wound dressing 

hydrogel must exhibit optimal mechanical properties to maintain its structural integrity during 

the healing process.50 The frequency sweep measurement revealed a linear storage modulus 

range and loss modulus in experimental frequencies from 0.01 to 100 Hz due to its higher 

stiffness property. Both SFH and SFCH exhibited higher storage modulus (G') than the loss 

modulus (G''), indicating higher cross-linking density and solid-like behavior within the 

hydrogel matrix (Figure 6A). The mechanical properties of the hydrogels correlate with the 

cross-linked porous architecture observed in microscopy data. The loose structure of the SFH 

exhibit lower mechanical strength. Melanin incorporation to discern the stiffness and 

viscoelasticity of hydrogels. As shown in Figure 6A, the SFCH increased the 
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Figure 6. Rheological frequency sweep of SFH, SFMH, and SFCH. The storage modulus (G') indicated 

with solid symbols and loss modulus (G") with hollow symbols. (d) Shear strain measurement of SFH 

and SFCH performed from 0.1% to 100% strains. 

 

cross-linking through hydrogen bonding interactions, which resulted in enhanced mechanical 

strength of SFCH. The mechanical strength (stiffness) of hydrogel matrix has a crucial role in 

cell adhesion and proliferation to aid the faster wound healing process. The comparable 

stiffness of the SFCH matrix with extracellular matrix (ECM) enhances the cell adherent 

property. The comparable stiffness of hydrogel with tissue is an essential parameter for tissue 

engineering and wound healing applications. The stiffness of the human tissue varies from Pa 

to GPa, while the stiffness of the human dermis tissue is in the range of a few tens of kPa.51 

The storage modulus of SFCH matrix was 4.5 kPa, comparable to the stiffness of human dermis 

tissue (Figure 6B). The similar mechanical properties endorse the suitability of SFCH as a 

wound dressing formulation to support cell adhesion, proliferation, and new tissue formation. 
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The flow property of the hydrogels was studied by steady-shear measurement, which is a 

relevant property to ascertain the suitability of the materials for application at the wound site. 

The viscosity of SFH and SFCH was reduced rapidly upon increasing the shear rate from 0.01 

to 100 S-1 due to their shear-thinning properties (Figure 6C). The shear strain measurement 

showed the linear range of viscoelasticity up to 10% of shear strain for both SFH and SFCH, 

where hydrogels maintained solid-like behavior. The shear strain property of the SFCH is 

comparable to the strain experienced by tissue. Overall, the mechanical properties of SFCH 

matrix are within the range to maintain the dynamic physiological environment and suitable as 

a wound dressing formulation. 

4.5 Swelling Ratio 

For a potential wound dressing material, the wound exudate absorption ability is a crucial 

parameter.52 The water absorption propensity of SFH, SFMH, and SFCH from the PBS solution 

(pH = 7.4) was assessed. The water absorption ability of the dried SFCH xerogel scaffold was 

87% which is similar to the native SFH (Figure 7). This indicates that hydrophobic berberine 

loading has no significant effect on the water absorption efficacy of SFCH. Thus, SFCH is 

capable of wound exudate absorption and provides a humid environment for tissue 

regeneration. 

4.6 Antioxidant Assay 

The reactive oxygen species (ROS) are produced at the inflammatory stage of the wound 

healing process from the respiratory blast of phagocytic cells and enzymatic cycles of the 

fibroblast cells at the wound site.53 ROS acts as a defensive agent for the invaded pathogens 

crucial mediator for cellular signaling and neo-angiogenesis. However, a significant increment 

of ROS level significantly damages the tissue and slows the wound healing process.54 The 

antioxidant property of SFCH and individual components were evaluated using the DPPH 

radical inhibition assay over a period of 72 h. The pink colored DPPH radicals in a  
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Figure 7. Swelling ratio of the SFH, SFMH and SFCH xerogels at 12 and 24 h. 

 

mixture of ethanol/water take electrons from antioxidants and quenched to colorless form. Due 

to the high electron density of the natural antioxidant pigment melanin, it instantly inhibited 

DPPH radicals in a concentration-dependent manner. The antioxidant efficacy of melanin 

solution at 50 µg/mL was 80%, comparable to natural antioxidant ascorbic acid (Figure 8B). 

Although the melanin solution alone showed rapid radical scavenging, the SFCH showed 

persisted time-dependent activity, and saturation was reached in 24 h (Figure 8D). The rapid 

inhibition of radicals by melanin is attributed to its instant availability in the solution state, 

whereas ROS has to diffuse into the SFCH matrix to react with melanin. Therefore, the 

equilibrium was reached over a prolonged time in the case of SFCH compared to the melanin 

solution. The time-dependent and sustained antioxidant activity of SFCH is a desired property 

to be used in dynamically regulated living systems. The ROS scavenging efficacy of SFCH 

was comparable to the SFMH system, which confirmed that the observed scavenging property 

of SFCH is mostly attributed to melanin and possibly some contribution from berberine. The 

consistent antioxidant activity of SFCH is anticipated to alleviate oxidative stress during the 

wound healing process. 

4.7 Drug Release Profile 

Berberine has been used in Chinese medicine topically as antibacterial and antioxidant agent. 

Due to the presence of hydrophobic aromatic core and cationic charge, berberine exhibit a low 
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Figure 8. Antioxidant properties of SFH, SFMH, SFCH, and PBS solution (DPPH assay). The radical 

(DPPH) scavenging affinity of SF (A), melanin (B), berberine (C), and SFCH (D). 

 

tendency towards bacterial resistance.55The cumulative release of encapsulated berberine from 

SFCH and berberine encapsulated SFH (SFBH) was estimated under physiologically relevant 

conditions (37 °C, PBS, pH = 7.4). The release rate of berberine from the hydrogel matrix at 

different time points are shown in Figure 9A. At initial 24 h, 40% of berberine was released 

due to surface binding and high concentration gradient, which enhanced the drug diffusion rate. 

Thereafter, a steady linear release kinetic was followed until 7 days, where diffusion is the 

primary driving force for berberine release. The drug release profiles also showed a higher 

berberine release rate from SFCH than berberine containing SFBH. This variation in berberine 

release from the hydrogel matrixes is correlated with the pore size observed in the FESEM 

analysis (Figure 2C) and cross-linking density of the matrix. Melalin addition into the hydrogel  



                                                                                        Chapter 4: Rapid diabetic wound healing 

125 

  

 

Figure 9. The release profile for berberine from SFH and SFCH up to 8 days. 

 

matrix introduces a highly porous structure with more surface areas than SFBH. The high 

surface area of SFMH/SFCH correlates to more berberine-loading and release. To understand 

the mechanism of drug release from SFBH and SFCH matrix, the time-dependent berberine 

release data were fitted to a semi-empirical power-law model following the Ritger-Peppas 

equation, widely followed in diffusion-controlled release systems. The different release 

kinetics for SFH and SFCH were obtained from the n values of the logarithm equation. For a 

swellable hydrogel matrix, the release behavior will be purely Fickian when n ≤ 0.45 and 

anomalous transport for 0.45< n < 0.85. The fitting curve (Figure 9B) showed n values of 0.16 

(SFBH) and 0.15 (SFCH), indicating the release of berberine is dominated by the diffusion rate 

and least extent to its swelling ratio. The higher k value of SFCH (25.27) compared to SFBH 

(20.47) is attributed to its highly cross-linked structure, which enhanced the berberine diffusion 

rate from the hydrogel matrix. However, total berberine release of 60% was observed after 8 

days. The strong interaction between the β-sheet crystals of SF aggregates and aromatic 

berberine molecules has a significant role in its slow release. 

4.8 Antibacterial Activity 

Infection at the wound site delay the healing process. Thus, an efficient dressing must inhibit 

the bacterial growth responsible for severe infection. The SFCH hydrogel consists of berberine 

with inherent antibacterial and anti-inflammatory effects. The commonly observed pathogenic  
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Figure 10. Antibacterial activity of SFH, SFMH and SFCH hydrogel against Staphylococcus aureus at 

12 h. 

 

bacteria responsible for the infections are Staphylococcus aureus and Escherichia coli The 

antibacterial propensity of the hydrogel against Staphylococcus aureus was determined by zone 

inhibition assay. No inhibition zone was observed for SFH and SFMH against pathogenic 

bacteria (Figure 10). The SFCH effectively inhibited the growth of pathogenic Staphylococcus 

aureus, and an apparent inhibition zone was observed after 12 h contact interval (Figure 10). 

Thus, berberine-loaded SFCH possesses antibacterial properties and efficiently protects the 

wound from pathogenic bacteria during the healing process. 

4.9 Cytotoxicity Studies 

Biocompatibility is one of the major criteria for in cellulo and in vivo application of a 

biomaterial. Thus, the viability of SFCH to NIH3T3 fibroblast cells was accessed using the 

MTT assay. The fibroblast cells incubated with hydrogel solution in cell growth medium 

showed good viability regardless of the incubation times from 24 h to 72 h. As shown in Figure 

11A, SFCH showed >95% cell viability after 72 h incubation compared to control cells 

(NIH3T3 cultured in complete medium, 100% viability). Thus, the hydrogel system did not 

alter the metabolic activity and confluency. Therefore, the antioxidant SFCH formulation is 
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Figure 11. Biocompatibility of SFCH. (A) The cell viability of NIH3T3 cell lines in the presence of 

SFCH solution in different time intervals. (B) The hemolytic behaviour of Triton-X-100, SFH, SFMH, 

SFCH and PBS.  

 

biocompatible and viable to be used for tissue regeneration ability in live wound sites. The 

hemolysis of human red blood cells (RBC) was performed to understand the acute toxicity 

nature of SFCH. The SFCH solution incubated with RBC did not show significant hemolysis 

(Figure 11B), comparable to PBS buffer. In contrast, the triton-100 used in the control 

experiment showed complete lysis of the RBC membrane and solubilization of hemoglobin. 

These biocompatibility and viability attributes have validated the potential of SFCH for in vivo 

applications. 

4.10 Cell Rescue Studies from Oxidative Stress 

An optimum level of ROS at the wound sites contributed to the cell signaling pathway. 

However, the overproduction of ROS at the diabetic wound site causes oxidative stress to the 

surrounding tissue and delays the cell migration and rearrangement essential for tissue 

regeneration and repair. The ROS content inside the cells was detected using the 2′,7′-

dichlorofluorescein diacetate (DCFDA). The non-fluorescence DCFDA internalize inside the 

cell and hydrolyze into 2′,7′-dichlorodihydrofluorescein (H2-DCF), and oxidized by the cellular 

ROS into highly fluorescent 2′,7′-dichlorofluorescein (DCF). NIH3T3 cells on treatment with  
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Figure 12. The intracellular ROS level visualization by DCFDA. (A) Microscopy images of NIH3T3 

cells treated with H2O2 and conbination of H2O2 and hydrogel solution (B) Quantification data of DCF 

fluorescence. 

 

H2O2 showed high DCF fluorescence, remarkably decreasing to the normal state upon 

treatment with SFCH (Figure 12A). Further, NIH3T3 cell rescue from H2O2-induced oxidative 

stress was performed to assess the protective effect of SFCH by MTT cell viability assay. The 

oxidative microenvironment by H2O2 (200 µM) induces oxidative stress and decreases the cell 

viability to 33% (Figure 13). However, treating cells with SFCH solution significantly 

increased the viability in a concentration-dependent manner. The cell viability increased to 

55%, 60%, 70% and 82% upon treatment with 50, 100, 150 and 200 µL of SFCH solution.  
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Figure 13. NIH 3T3 cell rescue from H2O2 (200 µM) induced oxidative stress. The viability of the NIH 

3T3 cells increased in the presence of SFCH solution. 

 

These studies have confirmed that SFCH effectively quenches ROS and reduces oxidative 

damage to cells. 

4.11 In Vitro Cell Migration  

The crucial stage in quick wound healing is the new tissue generation process at the wound 

sites. The effectiveness of this process was evaluated by the migration and proliferation of new 

tissue layers, sprouts of capillaries bound with the macrophages, and fibroblast cells start 

fibroblast cells over the injured dermis layers. New blood vessel begins to form through the 

new tissue layers and serve as support for further keratinocytes migration. Initially, 

keratinocytes proliferate effectively and become mature to restore the epithelial barrier 

function. Therefore, the ability of hydrogel toward migration and proliferation behavior of 

NIH3T3 fibroblast cells was assessed. The migration of NIH3T3 cells was significantly 

increased after the addition of SFCH solution compared to untreated control NIH3T3 cells 

(Figure 14). The SFCH completely healed the scratch length in 24 h, very few cells were 

migrated from the bulk cell site in the control scratch, and effective healing was not observed 

(Figure 15). This confirmed the acceleration of the healing behavior of SFCH through the 

enhancement of the different  growth factors from fibroblast cells. The enhanced migration of  
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Figure 14. Scratch test assay of the NIH3T3 cells in the presence of SFH, SFMH and SFCH solutions 

at 48 h. Effective migration of the cells toward the scratch sites in the presence of hydrogel solutions. 

 

NIH3T3 cells indicates the pertinency of SFCH in vivo tissue re-epithelialization. 

 

Figure 15. Quantification of cells migrated into the centre of scratch site in 24 h and 48 h. 
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4.12 In Vivo Wound Healing  

 

Figure 16. In vivo therapeutic wound healing activity of SFCH. (A) Scheme shows the plan for animal 

experiments. Wister rats were administered with single dose of STZ to induce diabetes. Full exertion 

wound was created on the back shoulder, treated with hydrogels, and further monitored until complete 

wound healing. (B) Gross observation of wound healing in diabetic type 1 Wistar rats treated with SFH, 

SFMH, and SFCH at 0, 3, 5, 9, and 11 days. Scab formation and quick wound healing were observed 

in rats treated with SFCH. 

 

The wound tissue regenerative ability of SFCH was evaluated in STZ induced diabetic type I 

Wistar rat model. High doses of STZ selectively destroy the pancreatic β-cells and prevent 
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insulin production, which typically generates a type I diabetic model (Figure 16A). After a 

week of STZ injection, the blood glucose level of rats was elevated from 80-120 mg/dL to 450-

500 mg/dL, confirming the destruction of β-cells and impaired insulin production. A full-

thickness excision wound was created on diabetic rats, SFH, SFMH, and SFCH were applied 

to the wound area. The untreated diabetic rats and SFH treated rats were considered as controls. 

Scab formation, dryness, and wound closer behavior in treated rats were monitored. The gross 

observation photos of the wounds on initial and days 2, 5, 9, and 11 after being treated with 

different hydrogel formulations and control groups are shown in Figure 16B. The macroscopic 

observations of wound closure images indicates, the hydrogel-treated wounds showed better 

wound healing at all time points of observations compared to non-treated wounds. In 3 days, 

the SFCH treated wounds displayed less leaching of pathological fluid and good scab formation 

compared to the control diabetic group and SFH treated group (Figure 16B). The complete 

dryness of the wound area and scab formation were observed in SFCH treated group on day 6. 

Whereas the complete dryness and scab formation were observed on day 9 for the control 

group. SFCH treated wound showed complete wound contraction and re-epithelialization in 11 

days. The control, SFH, and SFMH treated groups showed complete wound closure on days 

18, 16, and 15, respectively. These results revealed that the percentage of the wound closed in 

SFCH treated groups is highest at every 

 

Figure 17. Quantification of wound closure rate in rats treated with SFH, SFMH, and SFCH at different 

time points. 
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Figure 18. (A) Hematoxylin and eosin (H &E) staining of the wound tissue samples after 14 days of 

post-operation. All hydrogel-treated samples exhibited good re-epithelialization and healing of the 

wound site. The SFCH treated wound showed complete re-epithelialization of wound tissue and 

appearance of the skin glands and blood vessels. Black arrows indicated the edges of the initial wound 

sites (scale bar 1 mm). (B, C) Quantification of the re-epithelialization rate and epithelial gaps from 

H&E staining. 

 

measurement time point compared to other treated and untreated groups (Figure 17). 

Incorporation of melanin and berberine in SF hydrogel (SFCH) effectively enhanced the re- 

epithelialization at the wound site and accelerate the closure process at a significant rate.   Thus, 

the biocompatible and antioxidant SFCH system consisting of natural components is an 

effective dressing formulation to treat wounds under diabetic conditions. 
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Next, hematoxylin and eosin (H & E) staining was performed on the wound skin tissue samples 

collected after 14 days to analyze the regeneration of the epithelial barrier at the wound site. In 

the control sample, the epithelial barrier of the skin was not healed completely, as 30% of the 

wound site remained open (Figure 18A). In SFH-treated wounds, the encloser rate of the 

epithelial barrier was increased, albeit remains unhealed (Figure 18B). The sample from the 

wound site treated with the SFMH showed complete healing of the epithelial barrier at 14 days 

of treatment with a better proliferation of the dermis layer. Notably, the sample from SFCH 

treated wound site showed complete healing of the epithelial layer and the presence of 

sebaceous glands and blood vessels. This revealed that the high moisture content of hydrogel 

(SCFH) supplemented with antioxidant and therapeutic effects of melanin and berberine, 

respectively, provided a conducive environment for epidermal regeneration. The good re- 

 

Figure 19. Masson's trichrome staining of the wound tissue cross sections after 2 weeks of treatment 

with hydrogels. Effective collagen deposition and maturation is observed in SFCH treated skin section 

(scale bar 500 µm).  
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epithelialization of the skin layer upon SCFH treatment correlates with the enhanced cell 

migration observed in the in vitro (scratch test assay) study. The ability of SFCH to modulate 

excess ROS and oxidative stress and the therapeutic effect of berberine have accelerated the 

wound closer. The controlled release of berberine from SFCH to wound sites   

 

Figure 20. CD31 immunofluorescence staining. (A) Staining of skin section after 14 days. Nucleus was 

counterstained with DAPI. Scale bar 100 µm. (B) Quantifications of vessel number present. N =3 for 

each group. *p <0.05, analyzed by one-way ANOVA. 
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has decreased the prolonged inflammation on the diabatic wound site. The antioxidant and anti-

inflammatory effects of SFCH have been presumed to play an influential role in stimulating 

the healing process. 

Collagen deposition and maturation are crucial processes in the remodeling stage of wound 

healing. Masson's trichrome stain was performed to identify the collagen deposition, 

maturation, and granular tissue formation at the wound site. Deposition of the collagen on all 

hydrogel-treated wounds was observed (Figure 19). However, the wound treated with SFCH 

showed the highest collagen deposition reflected by the deep blue staining and most orderly 

collagen rearrangement like normal skin samples and the presence of granular tissues compared 

to control and SFH treated wounds. Therefore, SFCH is an effective wound healing dressing 

formulation to manage oxidative stress and promote re-epithelialization and collagen 

deposition. 

Immunofluorescence staining of CD31 glycoprotein at 21 days post-operation wound site was 

performed to investigate the angiogenesis responses with new tissue generation. Very few 

CD31 positive staining was found in the control group, while the SFCH treated wound showed 

large expression of CD31 positive cells (Figure 20A). The vascular density in control, SFH, 

and SFCH treated samples was 9.66, 12.66, and 20 vessels/field (Figure 20B). The control 

wound showed less vascular density at the healed site. The SFCH treated wound showed 2-

fold increment of the vessels present at regenerated site. Angiogenesis enhances the oxygen 

and nutrients supply to cells, which augments cell activities in the proliferation phase of wound 

healing. Thus, the SFCH hydrogel dressing activates the angiogenesis process, stimulates blood 

circulation, and promotes the maturation of granulation tissues. Diabetic chronic wounds are 

associated with prolonged inflammation phase and enriched with macrophage cells. The F4/80 

immunofluorescence staining was performed to determine the presence of macrophages in the 

wound site (Figure 21A). The macrophage number  
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Figure 21. (A) Immunofluorescence staining of F4/80 macrophages in 5 days post-operation wounds. 

SFCH treatment significantly reduces the macrophage presence at wound site and tranform to the 

proliferation phase of wound healing. Scale bar 100 µm (B) Quantification of the macrophage number. 

N=3 for each group. *p <0.05, analyzed by one-way ANOVA. 

 

in control groups at 5 days post-operation wounds was significantly higher, and they decreased 

significantly on SFCH treatment (Figure 21B). This indicates the control wound is in 
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proinflammatory phase, while SFCH-treated tissues are in advanced phase of the wound 

healing process. 

4.13 Conclusion 

We have developed a composite hydrogel (SFCH) to accelerate wound healing in diabetic 

conditions. The SFCH dressing comprises natural ingredients silk fibroin (SF) protein, 

antioxidant melanin, and bioactive drug berberine. SFCH scaffold is highly mesoporous with 

suitable pore size for cellular infiltration and proliferation. Antioxidant biopolymer melanin 

present in the hydrogel was found to scavenge excessive ROS for a prolonged time in the 

wound bed. The SF matrix in SFCH effectively promotes cellular growth and enhances the 

migration of fibroblast cells, which helps tissue re-epithelialize in the wound site. The nontoxic 

SFCH dressing supported the wound scab formation in quick time and significantly increased 

the regenerative capacity by promoting cell migration. Furthermore, SFCH treatment enhanced 

the re-epithelialization of damaged skin barriers, deposition, maturation of collagen, and 

generation of new skin glands and blood vessels. Therefore, berberine-loaded, biocompatible, 

and antioxidant SFCH can be used to facilitate diabetic wound repair. 

4.14 Experimental Methods 

4.14.1 Materials 

The CB gold variety cocoons of mulberry silkworm (Bombyx mori) were purchased from the 

Ramanagara silk cocoon market, Karnataka, India. Lithium bromide (MW: 86.84 g/mol) was 

purchased from Spectrochem India. Melanin, berberine chloride dihydrate (MW: 371.81 

g/mol) and 3-(4,5 dimethythiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) dye (MW: 

413.03 g/mol) were purchased from Merck. Fetal bovine serum (FBS) and Dulbecco's modified 

eagle medium (DMEM) were obtained from Invitrogen. NIH3T3 cells were purchased from 

the National Centre for Cell Science, Pune, India. Water used in the experiments (resistivity: 

18.2 MΩ cm at 25 °C) was obtained from the Barnstead GenPure water purifier system. 
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Absorbance and fluorescence measurements were performed on Agilent Cary series UV-vis 

NIR spectrophotometer and Agilent Cary Eclipse fluorescence spectrophotometer or 

SpectraMax i3x Microplate reader (Molecular Devices). Zeiss Gemini SEM 500, and JEOL, 

JEM 3010 were used for morphology characterization. Attenuated total reflectance-Fourier 

transform infrared spectroscopy (ATR-FTIR) spectra were recorded using GladiATR 

spectrometer (PerkinElmer). Rheological experiments were measured using Physica MCR 101 

rheometer (Anton Paar). 

4.14.2 SF Protein Extraction 

Silk cocoons are made of fiber protein (SF: silk fibroin) and an adhesive protein called sericin. 

Fibroin was extracted from the silk cocoon following the previously described method with 

slight modification.28, 33 In brief, silk moth from the cocoons was removed by making a slit 

using a surgical blade on one side of the cocoon. Obtained cocoon was further cut into small 

pieces and cleaned with water. The cocoon pieces were boiled in 20 mM sodium carbonate 

solution for 30 min with constant stirring to remove the residual sericin proteins. The obtained 

white fiber was washed thoroughly with water and kept overnight for air drying. Dried SF 

fibers were dissolved in 9.3 M lithium bromide solution at 65-70 ºC for 2 h and the solution 

was dialyzed in 13.4 kDa cellulose membrane against deionized water for 3 days. Water was 

exchanged every 12 h interval with fresh water. The obtained solution was centrifuged at 10000 

g/min for 15 min at 4 ºC to remove insoluble fiber debris. The resultant aqueous fibroin solution 

(~7%, w/v) was stored at -20 ºC until further use. 

4.14.3 Preparation of SFCH Formulation 

SFCH formulation was prepared using three components viz., SF, melanin, and berberine. 

Sterile aqueous SF solution (500 µL, 4% W/V) was mixed with 0.005% of melanin (2.5 µL of 

10 mg/mL melanin in DMSO) and 0.1% of berberine (25 µL of 20 mg/mL berberine in 

DMSO/water) through pipetting the solution. The resulting solution was kept at 37 ºC to form 
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the hydrogel and the gelation was monitored through vial inversion method at different time 

points. 

4.14.4 Morphological Analysis 

Field emission scanning electron microscopy (Zeiss Gemini SEM 500) measurements were 

performed to understand the structural morphology of SFCH. SFCH was snap freeze in liquid 

nitrogen and lyophilized for 24 h. The lyophilized SFCH was kept in a desiccator for 24 h at 

room temperature under a vacuum to remove moisture. FESEM imaging was performed after 

fixing the lyophilized hydrogel on the carbon tape followed by gold spouting. Transmission 

electronic microscopy (TEM) was performed to determine the fiber length in SFCH scaffold. 

SFCH was mixed with the deionized water, vortex to remove the fibers from the SFCH scaffold 

and kept to settling the debris. The water part was drop cast on cupper grid, stained with uranyl 

acetate, and images were captured on JEOL, JEM 3010 operated at 300 kV. 

4.14.5 Fourier Transform Infrared Spectroscopy (FTIR) 

The conformational transition of the SF protein during the gelation process was assessed by 

recording the FTIR spectra of the hydrogels. Hydrogel was prepared in a glass vial, cooled at 

-80 °C, and further frozen in liquid nitrogen, lyophilized to obtain a solid gel scaffold. The 

spectra of the solid gel scaffolds were recorded using an attenuated total reflectance-Fourier 

transformed infrared spectrometer (ATR-FTIR). The spectra were plotted as absorbance versus 

wavenumber.  

4.14.6 Powder X-ray Diffraction (PXRD) 

XRD patterns of the hydrogel samples were recorded with a Rigaku-99 (Miniflex) 

diffractometer using Cu Kα radiation (λ = 1.5406 Å). Hydrogels were frozen in liquid nitrogen 

and dried in lyophilizer followed by vacuum drying at room temperature. XRD patterns were 

recorded from diffraction angel (2θ) 5° to 50° at a scan speed 3°/min. 

4.14.7 Rheological Analysis 
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The mechanical strength of hydrogels was investigated using Physica MCR 101 Rheometer 

(Anton Paar) on a 25 mm parallel plate. The frequency sweep and shear strain measurements 

were performed to check the stability of the hydrogel. The dynamic strain sweep was performed 

to check the viscoelasticity range. The dynamic amplitude sweep was performed from 0.1% to 

100% strain at a constant frequency of 10 rad/s. The frequency sweep was carried out in a 

constant strain of 0.3% over 0.1 to 100 Hz frequency range. The storage modulus (G') and loss 

modulus (G") of hydrogels were plotted against the angular frequency (ω) and shear strain. 

4.14.8 Swelling Ratio 

SF hydrogel (SFH), SFMH, and SFCH were freeze-dried using lyophilizer, immersed in the 

phosphate buffer solution (PBS, pH = 7.4) at 37 °C. Hydrogel scaffold was taken out at 

different time interval and wiped with filter paper to remove the excess buffer solution. The 

wet weight of the hydrogel scaffold was measured. The swelling ratio of the hydrogel was 

calculated using following equation 

Swelling ratio =
Ws − Wd

Wd
 

Where Ws is the swollen material mass and Wd is the initial weight of the dried hydrogel. 

4.14.9 Antioxidant Property of Hydrogels 

The antioxidant efficacy of silk hydrogels was evaluated by 2,2-diphenyl-1-picrylhydrazyl 

(DPPH) radical scavenging assay. For these experiments, 25, 50, and 75 mg of the SFH, SFMH, 

and SFCH were mixed with 1 mL of 100 µM DPPH solution in 95:5 ethanol/water. The 

samples were incubated at 37 °C and absorbance of the solutions was measured at 516 nm 

using a microplate reader. Percentage of radical scavenging activity was calculated from the 

following equation   

Scavenging activity (%) = [1 −
(As − Ab)

Ac
] × 100 
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Where As = sample absorbance at 516 nm, Ab = absorbance of the blank sample at 516 nm, 

and Ac = absorbance of the control DPPH solution.  

Radical scavenging activity of the hydrogels at different incubation times was plotted as 

function of percentage of radical scavenging. The radical scavenging property of the SFCH 

was compared with the ascorbic acid and free melanin and free berberine, and SFMH. 

4.14.10 Drug Release Study 

The release rate of encapsulated berberine from the hydrogel matrix was examined in PBS (pH 

=7.4) buffer solution. 100 mg of SFCH containing 0.1 mg of berberine was added into 1 mL 

of PBS buffer and incubated at 37 °C. The aliquots of the solution were taken out at pre-

determined time points and absorbance was recorded. Release studies were performed in 

triplicates. The release behavior of berberine from the hydrogel matrix was determined by 

fitting the empirical relationship given by the Ritger–Peppas.  

𝑀𝑡

𝑀
= 𝑘𝑡𝑛  

Where Mt/M is the percentage of fraction of drug release at a defined time t; k is the kinetic 

constant, and n is the diffusion exponent. The n values highly depend on the geometry of the 

matrix and release mechanism. The kinetic constant k measures the drug release rate. The 

exponential factor n values were determined from the following logarithm equation.   

log (Mt/M) = log k + n log t 

4.14.11 Antibacterial Activity  

The antimicrobial activity of hydrogels was tested against Staphylococcus aureus (MTCC 

3160) standard bacterial strains obtained from IMTECH, Chandigarh, India, using spot-on 

lawn assay. The microbial culture plates were filled with 10 mL of nutrient agar (NA) and 

allowed to solidify. For each test organism, 20 µL of pure culture of bacteria (OD= 0.1 at 600 

nm) from culture broth were taken and poured into 15 mL sterilized glass tube containing 

media. The media was thoroughly shaken and poured into labeled nutrient agar plates and 
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allowed to solidify further. 5 µL of Tetracycline (100 µg/µL) was used as a positive control. 

SFH, SFMH, and SFCH hydrogels weight of 100 mg were placed on the agar plate. The 

organisms were kept in BOD incubator at 37 °C for growth for 12 h and inhibition was 

visualized.   

4.14.12 Cell Viability Studies of SFCH 

Toxicity of SFCH was assessed using mouse embryo fibroblast cell line (NIH3T3) through 

MTT assay using the established protocols. In brief, NIH3T3 cells were obtained from NCCS 

Pune, India, and maintained in Dulbecco Modified Eagle Medium (DMEM) cell growth media 

supplemented with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin. Cells were 

counted using a hemocytometer and 1 x 104 cells were seeded per well in 48 well plates and 

allowed to attach to the surface in a humidified CO2 incubator (5% CO2) at 37 ºC. After 24 h, 

cells were treated with SFCH solution and equal amount of cell culture media (control group) 

and further incubated for 24, 48, and 72 h. 20 µL of MTT solution (5 mg/mL in PBS) was 

added in each well after changing the media and incubated for 4 h. Dimethyl sulfoxide (DMSO) 

and methanol (50:50) were added to each well (100 µL/ well) and incubated at 37 ºC to dissolve 

the formazan crystals and absorbance was recorded in a microplate reader at 570 nm. Cell 

viability was measured using the following equation 

Cell Viability (%) =
𝐴𝑇

Ac
X 100 

Where AT is average absorbance of treatment wells and AC is average absorbance of cell culture 

media treated wells. Control cells were considered as 100% viability. 

4.14.13 Scratch Test Assay 

The ability of hydrogels to support the re-epithelialization was evaluated in real-time by 

assessing the cell migration and expansion of cells toward scratch site in scratch test assay. The 

fibroblast NIH 3T3 cells were cultured in 48 well plates until complete confluency is attained. 

The scratch wound was created by using a sterile 20-200 µL pipette and scratch cell fragments 
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were washed with PBS. The cells were treated with SFH and SFCH and further cultured for 24 

and 48 h. The cells were washed and fixed with 4% paraformaldehyde and the nucleus was 

stained with DAPI to visualize the cell nucleus for cell number quantification. The images were 

captured using Leica DMi8 microscope. 

4.14.14 Cell Rescue from Oxidative Stress 

To evaluate the antioxidant property of hydrogels, NIH 3T3 cell rescue study from hydrogen 

peroxide (H2O2) induced oxidative stress was performed. NIH 3T3 cells are plated in 96 well 

plates at 1×104 cells/well and cultured for 24 h. Cell culture media was removed and 200 µM 

of H2O2 was added into the wells with different amounts of SFCH solution prepared in DMEM 

media. The cells were cultured for further 24 h and media was replaced with complete DMEM 

media. The viability of these cells was assessed by MTT assay. In addition, the ROS generated 

in the cells was quantified by 2′,7′-dichlorofluorescein diacetate (DCFDA) assay. NIH 3T3 cells 

were cultured in 48 well plates at 2, ×104 cells/well for 24 h. Cells were treated with 20 µM of 

DCFDA for 45 min followed by treatment with 200 µM of H2O2 for 1 h in low serum containing 

media. Cells were washed with PBS (pH = 7.4) and imaged under Leica DMi8 microscope. 

4.14.15 Animal Model and Hydrogels Treatments 

Albino Wistar rats were maintained under 12 h light and dark cycles in the JNCASR animal 

facility. All animal experiments were performed according to the guidelines of the Institutional 

Animal Ethics Committee (IAEC), JNCASR. Experiment protocol (TG 002) was approved by 

the IAEC and Committee for Control and Supervision of Experiments on Animals (CPCSEA). 

Experimental group sizes were created based on statistical power, and feasibility. Rats 

weighing 200 ± 50 g were given a single intraperitoneal streptozotocin (STZ, 70 mg/kg doses) 

injection. After one week, the blood glucose level was monitored by collecting blood from the 

rat tail vein using ACCU-CHEK instant S glucose meter. STZ-treated rats with blood glucose 

levels higher than 300 mg/dL were considered as diabetic and used for the study.   Before 8 -



                                                                                        Chapter 4: Rapid diabetic wound healing 

145 

  

12 h of surgery, rats were administered with an intraperitoneal buprenorphine (0.05 mg/kg) 

injection. Further, rats were anesthetized using ketamine (50 mg/kg/rat). An outline of 10 mm 

in diameter, was drawn by a surgical marker pen on the clean shaved shoulder. A full thickness 

wound was created using a scalpel blade. Rats were kept under continuous observation to make 

sure the applied hydrogel is not wiped out. Besides, position of wound was along the back of 

the neck, away from their mouth reach. The animals were divided into four groups (n=5 rats/ 

group), and each was kept in separate wire cages. Hydrogels were applied on the wound sites 

and covered with sterile cotton gauze. In control groups only cotton gauze was used. 

4.14.16 Wound Healing Analysis 

Wound images were captured using a CCD camera from the day wounds were created (Day 0) 

until the wounds healed in each experimental group. During image capturing a ruler was kept 

beside the wounds for area calculation and size comparison under various conditions. Wound 

area was calculated using ImageJ software and wound closer rate were plotted at different time 

periods for evaluating healing efficacy. 

4.14.17 Immunofluorescence Studies 

For histological analysis, rats were euthanized 14 days after injury. Skin tissue samples were 

excised and fixed with 10% neutral buffer formalin. Tissues were dehydrated by using sucrose 

gradient from 10% to 30% (in PBS at 4 °C), embedded with OCT, and sectioned to 16 µm. 

Tissues were stained with hematoxylin-eosin (H &E) or Masson trichrome, and images were 

captured by Olympus confocal microscope. For the immunofluorescence study of CD31, 

antigen retrieval was performed in 10 mM acetate buffer (pH 6.0) for 20 min at 90 °C. Tissue 

sections were washed, blocked with 3% goat serum in 1% bovine serum albumin (BSA) for 1 

h, treated with primary antibody CD31 (ABclonal, 1:100 dilution in 1% BSA) overnight, 

washed, and incubated with Alexa fluorophore 568 conjugated secondary antibody (1:400 

dilution) for 1 h. DAPI was used to counterstain the nucleus. After 5 days of post-operation, 
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rats (n =3) were euthanized, and tissues were collected to determine the macrophage number 

by F4/80. Antibody staining was performed by using previously mentioned protocols. Images 

were captured by using Olympus confocal microscope. Blood vessel and macrophage numbers 

were counted using the Image J software.   

4.14.18 Statistical Analysis  

The mean ± standard deviation was used to describe the data, and Graphpad Prism software 

was employed for data analysis. The significance level was accessed using One-way ANOVA. 

The significant difference was determined using Tukey's Multiple Comparison Test. 

4.15 Appendix 

• Animal ethical form 
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Hypothesis: The cellular uptake of active ingredients to accomplish their intended functions 

within the cellular milieu is a major challenge in biomedical sciences. Cell penetrating peptides 

(CPPs) are viable and attractive carriers to facilitate the effective delivery of active ingredients 

into cells. Herein, the design of CPPs derived from the disordered tail extension of DNA 

binding Ku-proteins was conceived. 
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Effective delivery of active ingredients into cells remains a major hurdle in realizing their 

potential activity. The negatively charged lipid bi-layer membrane act as semi-permeable filter 

allowing the passage of hydrophobic hormones, water, and small uncharged molecules.1 

Glucose, ions, and other hydrophilic nutrients are transported through protein channels or 

transporters present in membrane.2 Consequently, the effective delivery of hydrophilic 

molecules, protein, DNA, and other large molecules remains a challenge.3 The negative charge 

of DNA and enzymatic stability are the major concern for gene therapy in treating inherited 

disorders, viral infection, and cancer among others.4,5 Several delivery vectors such as 

polymers,6,7 liposomes,8 dendrimers,9 exosomes,10 and CPPs11-13 have been developed for 

efficient DNA delivery. These vectors were designed to interact with DNA, screen the negative 

charges, provide protection from enzymatic degradation, and facilitates their safe delivery 

inside the cell. Although viral vectors are efficient in DNA delivery, they suffer from 

immunotoxicity and genotoxicity. Non-viral vectors such as cationic polymers and liposomes 

induce toxicity to the cells.14 In this context, cell-penetrating peptides (CPPs) have established 

themselves as efficient tools to deliver active ingredients through the biological membrane.15,16 

After the discovery of the protein transduction domain in the transactivator of transcription 

protein in 1988, several natural and synthetic peptides evolved as CPPs.17,18 These CPPs are 

diverse polycationic peptides or protein domains with 5-40 amino acid sequences.19 The well-

established chemical synthesis and easy structural modulation of CPPs provide enormous 

advantages compared with other delivery vehicles. The natural occurrence of amino acids 

provides the biocompatibility of CPPs and makes them superior delivery agents.20 The 

intracellular delivery of various therapeutic cargoes by CPPs was extensively studied in the 

biomedical field.21,22 Majority of CPPs contains positively charged arginine and lysine residues 

known to interact with negatively charged lipids or carbohydrates present in membrane through 

electrostatic interaction and facilitate the cellular entry. Peptide interaction with membrane 
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increases local concentration in the vicinity and enhance the uptake profile. Cationic CPPs in 

the native state exist in random coil structure but transform to order secondary structures upon 

interactions with cell membrane.23 Structural folding onto membrane helps in cellular 

translocation of some CPPs. However, the peptide folding associated with enhanced self-

association on membrane layer induces potent membrane lytic behavior limiting the 

applicability as delivery vehicle.  

In this context, we have chosen the intrinsically disorder proteins (IDPs), a class of proteins 

lacking well-defined three dimensional conformations to identify a new class of  potent 

CPPs.24,25 Nevertheless, IDPs have vital regulatory roles in macromolecular recognition, 

signalling, and compartmentalization through protein-protein and protein-nucleic acid 

interactions.26,27 IDPs exhibit unique characteristic properties of low sequence complexity, 

poor hydrophobicity, high net charges, and repeated amino acid sequences.28-31 Many 

experimental and computational studies have revealed that nucleoid-associated protein (Hu 

protein) and non-homologous DNA end-joining Ku-protein have IDP sequences at the N-

terminal, which regulates the DNA binding affinity.32-34 The IDP sequences in heparin-binding 

extracellular protein hemagglutinin aid the mycobacterium pathogenesis through interaction 

with host epithelial cells containing negatively charged heparan sulfate proteoglycans.35 The 

functional activities of these IDPs inspired us to design a set of intrinsically disordered peptides 

containing AAKKA and PAKKA repeat sequences as potential CPPs (Figure 1). The presence 

of the proline residues provides structural length confining properties which helps in structural 

compaction. Peptides were synthesized, and membrane permeability efficacy was evaluated in 

normal and cancer cell lines. One of the designed peptides Ku-P4 has shown good cell 

membrane penetration and cytocompatibility. Further DNA binding studies indicates Ku-P4 

forms cationic DNA polyplex, which show effective cell penetration and transfection 

efficiency. 
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5.1 Design and Synthesis of IDP-based CPPs  

The disorder regions of IDPs play a crucial role in protein-nucleic acid interactions. These 

disordered regions (70%) are abundant in the tail domains of IDPs and perform essential 

regulatory functions through protein-DNA interactions. Lysine-rich cationic C-terminal of Ku-

protein has shown crucial regulatory role in DNA compaction and chromatin organization.13,14 

Specifically, the C-terminal of Ku-protein acts as affinity tuner and facilitates sequence-

specific interaction with DNA. Molecular recognition by IDPs involves conformational 

selection, flexibility modulation, competitive binding, and tethering. These tail regions 

contribute to fast protein diffusion, exceeding the theoretical rate limit. The flexible disorder 

region consisting of proline, alanine, and lysine is known as PAK-tail of DNA binding protein,  

 

Figure 1. Schematic of Ku-protein structural conformations. N-terminal of Ku-protein maintains proper 

folded structure and C-terminal is intrinsically disorder region. C-terminal contains repeats of AAKKA 

and PAKKA sequences. Selected peptide sequences from the C-terminal disordered tail region to study 

their potential role as CPPs.  
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which is commonly observed among the three evolutionary IDP types, constrained disorder, 

non-conserved disorder and intrinsically disorder. The conserved disordered region with repeat 

of a few amino acids is a result of rapid evolution in these sequences. The PAK tails are 

widespread in bacterial proteomes but not common in human proteomes except the histone 

proteins. In eukaryotic proteomes, PAK tails are found in histone proteins and possess 

functional similarity with bacterial histone-like proteins and nucleoid-associated proteins. 16 

The electrostatic interaction between negatively charged phospholipid and lysine residues of 

PAK-tail effect the membrane rearrangements to allow its delivery into cell. 

 

Figure 2. Schematic illustration of the solid phase peptide synthesis (SPPS) protocol used for the 

synthesis of designed peptides shown in Figure 1. 
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Intriguing properties of PAK tails have motivated us to evaluate their membrane permeability, 

DNA binding, and cellular delivery. The size and the charge density of peptides are decisive 

factors for DNA delivery and transfection efficacy. Thus, two series of peptides derived from 

the Ku-protein C-terminal with PAKKA and AAKKA repeats were chosen to identify a 

potential CPP candidate with superior membrane penetration ability, plasmid DNA 

compaction, and delivery. The peptides were synthesized using standard Fmoc solid-phase 

peptide synthesis (SPPS) protocols (Figure 2). Peptides were labelled with 5,6-

carboxyfluorescein (CF) at the N-terminal to evaluate cell membrane penetration proficiency. 

Purification of peptides was performed by RP-HPLC, and integrity was ascertained by HRMS 

or MALDI analysis. 

5.2 Secondary Structure Analysis   

The secondary structure of the peptides was assessed by circular dichroism (CD) spectroscopy 

in phosphate buffer saline (PBS, 10 mM, pH 7.4). Ku-A4 and Ku-P4 in PBS showed broad 

negative cotton effect beginning from 216 nm and persisting to 190 nm, along with positive 

cotton effect between 230 nm to 216 nm, indicating the random coil conformation in PBS  

 

Figure 3. Secondary conformations of Ku-peptides. (A) CD spectra of Ku-A4 in PBS, zwitterionic, 

anionic model lipid membrane. Ku-A4 adopts helical conformation in presence of anionic lipid 

membrane. (B) CD spectra of Ku-P4 demonstrated Ku-P4 retains its secondary conformation in 

presence of model lipid membrane. 
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(Figure 3A, 3B).36,37 Further, CD spectroscopy was performed in zwitterionic and anionic 

model lipid membrane in PBS. Ku-P4 peptide displayed no characteristic change of CD signal 

in both zwitterionic and anionic lipid membranes. The peptide Ku-P4 remained mostly in 

disordered random coil conformation in the model lipid membrane. The bulky and hydrophobic 

proline residue induces the higher hydration of its own backbone and adjacent amino acid 

sequences, impedes the hydration of the peptide backbone, and restricts the conformational 

transition. Thus, proline residues altered the rigidity, backbone flexibility and augmented the 

conformational heterogenicity in the peptide backbone. However, significant conformational 

transition was observed in peptide Ku-A4 in anionic lipid membrane. The characteristics cotton 

effect of random coils conformations was diminished, and dominant-negative cotton effect at 

222 nm and 210 nm was observed in anionic lipid membrane. Thus, peptide Ku-A4 

transformed into ordered helical conformation. The alanine residues do not play significant role 

in preserving the intrinsically disorder conformations.38 Whereas the proline unit inhibits 

peptide folding in membrane proximity.  

 

Figure 4. (A) Viability of L929 cells in the presence of 1-200 µM of Ku-peptides at 24 h incubation. 

The cell viability remains more than 90% even at 200 µM concentration of all PAKKA series peptides. 

Relatively the cell viability was declined in Ku-A3 and Ku-A4 peptides. While stearyl-R8 showed 

gradual decrease in the cell viability with increasing concentration. (B) FACS analysis of 10 µM of 

carboxyfluorescein (CF) labeled peptide after 3 h incubation. Peptides Ku-A4 and Ku-P4 showed good 

cell membrane penetration comparable to the R8 peptide.  
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5.3 Cytocompatibility Assessment 

The biocompatibility of Ku-peptides was evaluated to assess their applicability in L929 cells. 

All PAKKA based Ku-peptides exhibited excellent cell viability due to their non-toxic nature, 

and cell viability remains more than 90% in the concentration range of 10 µM to 200 µM. 

However, the longer AAKKA peptides Ku-A3, Ku-A4 showed slight toxicity at higher 

concentrations. Cell viability declined to 87% and 80% for Ku-A3 and Ku-A4 at 200 µM of 

peptide. The drop of the cell viability by Ku-A3 and Ku-A4 peptides is in agreement with their 

structural folding in negatively charged lipid membrane observed in CD analysis. The 

commercially available arginine-rich R8 peptide has shown considerable toxicity with reduced 

cell viability of 70% at 200 µM concentration (Figure 4A).39 Cell viability study has confirmed 

excellent cytocompatibility of Ku-P4 and its possible utility in cellular experiments.  

5.4 Cellular Uptake  

The cell penetration efficacy of Ku-peptides in L929 cells was evaluated by FACS analysis. 

For these experiments, a non-toxic concentration of 10 µM was chosen to investigate the cell-

based intercellular uptake studies of all Ku-peptides. The uptake profile showed superior cell 

penetration ability of Ku-A4 and Ku-A4 compared to other Ku-peptides in the series. Among 

the two, the uptake of Ku-P4 was higher than the peptide Ku-A4 and comparable to control 

CF-R8 (Figure 4C). The higher cell membrane permeability of Ku-P4 and Ku-A4 is due to 

more lysine residues in peptide backbone and the peptide length. The superior membrane 

penetration of Ku-P4 might be attributed to hydrophobic proline residues and its rigidity, and 

conformational stabilization. 

The fluorescence microscopy was performed to visualize the internalization pattern of CF 

labelled peptides. Both Ku-A4 and Ku-P4 efficiently entered the cell compared to other 

peptides in the series. The peptide Ku-A4 and Ku-P4 were largely distributed in entire cell  
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Figure 5. Fluorescence microscope images show the internalization pattern of peptides Ku-A4, Ku-P4, 

and CF-R8 in L929 cells (10 µM). Ku-A4 and Ku-P4 effectively penetrated the cell membrane and 

distributed into the cytoplasm (scale bar: 25 µm). 

 

cytosols and nucleus of L929 cells (Figure 5). However, the other Ku-peptide derivatives does 

not effectively penetrate the cell membrane (Figure 6). Thus, more lysine residues present in 

peptide backbone of Ku-P4 and Ku-A4 has influential role in peptide uptake. 

5.5 DNA Binding Studies 

The promising cellular uptake of Ku-P4 and Ku-A4 motivated us to investigate their ability to 

deliver plasmid DNA into the cell. The DNA binding efficacy of Ku-peptides 
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Figure 6. Fluorescence microscope images show the internalization pattern of Ku-A1, Ku-A2, Ku-A3, 

Ku-P1, Ku-P2, and Ku-P3 peptides in L929 cells. The uptake was significantly reduced with the length 

of the peptide sequence (scale bar: 25 µm). 

 

were investigated by the DNA bound dye displacement assay.40,41 The Ku-peptides have 

positively charged lysine residues in their sequence which has the ability to interact with the 

negatively charged phosphate backbone of DNA through electrostatic and hydrogen bonding 

interactions. Ethidium bromide (EtBr), a DNA intercalating dye has significantly high 

fluorescence in DNA bound state compared to the free state due to stable intercalation between 

the hydrophobic DNA base pairs, which restricts it in planer conformation. In DNA bound state 

EtBr has strong emission at 607 nm, which was titrated by sequential addition of Ku-peptide. 

Upon stepwise addition of 1 µM Ku-peptides, the EtBr fluorescence was decline due to 

displacement from DNA. The significant quenching of the EtBr fluorescence was observed  
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Figure 7. Dye displacement assay. (A) Schematic of EtBr binding with DNA and its displacement on 

peptide binding. (B, C) Normalized EtBr fluorescence upon titration with the successive addition of 

peptide Ku-A4 and Ku-P4. (D) Fitting curve of dye displacement with peptide concentration. 

 

with minimal concentration variations for Ku-A4 and Ku-P4 (Figure 7B, 7C). Complete EtBr 

displacement was observed at 15 µM of Ku-A4 and Ku-P4 peptide. However, complete 

fluorescence quenching of the EtBr for Ku-A3 and Ku-P3 was observed at 150 µM and 200 

µM, respectively (Figure 7D). However, the peptides Ku-A1, Ku-A2, Ku-P1 and Ku-P2 did 

not show any significant DNA binding ability. The EtBr displacement was attributed to the 

strong interaction between the peptide and DNA phosphate backbone. Peptide binding 

transform the DNA conformations into compact structure and reduces the distance between 
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Figure 8. Hoechst dye displacement assay. (A) Schematic of minor groove binding site of Hoechst and 

its displacement upon peptide binding. (B, C) Normalize Hoechst dye displacement in presence of Ku-

A4 and Ku-P4. (D) Fitting curve of normalized Hoechst displacement with concentrations. 

 

base pairs. The intercalator dye EtBr not able to fit inside the base pairs and displaced from 

DNA. 

The DNA binding ligands can interact with DNA in its minor grooves and major grooves. 

Proteins are reported to bind major grooves of DNA, and peptides prefer the minor grooves as 

an ideal site for binding. Thus, we have studied the groove binding ability through the Hoechst 

dye displacement assay.27 Hoechst, the bis-benzimide dye known to interact at minor grooves 

of DNA and upon binding exhibit enhanced fluorescence at 460 nm. The Hoechst bound 
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ctDNA was titrated with sequential addition of peptides, and the fluorescence at 460 nm was 

monitored. The binding of peptide interferes with the Hoechst binding at DNA minor groove 

sites, which result in the reduction of fluorescence at 460 nm. Peptide Ku-A4 and Ku-P4 

completely displaced the Hoechst at 10 µM and 12 µM concentrations, respectively, due to 

their interaction with DNA through lysine units (Figure 8B, 8C). Hoechst displacement from 

the DNA grooves confirmed the binding of peptide in the minor groove or transform the DNA 

into a compact structure. Thus, the dye displacement studies imply the strong binding affinity 

of Ku-A4 and Ku-P4 peptides to DNA and condensation into compact structures. 

The peptide-DNA complexation was visualized through agarose gel electrophoretic mobility 

shift assay. Circular plasmid DNA (pDNA, 4.7 kb, 100 ng) was treated with the varying  

 

Figure 9. (A, B) Agarose gel electropherogram of plasmid DNA (200 ng) and polyplex formed with 

the Ku-A4 and Ku-P4. 0.5 to 5 µM of peptides. DNA bands were gradually decreased and completely 

disappeared at 3 µM indicating complete condensation of DNA in the presence of peptide. (C) 

Quantification of DNA band intensity with peptide concentrations. 
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concentrations of peptides and incubated at 4 °C for 3 h. These samples were loaded in 1% 

agarose gel in 10 mM TBE buffer, and electrophoresis was performed at 140 V for 1 h. The 

DNA band was visualized using DNA binding dye EtBr. Plasmid DNA typically showed three 

bands in agarose gel electrophoresis corresponding to its supercoiled, open circular, and linear 

form. Upon binding with the peptide, the DNA movements toward positively charged electrode 

was retarded and DNA was localized to gel well (Figure 9A, 9B). With increasing peptide 

concentrations, the DNA band intensity decreases and completely disappears due to 

condensation of DNA. Both Ku-A4 and Ku-P4 have shown complete condensation of DNA at 

3 µM of peptide (Figure 9A, 9B). The dragging of the DNA bands after the addition of peptide 

is an indication of the electrostatic interactions between the peptide (lysine units) and DNA 

phosphate backbone.42 Thus, Ku-A4, Ku-P4 peptides have strong binding interaction with 

DNA and are promising DNA condensing agents.   

DNA conformational transition upon peptide binding was ascertained by CD spectroscopy. 

The double-stranded ctDNA exhibit negative cotton effect at 245 nm corresponding to 

backbone helicity, and a positive cotton effect at 275 nm arises from the nucleobase ᴫ-ᴫ 

stacking in B-conformation. Upon increasing the peptide concentration, the ellipticity at 275 

nm gradually decreased along with the concomitant redshift of the signal due to the interaction 

of peptides with ctDNA (Figure 10A, 10B).43,44 The negative cotton effect at 245 nm also 

moderately decreased with increasing concentration of peptides, indicating the distortion of the 

helicity upon peptide binding. These results correlated with displacement assay data with the 

minor groove binding Hoechst dye. Nevertheless, the ctDNA CD cotton effect pattern signifies 

the B-conformation was preserved with compact form after peptide interaction. Although the 

agarose gel retardation studies showed the condensation of DNA at 3 µM of Ku-peptides, the 

complete compaction od DNA require 25 µM of peptides. This indicates 
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Figure 10. CD spectra of the ctDNA with increasing Ku-A4 (A) and Ku-P4 (B) concentration. The 

band intensity of the DNA gradually changes with peptide concentration due to DNA compaction. 

Complete compaction was observed at 25 µM peptides. 

 

the complete condensation of ctDNA at 25 µM concentration of peptide transform it into 

compact aggregates or condensates. 

The size and charge of the polyplex formed by Ku-peptides were characterized by combination 

of dynamic light scattering (DLS) and ζ- potential measurements. pDNA (50 µg/mL) in Tris-

HCl buffer (10 mM, pH 7.4) were treated with different concentrations of Ku-A4 and Ku-P4, 

incubated at 4 °C for 3 h. The only pDNA has size of 180 nm (Figure 11B) due to its 

unorganized random structure. In the presence of 5 µM of peptide, DNA conformation 

becomes organized to condensed polyplex architectures, and hydrodynamic radius reduces to 

70 nm (Figure 11B, 11C). The polyplex sizes were further increased to 140 nm with 

concentration of peptides due to further deposition of peptides in the condensate. Polyplex size 

distribution was quite similar for both the Ku-peptides. The ζ- potential measurement indicates 

the charge reversal of negatively charged DNA upon binding with positively charged peptide. 

The DNA has a potential of –50.33 mV, which became +10.56 mV at 5 µM of Ku-A4 and 

further increased to +16.4 at 25 µM peptides due to increment in phosphate (DNA) to amine 

(peptide) charge ratio (Figure 11D). The Ku-A4 peptide also showed ζ-potential of +13.20 at 
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5 µM of peptide concentration which further increased to +21.1 at 25 µM of peptide 

concentration (Figure 11E). The DLS studies indicate Ku-peptides transformed unorganized 

random DNA structures into compact condensed particles. The polyplex positive ζ- potential 

will enhance cellular uptake through the negatively charged cell membrane.   

 

Figure 11. (A) Schematic of the peptide binding and condense particle formation of DNA with peptides. 

(B, C) The hydrodynamic size of the free plasmid DNA and at different concentrations of Ku-A4 and 

Ku-P4. Interactions between peptides and DNA decrease the size of DNA. The hydrodynamic radius 

further increases with higher peptide concentration indicating the further attachment of the peptides and 

formation of polyplex. (D, E) ζ-potential of the DNA and polyplex formed after condensation of the 

DNA. Condensation transformed the negative charged DNA into the positively charged polyplex. 
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Figure 12. AFM images of the pDNA (A) and polyplexes with 25 µM of Ku-P4 (B) and Ku-A4 (C). 

The AFM images show nanoparticle nature of polyplexes. 

 

The nature of DNA condensates was further investigated by atomic force microscopy (AFM). 

Free plasmid DNA displayed a thread-like morphology due to its unstructured loose structure 

(Figure 12A). While the DNA condensates are nanoparticles in nature with diameter of 110-

160 nm (Figure12B, 12C). The result confirmed DNA structural transformation upon binding 

with the Ku-peptides. There was no free DNA structure observed in the presence of Ku-A4 and 

Ku-P4. Thus, all biophysical studies correlate the DNA compaction ability of Ku-A4 and Ku-

P4. Altogether, the nanoparticle polyplex with high surface positive charges might enable 

efficient cellular uptake and successful DNA delivery. 

The stability of the polyplex in biological media has an important role in their DNA transfection 

efficiency. The biological media containing proteins and ions can interact with peptides and 

destabilize the polyplex, resulting in degradation of DNA by nuclease enzymes. Therefore, the 

polyplex stability in different concentrations of sodium chloride (NaCl) solution was assessed 

in agarose gel retardation assay. pDNA (150 ng) was condensed with 25 µM of the Ku-peptides 

to form the polyplexes and the polyplexes were further treated with different concentrations of 

(NaCl) solution (Figure 13A, 13B). The sample was incubated further for 6 h and loaded in 

agarose gel well, and gel electrophoresis was performed at 140 v for 1 h. The  
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Figure 13. Electropherogram of polyplex of 5 µM of Ku -A4 (A) and Ku-P4 (B) in presence of NaCl 

concentration from 0 mM to 250 mM. Polyplexes are stable at 150 mM salt concentration. Indicates the 

robustness of polyplex to maintain the DNA stability. Polyplex disassembles at 250 mM of NaCl. The 

dynamic nature of polyplex system will release the DNA inside the cell. 

 

polyplexes are stable up to 150 mM of NaCl, and no DNA release was observed. The excellent 

salt tolerance of polyplex is indication of strong DNA binding with peptides and minimization 

of premature DNA release in biological buffers. However, the polyplex becomes unstable at 

250 mM of NaCl and slowly starts to release the pDNA. This reversible binding of peptide and 

pDNA is essential for the de-condensation after polyplex delivery inside the cell by different 

cellular proteins or other ligands.  

5.6 Plasmid DNA Transfection 

The stable DNA polyplex formation with positive ζ-potential encourages us to check the DNA 

delivery efficacy of Ku-A4 and Ku-P4 peptides as DNA transfection agents. The transfection 

was carried out in HEK 293T cells, commonly used for transfection studies. The plasmid DNA 

pEGFP-C2 (4.7 kb) and peptide polyplex was prepared in optiMEM media and treated into low 

serum containing cells. The expression of the green fluorescent protein (GFP) inside the cell 

was visualized by the green fluorescence emission. The pDNA alone due to its negative charges 

was unable to penetrate the cell membrane, and no GFP transfection was observed. In the  
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Figure 14. Schematic of polyplex delivery and DNA transfection. (B) Fluorescence microscopy images 

of pEGFP-C2 plasmid DNA transfected HEK-293 T cell using the peptide Ku-A4 and Ku-P4 after 48 

h. The GFP fluorescence into the cell discloses delivery of the plasmid DNA inside the cell by using 

Ku-peptides and further expression of the protein inside the cell. 

 

presence of pDNA/Ku-peptide polyplex, the GFP expression was observed inside the cell after 

48 h of incubation time (Figure 14). This indicate that the Ku-peptides can deliver the DNA 

(Figure 14) into the cells for effective transfection. Although, the transfection efficiency of the 

Ku-peptides was relatively low compared to the commercially available lipofectamine 3000, 

the low toxicity profile of these peptides might be helpful for further modification to generate 

superior transfection agents.  

5.7 Conclusion 

In summary, we developed a novel cell-penetrating peptides derived from the intrinsically 

disordered region of Ku-protein. The Ku-peptides are non-toxic and have good cell membrane 

permeability. Various studies showed excellent DNA binding and stabilization into compact 

nanoparticles. These DNA-peptide polyplexes with positive ζ-potential showed effective 



                                                                                     Chapter 5: CPPs from intrinsically disordered protein 

175 
  

plasmid DNA delivery through the negatively charged cell membrane and good transfection. 

Thus, designed Ku-peptides could be applied as a delivery shuttle for plasmid DNA 

transfection and drug delivery. 

5.8 Experimental Methods 

5.8.1 Peptide Synthesis 

Ku-peptides were synthesized using standard 9-fluorenylmethyloxycarbonyl (Fmoc) solid 

phase peptide synthesis (SSPS) protocol on rink amide resin. Amino acid coupling and Fmoc 

de-protection efficacy were monitored by the Kaiser test. After completion of peptide 

sequences, peptide and side chain of the amino acids were cleaved by using the cocktail 

solution containing trifluoroacetic acid (TFA): triisopropyl silane (TIPS): DCM (95:2.5:2.5) 

for 3 h at room temperature. Solutions were collected and triturated with the cold ether to obtain 

a white precipitation. The peptides were purified by RP-HPLC in the C18 column using 

acetonitrile/water mobile phase and characterized by MALDI- TOF, and HRMS (Q-TOF). The 

purity of the peptides was analysed through an HPLC chromatogram.  

5.8.2 CD Spectroscopy Studies 

The CD spectra of Ku-peptides were acquired in 10 mM of PBS (pH = 7.4) using Jasco J-810 

spectropolarimeter. 100 µM of peptide was incubated for 24 h prior to scanning, and spectra 

were recorded from 350 nm to 190 nm in 1 mm quartz cuvette with a bandwidth of 1 nm. All 

spectra were collected thrice, and blank spectra were subtracted from each spectrum. The 

artificial lipid membrane was prepared using dipalmitoylphosphatidylcholine (DPPC), 

dipalmitoylphosphoglycerol (DPPG) and cholesterol. The zwitterionic membrane was 

prepared using DPPC: Cholesterol ratio 70:30, and negatively lipid membrane was prepared 

using the DPPC: DPPG: Cholesterol of ratio 70: 20: 10. Lipids were solubilized in mixture of 

chloroform and methanol (2:1) to make 2 mM stock solution, and solvents were evaporated 
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completely using nitrogen gas followed by vacuum to make lipid films. The lipid film was 

hydrated in PBS buffer and vortex vigorously for 30 min to get lipid emulsion. The emulsion 

was dipped into liquid nitrogen for 5 minutes, leading to instant cooling. The solution was 

further dipped into a 60 °C water bath for 5 min, and freeze-thaw cycles were repeated 7 times. 

The lipid vesicles were stored at 4 °C and further used for the experiment. Peptide was mixed 

with the lipid at 1:50 ratio and incubated at 37 °C for 6 h and CD experiments were carried out. 

5.8.3 Cytotoxicity Studies    

The cytotoxic effect of Ku-peptides on L929 cells was evaluated using colorimetric MTT 

assay. L929 cells were cultured in Dulbecco Modified Eagle Media (DMEM) supplemented 

with 10% Fetal bovine serum (FBS) and 1% penicillin-streptomycin (PS). Cells were seeded 

at cell density of 1 ×104 in a 96-well plate and cultured for 24 h. Cells were treated with 20 – 

200 µM of peptides solution and incubated for 24 h. 10 µL of 0.5% MTT solution was added 

and further incubated for 4 h. The supernatant was removed carefully without disturbing the 

formazan crystals. The formazan crystals were dissolved in 100 µL of 1:1 dimethyl sulfoxide 

and methanol. The absorbance of the formazan dye was measured in SpectroMax i3x 

microplate reader at 570 nm wavelength, followed by background correction at 690 nm.  

5.8.4 Cellular Uptake Studies 

The intracellular localization of Ku-peptides in L929 cells was quantified using fluorescence-

activated cell sorting (FACS) analysis. L929 cells were seeded at a density of 50×104 in a 12-

well plate, cultured for 24 h, and treated with 10 µM of fluorophore-labelled peptides for 6 h. 

Cell wells are washed with PBS (10mM, pH = 7.4) and detached from wells using 0.25% 

trypsin. The cell pellet was washed with PBS three times, and cellular uptake was analyzed. 

For fluorescence analysis by microscopy, L929 cells were plated in confocal disk at density of 

2×104 and cultured for 24 h. Fluorophore labelled peptide solution (10 µM) was treated and 
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incubated for 6 h. Unbound peptides were removed by washing with 10 mM of PBS solution 

and fixed with 4% paraformaldehyde, cell nucleus was stained with DAPI. Images were 

captured using Leica DMi8 fluorescence microscope.    

5.8.5 DNA Binding Studies 

Fluorescence spectral measurements were conducted using Agilent Cary Eclipse fluorescence 

spectrophotometer. Briefly, 4 µM of intercalator dye ethidium bromide (EtBr) was incubated 

with 100 µM ctDNA for 6 h and titrated with increased peptide concentration. The EtBr 

fluorescence was recorded on excitation at 526 nm and emission from 555 to 700 nm. The 

fluorescence measurement was continued until the EtBr fluorescence got saturated. 

5.8.6 Agarose Gel Electrophoresis Mobility Shift Assay 

200 ng of green fluorescence protein plasmid DNA was incubated at room temperature with 

different concentrations of peptides for 45 min in Tris.HCl buffer (10 mM, pH = 7.4) to form 

the condensed particle. The solutions were mixed with 2 µL of loading dye (20% glycerol, 25 

mM EDTA, and 0.05% bromophenol blue and xylene cyanol) and transferred into wells. 

Electrophoresis was performed in TBE buffer at 140 v for 1 h. For polyplex stability studies, 2 

µL of various NaCl concentrations were mixed with the polyplex solutions, incubated at 37 °C 

for 3 h, and loaded into the gel well.  

5.8.7 DNA Conformational Analysis 

The CD spectra of ct-DNA with presence of the peptides were performed for the conformation 

changes during the condensation. To a 100 µM ct-DNA in tris buffer 0 to 50 µM peptide 

solution was added and incubated for 45 min at room temperature. The spectrum was collected 

from 350 nm to 200 nm in a 1 cm quartz cuvette using Jasco-810 spectropolarimeter. 

5.8.8 DLS Studies 
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To a 200 ng eGFP plasmid DNA was mixed with 0 to 25 µM of peptide solution and incubated 

at room temperature for 45 min. The sample was transferred into the fluorescence quartz 

cuvette of pathlength 1 cm, and measurement was performed in Malvern Zetasizer nano-ZS.  

5.8.9 AFM Analysis 

The nature of the condensed particle formed was further characterized through AFM analysis. 

Briefly, 10 mM NiCl2 was drop cast on a freshly cleaved mica sheet, kept for 10 min and wiped 

out with filter paper. 40 µL of eGFP plasmid DNA (1 ng/µL in Tris.HCl buffer) was transferred 

into the activated mica sheet and further incubated for 20 min. The aliquot was removed with 

filter paper, washed trice with 100 µL of filtered Milli Q water, and kept at 37 °C for drying. 

The polyplex samples were dropped cast without activation of the mica surface. Imaging was 

performed in a Bruker Bioscope Resolve microscope at scanning rate of 1 Hz using a 3 nm 

probe. Images were further processed with NanoScope analysis software. 

5.8.10 eGFP Plasmid DNA Isolation and Purification 

Enhanced plasmid DNA pEGFP-C2 (4.7 kb) was isolated from E. Coli DH5α and purified 

using the Qiagen miniprep plasmid isolation kit. The concentration of pEGFP was determined 

using nanoDrop in SpectraMax i3x microplate reader. The purity was checked from the 

absorbance ratio at 260 nm and 280 nm. 

5.8.11 eGFP Plasmid DNA Transfection 

The eGFP plasmid DNA transfection experiment was performed to check the DNA delivery 

efficacy of the peptides in HEK293T cells. In a solution of 200 ng of eGFP plasmid in 

optiMEM, 50 µM peptide solution was added dropwise and mixed properly through gentle 

vertexing. The mixture was kept at room temperature for 45 min to form the condensed 

polyplex structure. The polyplex sample was transferred to 70% confluent 48-cell wells 

containing 2% FBS without antibiotics. After 12 h of incubation, the cultured media was 
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replaced with fresh media and further cultured for 72 h, and green fluorescence protein 

expression was imaged under Leica Dim8 fluorescence microscope.  

5.9 Appendix 

• HPLC chromatograms of peptides 

• HRMS or MALDI data 
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Hypothesis: Cell penetrating peptides (CPPs) are sought-after cytosolic delivery agents and 

find widespread applicability in drug delivery. However, the positive charge in lysine and 

arginine residues induces nonselective drug delivery of cargo. We have hypothesized that 

replacing cationic charges in CPPs with histidine (H) and cyclic dipeptide unit (kd) comprising 

multiple hydrogen bonding abilities might overcome the non-specific cellular 

permeabilization. We have designed a decamer CPP (Hkd) to selectively deliver anticancer 

drugs into cancerous tissue in response to the prevailing acidic pH environment. 
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Cell penetrating peptides (CPPs) are sought-after cytosolic delivery agents and find widespread 

applicability in drug delivery.1-5 The intrinsic cell membrane permeability of CPPs originated 

from their cationic or amphipathic amino acid side chains.6-8 Utilizing the CPPs transport 

ability, cellular delivery of various impermeable cargoes has been reported.9,10 However, the 

major limitation of known CPPs is target selectivity.11,12 The non-selectivity of CPPs is 

associated in the basic design of CPP models. Most CPPs possess positively charged arginine 

and lysine residues in their sequences. The electrostatic interactions between the cationic side 

chain of CPPs and anionic membrane lipids is mechanism of CPPs internalization. Thus, CPPs 

indiscriminately penetrate most cell types, which has become a major hurdle for selective 

delivery and in vivo applications. Therefore, local and topical administrations are the primary 

methods for clinical applications of CPP-based formulation and therapeutics.13,14  

Some of the strategies used to impart selectivity to CPPs are introduction of specific cell 

targeting ligands such as homing peptides and sugars.15,16 Although these conjugate systems 

have shown better selectivity, the small ligands are not sufficient to avoid the indiscriminate 

membrane permeability.17 The charge-masking of cationic CPPs is another strategy to 

minimize the non-specific membrane interaction.18-24 However, charge-masking reduces the 

membrane penetration. Thus, detachment of the charge masking unit at the target site by 

enzymatic or photodegradation techniques could revert the membrane permeability of 

CPPs.25,26 Efficacy of these methods depends on enzymatic cleavage kinetics, enzyme 

abundant in the target site, and tissue permeability of light for photoactivation, which 

significantly limit the practical applicability. Another promising approach is utilizing the 

environment pH, one of the most well-known trigger signals for selective delivery of drugs to 

inflammatory tissues and tumors.27    

Uncontrolled proliferation, dysregulated energy metabolism, and insufficient perfusion 

collectively altered the physiochemical composition of tumor environment.28,29 Tumor   
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Figure 1. Schematic representation of pH-responsive uptake of Hkd in tumor microenvironment. 

 

microenvironment associated with hypoxia, acidity, reduced glucose gradient, recruitment of 

stromal and immune cells.30,31 Accumulation of the acidic metabolic waste products from high 

metabolic activity reduces the pH of tumor microenvironments.32 The pH gradient between 

interstitial space and perfectly maintained intercellular pH has influential role in cell 

functioning, cell-cell, and cell-extracellular matrix interactions. These compartmentalized 

tumor microenvironments promote the cancer cell development through genetic stability, 

epigenetic modification, cell metabolism, cell proliferation, and survival. Thus, targeting the 

tumor microenvironment with pH responsive appendages significantly advances the 

therapeutic modalities.33 Several pH responsive CPPs have been developed for tumor 

microenvironment specific delivery.34-37 However, the stability of CPPs is a major concern for 

in vivo applications.38,39   

In this report, we have developed a decamer CPP Hkd to selectively deliver anticancer drugs 

into cancerous tissue in response to the prevailing acidic pH environment (Figure 1). The CPP 
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sequence is composed of unnatural cyclic dipeptide (CDP)-based amino acid cyclo (Lys-Asp) 

(kd) and natural histidine. The histidine imidazole side chain is sensitive to pH and undergoes 

protonation in acidic environment. The rigid CDP core has multiple hydrogen bonding donor 

and acceptor sites, and protease stability, which helps in selective interaction driven cellular 

uptake. The pharmacokinetics studies unveiled the serum stability and cytocompatibility of 

Hkd. In vitro cellular uptake studies by FACS and confocal microscopy revealed the enhanced 

peptide uptake at lower pH compared to physiological pH. Hkd conjugation with anticancer 

drug camptothecin (Cpt) reduces the nonselective drug toxicity in normal cells. Thus, pH 

dependent uptake of Hkd is useful in targeting the cancer cell microenvironment for selective 

drug delivery to cancer cells and tissues without affecting the normal cells. 

6.1 Design and Synthesis of Hkd 

CDP is the simplest cyclic peptide formed by the cyclization of corresponding linear 

dipeptide.40 Several natural products with CDP scaffold are the secondary metabolites with 

numerous biological activities such as antimicrobials, antimalarial, anticancer, hypoglycaemic 

agents, blood-brain barrier transporter, and drug delivery agents.41 The rigid lactam core of 

CDP overcomes the limitation of the linear dipeptide ranging from protease stability, 

conformational flexibility, and poor bioavailability. The unique hydrogen bonding pattern of 

the diketopiperazine core of CDP provides stable packing arrangements with numerous 

opportunities to construct functional materials and biomaterials.42 Herein, inspired by the 

microenvironment pH-dependent protonation of the histidine and specific hydrogen bonding 

interaction of rigid CDP unit we have designed a peptidomimetic system by incorporating the 

unnatural CDP amino acid kd at alternate position of the histidine peptide backbone. The CDP  
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Scheme 1. Synthesis of Fmoc-HN-kd-OH. 

 

units will provide proteolytic stability and participates in hydrogen bonding interaction with 

the lipid membrane to enhance the cell permeability. The cyclo(Lys-Asp) CDP-based unnatural 

amino acid (kd) was synthesized as shown in Scheme 1. The amine groups of L-lysine were 

protected by t-butyloxycarbonyl (Boc) group, and carboxyl groups of aspartic acid were 

protected as methyl esters. Two protected amino acids were coupled by using HBTU/HOBt as 

a coupling reagent at room temperature (rt) to obtain L-lysine-L-aspartic acid dipeptide. The 

Boc groups of dipeptide were deprotected by formic acid and subjected to  
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Figure 2. (A) pH dependent protonation of histidine imidazole. (B) Structure of kd incorporated 

peptidomimetics Hkd, Kkd, and camptothecin (Cpt) conjugated Hkd (Cpt-Hkd). 

 

intramolecular cyclization under heating condition in excess sec-butanol as solvent. The 

dilution condition effectively suppresses the intermolecular reaction and promotes the 

intramolecular cyclization to form CDP core. The amine group of cyclized derivative was 

protected with Boc group. The methyl ester hydrolysed by LiOH in THF/methanol, followed 

by deprotection of Boc group using trifluoro acetic acid (TFA). Finally, the amine group was 

protected using Fmoc N-hydroxysuccinimide ester (Fmoc-Osu) to obtain Fmoc-HN-kd-OH for 

further utilization in solid phase peptide synthesis (SSPS). The kd unit was incorporated at the 

alternate position of histidine and lysine peptides to obtained Hkd and Kkd (Figure 2). The 

Kkd was synthesized to understand the relative uptake behavior at different pH conditions. 

Further, fluorescein isothiocyanate (FITC) fluorophore was covalently attached at N-terminal 

of Hkd and Kkd to understand the cellular permeability and quantification of the uptake  
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Figure 3. Proteolytic stability of Hkd (A) and Cpt-Hkd (B) with time. 

 

profile. The anticancer drug camptothecin was covalently conjugated to Hkd N-terminal for 

the pH dependant drug delivery. All the peptidomimetics were purified by  preparative HPLC, 

purity and integrity was ascertained by by HPLC chromatogram and MALDI. 

6.2 Proteolytic Stability  

The synthesized peptidomimetics have unnatural amino acid kd at alternate positions in the 

sequence which assumed to improve proteolytic stability. Thus, the proteolytic stability of Hkd 

and Cpt-Hkd peptidomimetics was performed in human blood serum (HBS) to understand the 

role of kd in resisting proteolytic degradation. The Hkd treated with HBS was analyzed by 

analytical HPLC with time. More than 90% of the peptidomimetic remained intact even after 

48 h of incubation in HBS (Figure 3). Thus, incorporation of kd imparts proteolytic 

susceptibility to Hkd. The protease stability will enhance the bioavailability of 

peptidomimetics. However, Cpt-Hkd showed low protease stability, and 70% of the 

peptidomimetics was remained after 48 h of incubation (Figure 3). The lower stability of Cpt-

Hkd might be associated with the ester linkage between Cpt and Hkd.   

6.3 Cell Viability 
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Figure 4. Viability of L929 and HeLa cells in 10 -200 µM of Hkd after 24 h. 

 

The biocompatibility of the Hkd was evaluated in HeLa and L929 cells to assess their 

applicability in live cells. Cells were incubated with 10 -200 µM of Hkd for 24 h and cell 

viability was assessed by MTT assay. Cell viability remained >90% in concentration range of 

10-200 µM Hkd (Figure 4). Thus, the kd containing histidine peptidomimetic is relatively non-

toxic to cells and can be used for in vitro studies. 

6.4 pH-dependent Cellular Uptake 

The pH-dependent cell membrane penetrating ability of FITC labeled FITC-Kkd was  

 

Figure 5. (A) Cellular uptake of FITC-Kkd and FITC-Hkd at pH 7.4, 6.8 and 6.0. (B) Fold increment 

of intracellular uptake with pH. 
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investigated in HeLa cells by fluorescence activated cell sorting analysis (FACS). The lysine-

based peptidomimetics Kkd possess permanent positive charges at physiological pH. The 

cellular uptake of Kkd (10 µM) showed efficient penetration to the membrane and exhibited 

good cellular internalization (Figure 5A). However, uptake remained similar with subsequent 

decline of pH 6.8 and 6.0. At pH 6.8 and 6.0, the fluorescence intensity increment was 1.2 and 

1.5 fold, respectively (Figure 5B). In contrast, the Hkd showed very weak membrane 

permeability at physiological pH. The cellular uptake enhances by lowering the pH of the 

medium to 6.8 and 6.01. Cellular uptake was improved to 1.8 and 3.2 fold compared to the 

physiological pH of the medium. Thus, the neutral charge of the Hkd was not efficient in 

promoting the uptake at physiological pH. While lowering the medium pH, protonates 

imidazole side chain of histidine and stimulates the cellular uptake. 

Confocal microscopy were performed to visualize the cellular uptake at different pH levels. 

The fluorescence inside the cells showed good cellular permeability of Kkd at all pH ranges 

(Figure 6A). The uptake was slightly increased with lowering of the medium pH. The 

fluorescence quantification data showed 1.2 and 1.5 folds increments in the cellular uptake 

(Figure 6B, 6C). While Hkd at physiological pH showed poor uptake with few cells had 

showed intracellular localization (Figure 7A). The uptake was enhanced at acidic pH 6.8, 6.0, 

and all cells showed FITC-Hkd inside. The intracellular uptake was enhanced about 1.8 and 

3.2 fold at acidic pH 6.8 and 6.0, respectively (Figure 7B, 7C). The cellular uptake was further 

investigated in another cancerous cell line MCF-7 and similar pH-dependent uptake of FITC-

Hkd was observed (Figure 8A). The cellular uptake was enhanced 1.9 and 3.4 fold at pH 6.8 

and 6.0 respectively (Figure 8B, 8C). Thus, membrane penetration efficacy of the Hkd is pH 

dependent and can be utilize for selective drug delivery in tumor microenvironment compared 

to the physiological pH environments.     
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Figure 6. Cellular uptake of FITC-Kkd in HeLa cell. (A) pH-dependent uptake of FITC-Kkd (10 

µM). The cellular uptake at different pH remains similar. Cell nucleus was stained with 4′,6-diamidino-

2-phenylindole (DAPI). (B) Relative mean fluorescence intensity (RMFI) quantification of intracellular 

uptake. (C) Fold increment of FITC-Kkd uptake with varying pH.  
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Figure 7. Cellular uptake of FITC-Hkd in HeLa cell. (A) pH-dependent uptake of FITC-Hkd (10 

µM). Cell nucleus was stained with DAPI. (B) Relative mean fluorescence intensity (RMFI) 

quantification of intracellular uptake. (C) Fold increment of FITC-Hkd uptake with varying pH. 
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Figure 8. Cellular uptake of FITC-Hkd in MCF-7 cell. (A) pH-dependent uptake of FITC-Hkd (10 

µM). Cell nucleus was stained with DAPI. (B) Relative mean fluorescence intensity (RMFI) 

quantification of intracellular uptake. (C) Fold increment of FITC-Hkd uptake with varying pH. 

 

The pH-dependent uptake of Cpt-Hkd was visualized on HeLa cells by confocal microscopy 

studies. The intracellular uptake at physiological pH was very marginal (Figure 9A). While 

cellular uptake was significantly enhanced at acidic pH 6.8 and 6.0. The drug uptake was 1.7 

and 3.5 folds at pH 6.8 and 6.0 respectively (Figure 9B, 9C). Therefore, all these uptake profiles 

indicate that the Hkd has better selectivity toward the cancer cell microenvironment than the 

normal cells.  
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Figure 9. Cellular uptake of Cpt-Hkd in HeLa cell. (A) pH-dependent uptake of Cpt-Hkd (10 µM). 

(B) Relative mean fluorescence intensity (RMFI) quantification of Cpt fluorescence. (C) Fold increment 

of Cpt-Hkd uptake with varying pH. 

 

6.5 In Vitro Cytotoxicity of Cpt-Hkd 

Further, toxicity profile of anticancer drug (Cpt) and drug-peptidomimetics conjugate (Cpt-

Hkd) was evaluated in L929 cells. Cells were incubated with 0.1-20 µM of Cpt and Cpt-Hkd 

for 24 h at physiological pH. The free drug has shown good cytotoxicity to the L929 cells, and 

cell viability declined to 30% at 20 µM of Cpt (Figure 10). While, the Cpt-Hkd was relatively  
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Figure 10. Viability of L929 non-cancerous cells in presence of anticancer drug Cpt and drug 

conjugate Cpt-Hkd.  

 

less toxic to cells, and cell viability was 63% at 20 µM. The peptidomimetics conjugation 

brought the selectivity to anticancer drug Cpt and reduced the non-specific toxicity to normal 

cells. Thus, the pH-dependent uptake profile of the Hkd might be useful for selectively 

delivering the anticancer drug in cancer cells. 

6.6 Conclusion 

We have designed peptidomimetic Hkd by incorporating CDP-based unnatural amino acid kd 

into natural histidine peptide. The incorporation of kd unit enhanced the proteolytic 

susceptibility to the peptidomimetic Hkd. The unique hydrogen bonding ability of CDP core 

of kd provided multiple hydrogen bonding donor and acceptor site for interaction with 

membrane lipid, which helps in selective intraction driven cellular uptake. The histidine present 

in Hkd is sensitive to pH and undergoes protonation in acidic environment. Membrane 

permeability of the Hkd initiated at acidic pH. The peptidomimetic conjugation reduced the 

non-specific toxicity of the free drug to the normal cells. Further, we are evaluating the pH-

dependent toxicity of the covalent drug conjugate in cancer cells and tumors.    
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6.7 Experimental Methods 

6.7.1 Materials and General Methods 

All Fmoc protected amino acids, Rink amide resin, and coupling reagents for peptidomimetic 

synthesis were purchased from Merck and Spectrochem India. Dimethyl formamide (DMF), 

N,N,N,N-tetramethyl-O-(1H-benzotriazol-1-yl)uranium hexafluorophosphate (HBTU), N,N -

diisopropylethylamine (DIPEA), hydroxybenzotriazole (HOBt), piperidine, trifluoroacetic 

acid (TFA), acetonitrile and all other chemicals were purchased from Spectrochem India. 

Fluorescein isothiocyanate (FITC) and camptothecin were purchased from TCI (Japan). HPLC 

grade solvents are used for reactions, and moisture-sensitive reactions were performed under 

nitrogen atmosphere. Column chromatography was carried out on silica gel (100-200 mesh 

size). Thin layer chromatography (TLC) was carried out on silica gel plates of 60 F254 obtained 

from Merck. Product spots on the TLC plate were visualized using UV lamp or stained with 

0.2% (w/v) ninhydrin solution in absolute ethanol, followed by charring on hot plate. 

Laboratory-grade reagents were used for the purification of compounds by column 

chromatography. NMR spectra were recorded on Bruker Av-400 spectrometer, and chemical 

shifts were reported as ppm (in chloroform-d3, DMSO-d6 with tetramethyl silane as internal 

standard). Peptidomimetics were purified on Shimadzu reverse-phase semipreparative HPLC 

system using C18 column. The integrity of the peptidomimetic system were ascertained by 

high-resolution mass spectra (HRMS) obtained from Agilent Technologies 6538 UHD 

Accurate-Mass Q-TOF. All cell lines were purchased from NCCS Pune, India. Cell culture 

media DMEM, fetal bovine serum (FBS), penicillin-streptomycin, and trypsin were purchased 

from Gibco. The MTT (3-(4,5-dimethylthiazol-2-yl) -2,5-diphenyltetrazolium bromide) were 

purchased from Merck.  

 6.7.2 Protection of Amine Groups of L-Lysine 
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Amine groups of the lysine were protected by t-butyloxycarbonyl (Boc) group. Lysine (5 g, 

27.4 mmol) was dissolved in a mixture of water and dioxane (1:1) in ice-cold condition, and 

Na2CO3 (11.6 g, 110 mmol) was added. The mixture was stirred at ice cold conditions, and 

Boc-anhydride (22 mL, 95.9 mmol) in dioxane was added dropwise. The reaction was kept 

stirring for 12 h at room temperature. After completion, the reaction mixture was diluted with 

water and washed with diethyl ether (100 mL ×3) to remove the unreacted Boc-anhydride. The 

aqueous layer was neutralized by concentrated HCl and further acidified by diluted HCl to 

protonate the carboxyl group of lysine. After acidification, DCM was poured into the aqueous 

phase, and the organic phase was separated. The organic phase was washed with brine solution, 

dried over Na2SO4, and evaporated under vacuum to get colorless viscous liquid product Boc-

HN-Lys(Boc)-COOH.  

1H-NMR (400 MHz, CDCl3): δppm 6.05 (s, 1H), 5.65 (s, 1H), 5.06 (s, 1H), 3.95 (s, 1H), 3.63 

(s, 2H), 2.99 (s, 2H), 1.69 (m, 1H), 1.49 (m, 1H), 1.33 (s, 18H), 1.27 (m, 2H). 

6.7.3 Esterification of Aspartic Acid     

The carboxylic acid group of the aspartic acid was protected through methyl ester formation. 

Aspartic acid (3 g, 22.5 mmol) was dissolved in methanol and kept for stirring under ice-cold 

conditions. Thionyl chloride (8 mL, 67 mmol) was dropwisely added into the reaction mixture. 

After addition of thionyl chloride, reaction mixture was reflux at 65 °C for 12 h. Solvents were 

evaporated under vacuum, and toluene was poured and co-evaporated to remove the residual 

thionyl chloride. The colorless semisolid product H2N-Asp(OMe)-OMe was used for further 

reaction.  

1H-NMR (400 MHz, D2O): δppm 4.42 (m, 1H), 3.37 (s, 3H), 3.68 (s, 3 H), 3.09 (m, 2H). 13C-

NMR (100 MHz, D2O): δppm 171.6, 169.3, 53.9, 52.9, 49.1, 33.6. 

6.7.4 Synthesis of Dipeptide 
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To a stirred solution of Boc-HN-Lys(Boc)-COOH (1 g, 2.85 mmol) in DMF (15 mL) at 0 °C, 

DIPEA (1.73 g, 10.1 mmol), HBTU (1.31 g, 3.46 mmol) and HOBt (0.53 g, 3.46 mmol) were 

added. The reaction mixture was kept stirring for 15 min under an inert nitrogen atmosphere. 

NH2-Asp(OMe)-OMe (0.56 g, 3.4 mmol) was added to the above activated reaction mixture 

and stirred for 24 h. Completion of the reaction was monitored by TLC. Solvents were 

evaporated under vacuum, and residues were mixed into ethyl acetate (EtOAc). The combined 

organic phase was washed with 1N HCl (50 mL ×2), the organic layer was collected, dried 

over anhydrous Na2SO4, and the solvent was evaporated. The crude reaction mixture was 

purified by column chromatography, and dipeptide product Boc-HN-Lys(Boc)-Asp(OMe)-

OMe was eluted at 50: 50 hexane: ethyl acetate. 

1H-NMR (400 MHz, CDCl3): δppm 6.89 (d, 1H) 5.1 (s, 1H), 4.75 (m, 1H), 4.6 (s, 1H), 4.01 (t, 

1H), 3.69 (s, 3H), 3.62 (s, 3H), 3.03 (m, 2H) 2.94 (m, 1H), 2.74 (m, 1H), 1.72 (m, 1H), 1.58 

(m, 1H), 1.46 (m, 2H), 1.44 (s, 18H), 1.41 (m, 2H). 13C-NMR (100 MHz, CDCl3): δppm 170.9, 

170.3, 169.8, 155.1, 76.2, 51.8, 51, 47.4, 38.9, 35, 31.1, 28.6, 27.4, 27.2, 21.4. 

6.7.5 Boc Deprotection and Cyclization.    

The Boc-protection groups of the dipeptide was remove prior to the cyclization. Dipeptide (2 

g, 4 mmol) was dissolved in formic acid (30 mL) and stirred for 3 h at room temperature. 

Formic acid was evaporated under vacuum and further co-evaporated with toluene for complete 

removal of acid. Boc deprotected dipeptide was dissolved in sec-butanol (200 mL), reflux at 

110 °C about 4 h to subject the intramolecular cyclization. The high dilution reduced the 

possibility of intermolecular reaction and facilitated the intramolecular cyclization to H2N-kd-

OMe.  

6.7.6 Boc Protection of H2N-kd-OMe  
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The crude cyclized product was dissolved  in 1:1 dioxane/water (40 mL), stirred at ice cold 

condition and NaHCO3 (1.25 g, 14.3 mmol) was added. Boc-anhydride (2.5 mL, 10.2 mmol) 

was drop wisely added into the reaction mixture and stirred at room temperature for 24 h. 

Unreacted Boc-anhydride was washed out by diethyl ether, and water layer was mixed with 

DCM. The organic layer was collected and dried with anhydrous Na2SO4, and solvent was 

evaporated under vacuum. The crude product was purified by column chromatography using 

DCM and methanol as eluent to get Boc-HN-kd-OMe.  

1H-NMR (400 MHz, DMSO-d6): δppm 8.13 (s, 1H), 8.08(s, 1H), 6.72 (t, 1H) 4.21 (t, 1H) 3.88 

(t, 1H) 2.87 (m, 3H) 2.68 (m, 2H) 1.66(m, 2H), 1.37 (s, 9H), 1.25 (m, 2H). 13C-NMR (100 

MHz, DMSO-d6): δppm 170.2, 168, 167.3, 155.5, 77.3, 53.7, 51.4, 50.8, 36.4, 31.2, 29.2, 28.2, 

21.3. 

6.7.7 Ester Hydrolysis and Boc Deprotection of Boc-HN-kd-OMe 

Next, the methyl ester group of the Boc-HN-kd-OMe was removed by LiOH. Boc-HN-kd-

OMe (1.2 g, 3.3 mmol) was treated with LiOH (0.3 g, 6.6 mmol) in THF/Methanol (20 mL) 

for 2 h at room temperature. Methanol and THF were removed by vacuum. The dried Boc-HN-

kd-COOH was treated with TFA solution in DCM (TFA: DCM = 60:40) for 2 h and evaporated 

to get H2N-kd-COOH. 

6.7.8 Fmoc Protection of H2N-kd-COOH 

The amine group of the H2N-kd-COOH was further protected with the Fmoc group for 

utilization in Fmoc-chemistry protocol during solid phase peptide synthesis. The H2N-kd-

COOH (0.8 g, 3.3 mmol) was dissolved in 1: 1 water/dioxane (30 mL) at 0 °C. Na2CO3 (1.06 

g, 9.9 mmol) and Fmoc-OSu (1.67 g, 4.95 mmol) were added to the reaction mixture and stirred 

for 24 h. After completion of the reaction the reaction mixture was diluted with water, and 

excess Fmoc-OSu was removed using diethyl ether (50 mL×3). The aqueous layer was 
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neutralized by 1N HCl to obtain the white precipitation. The precipitation was filtered out and 

dried to acquire the Fmoc-HN-kd-OH. 

 1H-NMR (400 MHz, DMSO-d6): δppm 12.304 (s, 1H), 8.09 (s, 1H), 8.004 (s, 1H), 7.87 (d, 2H), 

7.67 (d, 2H), 7.39 (t, 2H) 7.31 (t, 2H) 7.22 (t, 1H), 4.2 (d, 2H), 4.17 (m, 2H), 3.87 (t, 1H), 2.94 

(t, 2H), 2.61 (m, 2H), 1.68 (m, 2H), 1.37 (m, 4H). 13C-NMR (100 MHz, DMSO-d6): δppm 171.3, 

168, 167.6, 156, 143.9, 140.7, 127.5, 127, 125.1, 120, 65.16, 53.8, 50.8, 46.7, 36.5, 31.3, 29.1, 

21.4, 15.1. 

6.7.9 Peptidomimetics Synthesis 

 

Peptidomimetics were synthesized following standard 9-fluorenylmethoxycarbonyl (Fmoc) 

SSPS protocols. The kd incorporated peptidomimetics were synthesized in SYRO II automated 

peptide synthesis system. Fmoc protected amino acid with suitable amino acid side chain 

protecting group was used for the solid phase synthesis. Fmoc protected Rink amide resin was 

used as solid support for the peptidomimetics synthesis. Resin (150 mg/vial) was swelled in 

DCM before starting the synthesis. Deprotection of Fmoc group was carried out by 40% 
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piperidine in DMF for 4 min, followed by 20% piperidine for 10 min. Amino acids coupling 

was performed using HBTU/HOBt as the -COOH activating reagent, DIPEA as a base in DMF 

solvent. HBTU, HOBt, Fmoc-amino acid in DMF and DIPEA (in NMP) were used for the 

coupling stage. The unnatural kd unit was incorporated by using the same coupling reagents. 

After completion of each sequence, the Fmoc group at N-terminal was deprotected to obtain 

the free N-terminal. The free N-terminal group was conjugated with fluorescein isothiocyanate 

(FITC, 1.5 eq) and DIPEA (5 eq) in DMF for 6 h. After completion of the sequences, 

peptidomimetics were cleaved from the resin bead using 95% TFA cocktail solution (TFA: 

TIPS: DCM = 95: 2.5: 2.5) for 3 h. The solution was poured into chilled ether to obtain the 

precipitation, which was further centrifuged, and solvents were discarded. Peptidomimetics 

were purified in reverse phase semi-preparative HPLC on C18 column in acetonitrile: water as 

elutant. Product purity was ascertained by HPLC chromatogram and integrity of the 

peptidomimetics were analyzed by HRMS (Q-TOF). 

6.7.10 FITC Conjugation to Peptidomimetics 

 

To understand cell membrane permeability of peptidomimetics, fluorescein isothiocyanate was 

conjugated at N-terminal. The resin bount peptidomimetics was treated with fluorescein 

isothiocyanate (FITC, 1.5 eq), DIPEA (5 eq) in DMF for 6 h. Resin was washed with solvents, 

and peptidomimetics were cleaved from the resin bead using 95% TFA cocktail solution (TFA: 
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TIPS: DCM = 95: 2.5: 2.5) for 3 h. The solution was poured into chilled ether to obtain the 

precipitation. Peptidomimetics were purified in reverse phase semi-preparative HPLC on C18 

column in acetonitrile/water as eluent. Product purity was ascertained by HPLC chromatogram 

and integrity of the peptidomimetics were analyzed by MALDI. 

6.7.11 Synthesis of Camptothecin and Succinic Acid Conjugate Cpt-Suc-OH 

 

Camptothecin (Cpt) was attached at one terminal of succinic acid for further conjugation with 

the peptidomimetic system. To a stirred solution of succinic acid (0.116 g, 1.16 mmol), 1-

Ethyl-3-(3′-dimethylaminopropyl) carbodiimide (EDC-HCl, 0.445 g, 2.32 mmol), 4-

dimethylaminopyridine (DMAP, 140 mg, 1.16 mmol), and diisopropylethylamine (DIPEA, 

400 µL, 2.32 mmol) in dry DCM, Cpt (100 mg, 0.29 mmol) was added at room temperature. 

The reaction mixture was refluxed under nitrogen atmosphere for 24 h at 40 °C. Reaction 

mixture was cooled down, and DCM was poured into the mixture. The solution was washed 

with 1N HCl (100 mL×3), brine, and dried over Na2SO4, and solvent was evaporated under 

vacuum. Column chromatography was performed to purify the desired product Cpt-Suc-OH. 

Product was eluted at 5:95 methanol/DCM. 

1H-NMR (400 MHz, DMSO-d6): δppm 12.23 (s, 1H), 8.69 (s, 1H), 8.17 (s, 2H), 7.88 (s, 1H), 

7.73 (s, 1H), 7.13 (s, 1H), 5.48 (s, 2H), 5.31 (s, 2H), 2.76 (m, 2H), 2.16 (s, 2H), 0.922 (m, 3H). 

13C-NMR (100 MHz, DMSO-d6): δppm 173.1, 171.3, 167.1, 156.5, 152.3, 147.8, 145.9, 145.2, 
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131.5, 130.3, 129.7, 128.9, 128.5, 127.9, 127.6, 118.9, 95, 75.8, 66.2, 50.1, 30.3, 28.6, 28.5, 

7.5. 

6.7.12 Cpt-Hkd Synthesis 

 

Cpt was conjugated into the Hkd by amide coupling reaction. The resin-bound peptide N-

terminal Fmoc was deprotected by piperidine solution. The solution of Cpt-succinic acid, 

HBTU, HOBt, and DIPEA in DMF was mixed with resin matrix and kept under vortex 

conditions. After 12 h, the resin beads were thoroughly washed with DMF and DCM to remove 

unreacted reagents. The product was cleaved from the resin by cocktail solution of TFA, TIPS, 

and DCM (95:2.5:2.5). The solution was collected and treated with chilled ether to get the 

precipitation. The product was purified by reverse phase semi-preparative C18 column. The 
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purity of the product was determined by HPLC chromatogram, and integrity of the conjugate 

was analyzed by MALDI. 

6.7.13 Peptidomimetic Stability 

Stability of the peptidomimetics was assessed in human blood serum (HS). 100 µM of Hkd 

and Cpt-Hkd were incubated in serum at 37 °C. 100 µL of aliquots were removed at 6, 12, 24, 

and 48 h time and treated with 50 µL of 6 M urea solution and incubated at 4 °C for 10 min. 

The urea treatment disrupted the solubility of proteins and precipitated the serum proteins. 

Next, 40 µL of TFA (20%) was mixed with the above samples and incubated for 10 min at 4 

°C, leading to the precipitation of serum proteins. Samples were centrifuged for 10 min and 

analyzed on analytical RP-HPLC system. The solution removed at 0 h was considered as the 

control for the experiments. The percentage of the remaining peptidomimetics was plotted 

against time. 

6.7.14 Cell Viability 

The compatibility of the Hkd peptidomimetics was analysed in HeLa (cancer cell) and L929 

(non-cancer) cell lines. Both the cells were cultured in Dulbecco Modified Eagle Media 

(DMEM) supplemented with 10% Fetal bovine serum (FBS) and 1% penicillin-streptomycin 

(PS). Cells were seeded at cell density of 1 ×104 in a 96-well plate and cultured for 24 h. Cells 

were treated with 10 to 200 µM of peptidomimetic solution and incubated for 24 h. 10 µL of 

0.5% MTT solution was added and further incubated for 4 h. The supernatant was removed 

carefully without disturbing the formazan crystals. The formazan crystals were dissolved in 

100 µL of 1:1 dimethyl sulfoxide and methanol. The absorbance of the formazan dye was 

measured in the SpectroMax i3x microplate reader at 570 nm wavelength, followed by 

background correction at 690 nm. 

6.7.15 In Vitro Cell Penetration 
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Human cervical cancer (HeLa) and Michigan cancer Fundation-7 (MCF-7, human breast 

cancer cell) cells were seeded at 12 well plates at cell density of 1×105 per well in DMEM 

supplemented with 10% FBS and 1% PS. The cells were cultured for 24 h at 37 °C with 5% 

CO2. The culture medium was replaced with fresh medium with 10% FBS, and 1% PS, treated 

with FITC-Kkd, FITC-Hkd (10 µM) and cultured for 6 h. For pH adjustment of the culture 

medium, 1 M of HCl was added to the medium, and pH was measured. After 6 h, the medium 

was removed, and cells were washed with phosphate buffer saline (PBS, pH=7.4) three times. 

Wells were treated with trypsin-EDTA and incubated at 37 °C for 5 min to separate from wells. 

Further fresh medium was treated to wells, and cells were collected and centrifuged to get the 

cell palette. Cells were resuspended in PBS and washed 3 times. The extent of cellular uptake 

was analyzed by Flow cytometry analysis. Cellular uptake was performed thrice for each group, 

and the extent of cellular uptake was plotted and compared with the untreated cells.  

6.7.16 Confocal Microscopy 

Cells were seeded at cell density of 15000 cells/dish on a 35-mm glass bottom confocal dish 

(20 mm glass bottom size) and cultured for 24 h. The cultured medium was replaced with fresh 

medium and treated with FITC-Kkd, FITC-Hkd (10 µM). pH was adjusted with 1 M HCl 

and incubated for 6 h. The cultured medium was removed, and cells were washed with PBS 

thrice. Cells were fixed by 4% paraformaldehyde solution in PBS for 15 min and washed with 

the PBS. The cell nucleus was stained with 500 nM of DAPI and washed. The images were 

acquired using Olympus confocal microscope.  

6.7.17 Cpt-Hkd Uptake in HeLa Cell 

HeLa cells were seeded at a cell density of 15000 cells/dish on a 35-mm glass bottom confocal 

dish (20 mm glass bottom size) and cultured for 24 h. The cultured medium was replaced with 

a fresh medium and treated with Cpt-Hkd (10 µM) . pH was adjusted with 1 M HCl and 
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incubated for 4 h. The cultured medium was removed, and cells were washed with PBS thrice. 

Cells were fixed by 4% paraformaldehyde solution for 15 min and washed with PBS. The 

images were acquired using Olympus confocal microscope. 

6.7.18 In Vitro Cytotoxicity of Cpt and Cpt-Hkd in L929 Cell 

The cell viability of free Cpt drug and Cpt-Hkd was evaluated in non-cancerous L929 cell 

line. Cells were cultured in DMEM supplemented with 10% FBS and 1% PS. Cells were seeded 

at a cell density of 1 ×104 in a 96-well plate and cultured for 24 h. Cells were treated with 0.1 

to 20 µM of Cpt and Cpt-Hkd solution and incubated for 24 h. The cultured medium was 

exchanged with fresh medium. 10 µL of 0.5% MTT solution was added and incubated for 4 h. 

The supernatant was removed carefully without disturbing the formazan crystals. The formazan 

crystals were dissolved in 100 µL of 1:1 dimethyl sulfoxide and methanol. The absorbance of 

the formazan dye was measured in SpectroMax i3x microplate reader at 570 nm. 

6.8 Appendix 

• 1H NMR analysis of Boc-HN-Lys(Boc)-OH 

• 1H and 13C NMR analysis of H2N-Asp(OMe)-OMe 

• 1H and 13C NMR analysis of Boc-HN-Lys(Boc)-Asp(OMe)-OMe 

• 1H and 13C NMR analysis of Boc-HN-kd-OMe  

• 1H and 13C NMR analysis of Fmoc-HN-kd-OH 

• 1H and 13C NMR analysis of Cpt-Suc-OH 

• HPLC and MALDI analysis of Hkd 

• HPLC and MALDI analysis of FITC-Hkd 

• HPLC and MALDI analysis of Cpt-Hkd 

• HPLC and MALDI analysis of FITC-Kkd 
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7.1 Conclusions 

In this thesis, we have addressed the possible applications of the silk fibroin protein and cell 

penetrating peptides for controlled release and delivery application. One of the main 

contributions of our work is tuning hydrogelation of the silk fibroin protein to prepare 

injectable, stimuli responsive hydrogel for the biomedical implication of the bulk material silk 

fibroin. We further investigated the functional application in vivo system to understand the 

applicability of the hydrogel for application. 

An innovative approach was presented to prepare injectable hydrogel of bulk material silk 

fibroin quickly. The controlled release of the blood glucose lowering hormone insulin was 

observed from the injectable hydrogel. In vivo validation of controlled insulin release from 

hydrogel-depot was shown in the diabetes type 1 Wistar rat model. 

The chemically engineered silk fibroin protein was designed to induce quick hydrogelation 

with injectable behavior. The stimuli responsive release of encapsulated therapeutic insulin 

was achieved from the engineered silk fibroin hydrogel. 

The combination of antioxidant melanin and berberine with silk fibroin can apply to the 

topical site of the wound. The dressing material showed effective cellular migration and 

provided support for tissue regeneration. The anti-inflammatory and antimicrobial berberine 

lowers bacterial infection and prolongs inflammatory response at the wound site. Which 

effectively promotes wound healing in the diabetes type I model. 

The new biomimetic cell penetrating peptide was designed to promote the effective 

penetration of the impermeable drug into the cell. The proline-rich peptide maintained the 

intrinsic disorder structure and no toxicity to the cell. The peptide showed effective DNA 

binding and delivery of the DNA inside the cell. 
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Finally, we have designed a cell penetrating peptidomimetics whose cellular uptake depends 

on the environment's pH. The stable peptidomimetic enhances the cellular delivery of drugs 

into the lower pH environment and effectively reduces the risk of non-selective drug delivery. 

From an experimental point of view, our contribution lies in developing silk fibroin 

materials and cell penetrating peptides for the controlled delivery of the drug in healthcare 

applications to enhance the quality of life. We have validated the applicability of the materials 

from biophysical, in vitro, and in vivo animal models. Our designed materials showed 

promising efficacy in their respective applications. These designed materials can be further 

translated into healthcare applications or provide the future design strategy for functional 

biomaterials. 

7.2 Future Scope 

Although we have presented the applicability of some of our designed materials, many 

experiments are pending. Future work will address detailed biocompatibility evolution for the 

applicability of the materials. Further, the following concepts can be undertaken. 

1. An innovative approach of SF injectable hydrogel can be tested for the controlled local 

delivery of anticancer or anti-inflammatory drugs. The quick gelation and injectable 

behavior of hydrogel may be useful in 3D printing technology. 

2. The SF protein self-assembles and undergo quick hydrogelation with injectable behavior. 

In the future, such hydrogel can be combined with microneedle technology for painless 

insulin therapy. The hydrogel displays good viscoelastic profile, porous morphology, and 

excellent stability. Thus, the pancreas beta cell can be encapsulated for cell-based insulin 

therapy in regenerative medicine. The effect of substituted phenylboronic acid on glucose 

responsive drug release can be pursued.   
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3. The combinatorial therapeutic approach in dressing material enhances wound closure and 

cell regeneration in diabetic rats. The adhesive properties of the SF hydrogel can be modified 

to expand the applicability in stretched sites and diabetic foot ulcers. 

4. The peptides derived from intrinsic disordered Ku-P4 show efficient cell membrane 

permeability. The lysine containing peptide sequence can be modified with a minimum 

number of arginine residues to further enhance the membrane permeability with retention 

of cell viability. 

5.  In our design, we have tagged the drug molecules by covalent conjugation with 

peptidomimetics, which may reduce the anticancer drug binding with the target. The target-

responsive labile conjugation can be designed for better efficacy of the conjugated 

therapeutics. 

 

Although we have performed the biocompatibility of materials in vitro, the future 

applicability of these materials requires extensive cytocompatibility studies for translational 

utility. We believe that the bulk scale availability and biological origin of our peptide and 

protein-based molecular and materials systems have the potential to be used in various human 

healthcare applications. 
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