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Abstract 
 

The skin is the largest human body organ that, by acting as a barrier, assists in preventing the entry 

of harmful microbes into the body. It can self-heal to a certain extent, which is impaired in case of 

extensive damage caused by chemical or physical shock. Wound healing activates multiple 

physiological and simultaneous phases, such as hemostasis, inflammation, proliferation, and 

remodeling. Different approaches have been used to treat chronic wounds, ranging from multiple 

dressings, stem cell-based therapies, and the use of growth factors. But still, certain limitations 

prevent their effective utilization, including delayed healing due to moisture, such as in alginate- 

based materials, delay due to poor aeration in hydrocolloidal dressings, poor mechanical strength in 

hydrogels, expensive production in therapies involving stem cells and growth factors and poor cost- 

effectiveness. Wound treatment gain enormous interest of investigators, but there is a lack of 

efficient therapeutic intervention. The cost of healing ranges between $28.1 billion and $96.8 billion 

for acute and chronic wounds, and the maximum amount is used for surgical wounds, followed by 

diabetic ulcers. The alarming rise in chronic wounds, the increasing old-age population, and the 

hiking number of surgeries are some factors driving the growth of the wound care market. The 

number of patients affected by chronic wounds is approximately 5.7 million people in the United 

States alone, and an estimated cost of USD 25 billion is spent per year. 

Nanotechnology played a vital role in equipping us with promising approach for achieving target 

specific and efficient delivery through innovating protein-functionalized nanoparticles using growth 

factors, anti-diabetic wound healing agents (insulin), and extracellular proteins (keratin, heparin, 

and silk fibroin) as they are critical in enhancing cell proliferation, migration, ECM production, 

angiogenesis, and inflammation regulation. This led to the emergence of, protein-functionalized 

nanoparticles as a potential agents for accelerating healing in patients with delayed or impaired 

healing. Although insulin has huge potential as an anti-diabetic agent, but its role has rarely been 

explored in the field of wound-healing. 

This work aims to develop optimized protein-based nanoformulations for wound healing purposes 

as they can have sustained drug release, reduced administration frequency, an adequate 

concentration of medicine for an extended period, higher potency in wound recovery compared to 

the free proteins, high protein stability, easy transport through the body and less denaturation under 

environmental conditions, all work together to form advanced formulations critical for wound 

healing. Further, the high surface area to volume ratio, water solubility, stability, biocompatibility, 

target specificity, and biodegradability have given an upper hand to using nanoformulations over 

traditional therapeutics. Thus, I have synthesized protein-templated metal nanoformulations for 

their potential role as wound-healing agents under normal and diabetic conditions. 

 

The thesis entitled “Preparation and characterization of protein templated metal nano- 

formulations and their wound healing applications” represents the findings of the study, and 

it is organized into five chapters: 

 

Chapter 1: Introduction and Literature Review 

Chapter 2: Insulin-cobalt core-shell nanoparticles for receptor-targeted bioimaging and 

diabetic wound healing 

Chapter 3: Protection of lead-induced cytotoxicity using paramagnetic Nickel-Insulin Quantum 

Clusters 
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Chapter 4: Insulin-Infused Bimetallic Nano-subclusters as Multifunctional Agents for ROS 

Scavenging, Antibacterial Resilience, and Accelerated in vitro cell migration 

Chapter 5: Chitosan-insulin nano-formulations as critical modulators of inflammatory cytokines 

and Nrf-2 pathway to accelerate burn wound healing 
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Chapter 1: Protein-modified nanomaterials: emerging trends in skin 

wound healing 
 

Abstract 

Prolonged inflammation can impede wound healing, regulated by several proteins and cytokines, 

including IL-4, IL-10, IL-13, and TGF-β. Researchers have investigated the concentration- 

dependent effects of these molecules at the target site to develop them as wound-healing agents by 

regulating signaling strength. Nanotechnology has provided a promising approach to achieve tissue- 

targeted delivery and increased effective concentration by developing protein-functionalized 

nanoparticles with growth factors (EGF, IGF, FGF, PDGF, TGF-β, TNF-α, and VEGF), anti- 

diabetic wound healing agents (insulin), and extracellular proteins (keratin, heparin, and silk 

fibroin). These molecules are critical in promoting cell proliferation, migration, ECM production, 

angiogenesis, and inflammation regulation. Therefore, protein-functionalized nanoparticles have 

emerged as a potential strategy for improving wound healing in delayed or impaired healing cases. 

This review summarizes the preparation and applications of these nanoparticles for normal or 

diabetic wound healing and highlights their potential to enhance wound healing (Figure. 1). 
 
 

 

 

Figure. 1. Schematic representation of the development and application of protein-linked nano- 

formulations for wound healing. Proteins in combination with different metal ions, polymers, 

drugs, and growth hormones, followed by their reduction to form protein-linked nanoformulations 

were assessed for their wound-healing activity. The release of these formulations at the wound site 

promotes the secretion of cytokines and hormones essential for enhancing cell proliferation, 

differentiation, and remodeling to accelerate tissue healing. 
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1.1 Introduction 

Nanomaterials have high drug-loading efficacy, which can be attributed to a higher ratio of surface 

area-to-volume. They respond quickly to any minute alteration in the surrounding environment, like 

a magnetic field, pH, and temperature [1]. The bio-nano materials like peptides, biomolecules, 

enzymes, and protein functionalized formulations have various biological applications ranging from 

bioimaging [2], catalysis [3], fluorescent bio labeling [4],[5] hyperthermia [6],[7] tissue engineering 

[8], gene and drug delivery [9],[10] and so on. Moreover, protein-functionalized and stabilized 

nanomaterials exhibit numerous features such as sensing, biocompatibility, plasmon-enhanced 

catalysis, targeted nanocarriers, and drug delivery [11],[12]. The constituting units of the proteins 

behave not only as reducing and chelating agents that help in developing nanoclusters but also allow 

crystalline [13],[14] and amorphous [15] growth of the nanostructures of different sizes and shapes 

[16]. The target-specific binding ability of proteins enhances their action efficiency and helps to 

cure the wound [15],[17]. However, the poor permeability through membranes, short half-life, and 

high enzymatic degradation risk pose severe issues in targeting specific delivery of potent 

therapeutic proteins and thus require slight modifications for efficient delivery [18],[19]. Protein 

functionalized nano-formulations, such as protein-capped metal nanoparticles, protein-encapsulated 

nanostructures, and protein nanocarriers, including hydrogels, scaffolds, liposomes, nanotubes, 

nano gels, nanoparticles, polymeric particles and poly(ester amide) PEA (synthesized using amino 

acids, diacids, and diols) were developed to effectively transport the protein/drug at the effected site 

[20],[21]. 

The largest human body organ, the skin, prevent microbial entry into body by acting as a barrier. 

The skin consists mainly of epidermal, dermal, and hypodermal layers, which contain certain 

hormonal glands, hair, and nerve endings that make the skin a complex organ. It can self-heal to a 

certain extent, which is impaired in case of extensive injury caused by chemical or physical shock, 

making recovery challenging [22]. Wound healing is a cumbersome procedure which activates a 

series of physiological and simultaneous phases such as hemostasis, inflammation, proliferation, 

and remodeling [23],[24], which significantly affect the effective wound or infected area treatment. 

The classical process of healing begins with the hemostasis, which includes clot formation due to 

the activation of platelets that release the chemokines and growth factors (including fibroblasts and 

keratinocytes) at the wound site and act as critical parameters of hemostasis and coagulation. They 

further assist in preventing the entry of bacteria at the affected site and regulate antimicrobial peptide 

production by expressing distinct toll-like receptors (TLR) [25],[26]. After this inflammatory phase 

begins, which is quite complex due to the extrinsic and intrinsic factors and the excessive and 

limited, both inflammation conditions delay the wound healing and promote injury. It acts as the 

primary defense system against pathogenic invasion. It is started in response to signals induced by 

injury, the release of damage-associated molecular patterns, and pathogen-associated molecular 

patterns by necrotic cells and damaged tissue and bacterial components, respectively. 

Proinflammatory cytokines promote vasodilation, and these proinflammatory signals and activated 

signaling pathways stimulate the secretion of cytokines by neutrophils. Neutrophils, by 

phagocytosis, remove the necrotic tissue and pathogens and cause the secretion of antimicrobial 

peptides, proteolytic enzymes, and eicosanoids [27],[28]. Following this, the proliferative phase 

begins, in which there is the accumulation of cells and connective tissues along with the activation 

of numerous factors, including fibroblasts, keratinocytes, macrophages, angiogenesis factors, and 

endothelial cells across the wound site. Keratinocytes are responsible for regenerating the epidermis 

by differentiation and basement membrane reformation. Fibroblasts play a role in developing the 

matrix consisting of granulation tissue, which comprises fibronectin, proteoglycans, and immature 

collagen, which collectively work as a scaffold essential for cell adhesion and migration across the 

injury [29],[30]. During angiogenesis, the generation of new blood vessels occurs to fulfill the 

demand for highly proliferative regenerative tissue, and macrophages assist in guiding vessel tips 

together and eradicating the superfluous vessels by phagocytosis for making new vasculature critical 
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for transportation across the site [31],[32]. In the last phase of remodeling, the extracellular matrix 

is resynthesized to maintain the balance between the death of old cells and the formation of new 

cells. Fibroblasts are the primary cells crucial for remodeling by replacing the fibrin clot with 

fibronectin, proteoglycan, and collagen fibril synthesis. Collagen III is finally replaced with 

collagen I, which enhances the tensile strength of wound scar and helps wound closure at a faster 

pace [33],[34],[35]. In the initial healing stages, cytokine release and leukocyte activation by 

macrophages occur and exhibit a proinflammatory environment [36]. The potent release of anti- 

inflammatory cytokines, insulin-like growth factor (IGF), and proteins like insulin are crucial for 

aiding in efficient wound healing, which is initiated by inducing angiogenesis and reepithelialization 

[37]. The proteins (insulin, collagen, keratin, gelatin), growth factors such as insulin-like growth 

factors (IGF), epidermal growth factors (EFG), fibroblast growth factors (FGF), platelet-derived 

growth factor (PDGF), transforming growth factor-beta 1 (TGF-β1), tumor necrosis factor-alpha 

(TNF-α), and vascular endothelial growth factor (VEGF), etc. help in decreasing the proliferation 

of cells, inflammatory response and tissue remodeling [38],[39]. The growth factors act as the 

endothelial signaling factors, which assist in regulating the cellular processes during wound healing. 

Numerous researchers have explored the critical role they play in modulating the recovery effects 

in normal and diabetic conditions. The treatment of wounds at a faster pace is highly dependent 

upon cytokine transitioning from pro-inflammatory to anti-inflammatory ones [40]. In chronic 

wounds, a halt in the conversion of cytokines from one form to another causes a prolonged 

proinflammatory phase, which eventually results in delayed wound healing [41]. 

Depending upon these protein and growth factor features and their role in normal and diabetic 

wound healing, there is a vast importunity to design reliable and cost-effective wound dressings, 

and protein-functionalized nanoformulations are the ones that have high wound healing potency, 

target specificity, and easy to synthesize using green methods. The significance of this field is very 

diverse as the treatment of chronic wounds is becoming difficult day by day due to the development 

of antibiotic resistance against the available medications, degradation of formulations under 

unfavorable conditions, uncontrolled drug release, and less target specificity and efficiency. The 

cost of healing ranges fall between $28.1 billion and $96.8 billion for acute and chronic wounds, 

and the maximum amount is used for surgical wounds, and diabetic ulcers [42]. The enhanced 

ubiquity of chronic wounds, the increasing aging population, and the increasing number of surgeries 

are some factors driving the need for improvement in the wound care market. The number of patients 

affected by chronic wounds is nearly 5.7 million in the United States alone, and an evaluated 

expanse of USD 25 billion is spent per year [43]. Recent advancements in bionanomaterials have 

led researchers towards developing optimized protein-based nanoformulations for wound healing 

purposes as they showed sustained drug release, reduced administration frequency, an adequate 

concentration of medicine for an extended period, higher efficacy in injury recovery in comparison 

to free proteins, high protein stability, easy transport through the body and less denaturation under 

environmental conditions, all work together to form advanced formulations critical for wound 

healing. The high surface area to volume ratio, water solubility, stability, biocompatibility, target 

specificity, and biodegradability have given an upper hand to the use of nanoformulations over 

traditional therapeutics. All these factors have significantly contributed to gaining the enormous 

interest of researchers in this desirable field for developing and exploring better futuristic 

approaches in synthesizing protein-functionalized materials [44]. Figure. 2 Shows various proteins 

and growth factors primarily used in wound healing, along with the significant nano-formulations 

being developed using them. 

This review article focuses on protein-functionalized nanomaterials for wound healing applications. 

The key terms covered in this article include protein-functionalized nanoparticles, bio-nano 

materials, drug delivery, tissue engineering, gene delivery, cytokines, growth factors, inflammation, 

macrophages, angiogenesis, and skin regeneration. Other terms discussed include bioimaging, 

catalysis, fluorescent bio-labeling, hyperthermia, plasmon-enhanced catalysis, and targeted 

nanocarriers. The article highlights the advantages of protein-functionalized nanomaterials over 
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only protein, including their high drug-loading efficacy, quick response to environmental changes, 

and target-specific binding ability. This review demonstrates the enormous possibilities of 

developing green and biocompatible protein nanoformulations with high efficacy and specificity for 

wound healing applications. 

 

Figure. 2. Overview of different proteins and growth factors widely used for making various 

nano-formulations for wound healing and skin regeneration activity. 

 

1.2 Structural details of major proteins and growth factors and their potential role in skin 

wound healing 

Several proteins are involved in wound healing, including anti-diabetic proteins such as insulin or 

extracellular matrix proteins such as heparin, keratin, silk fibroin, and collagen. I will discuss them 

briefly in the coming sections. 

1.2.1 Insulin – It is derived from its inactive form, proinsulin, in which the N-terminal of chain A 

is connected with the C-terminal of chain B through a C-peptide, which is removed during the 

maturation. Insulin is a peptide hormone composed of two chains of polypeptides, A and B, which 

are composed of 51 amino acids, of which 17 are proteinogenic amino acids. The two chains are 

interconnected via three disulfide bridges, and its folding occurs with three alpha-helices (two in 

chain A and 1 in chain B) and a small β-sheet segment. The existence of both the zinc ions and 

phenolic ligands helps in the dimerization of insulin and further promotes the formation of hexamers 

(Figure. 3A). The molecular weight of insulin is around 5 kDa. Depending upon its structure and 

low molecular weight, it is widely employed for synthesizing biocompatible, non-toxic 

nanoformulations that can be easily inserted into the body or topically applied over the wound, 

hence promoting wound healing by following critical mechanisms. It is responsible for stimulating 

the uptake of glucose by cells and thus regulates blood glucose levels. It also plays essential roles 
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in cellular differentiation, lipid and protein biosynthesis, growth factor activity, and wound healing. 

It also acts as a growth factor and increases the migration ability of cells, thereby aiding in wound 

healing [45],[46]. On the cell surface, receptor tyrosine kinase transmembrane signaling proteins 

are present and are associated with insulin receptors. The tissue recovery begins after activation of 

Akt and Erk signaling pathways. [47],[48]. Insulin induces the synthesis of proteins by the PI3K 

and Akt pathway, which helps form 4EBPI and Ribosomal protein S6 essential for cell survival. 

Insulin is known to showcase anti-inflammatory potential by modulating distinct pathways like Akt 

and PI3K after binding with IGF receptors. These pathways further enhance cellular growth and 

angiogenesis by activating STAT-3 [39]. In addition, insulin is responsible for inactivating the 

TNFα-mediated inflammatory pathway, that further inactivates the proinflammatory cytokines [39]. 

Insulin enhances the proliferation, migration, and secretion of different cells, including 

keratinocytes, fibroblasts, and endothelial cells [49]. Hence, it is used in integration with other 

wound dressings due to its low cost compared with different growth regulators [46]. Insulin 

signaling in wound healing plays a critical part in cell proliferation, migration, along with the 

development of new blood vessels, making it an essential peptide hormone for wound healing, as 

shown in Figure. 4. 
 

 

 

Figure. 3. The crystal structures of different proteins and growth factors along with their PDB IDs 

a) Insulin, b) Silk fibroin, c) Keratin, d) Collagen, and e) Heparin f) Fibroblast Growth Factor (FGF), 

g) Keratinocyte Growth Factor (KGF), h) Vascular Growth Factor (VGF-B) i) Epidermal Growth 
Factor (EGF) and j) Platelets Derived Growth Factor (PDGF). 
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Figure. 4. The signaling pathway followed by insulin and other growth factors for wound 

recovery. The generation of IFN-γ and TNF-α activated the STAT-1, IRF-3, and NF-kβ, which are 

responsible for the secretion of IL-10, IL-12, and other interleukins for the transition of 

proinflammatory cytokines to anti-inflammatory ones and promotes healing. 

 

1.2.2 Silk fibroin – It is derived from Bombyx mori, and is an organic fibrous protein that acts as 

an crucial biomaterial for tissue healing and regeneration [50]. Also, it is the major formational of 

silk and consists of a polypeptide chain having 200-350 kDa molecular weight. The repetitive units 

of heavy (hydrophobic) and light (hydrophilic) chains with terminal N and C constitute the primary 

silk fibroin structure, and the disulfide bonds connect the two chains. Glycoprotein P25 provides 

integrity to the above chains. The molar ratio is found to be 6:6:1 of the heavy chain, light chain, 

and P25 (Figure. 3B). The amino acids present in the hydrophobic chain include 45.9% glycine 

(Gly), 30.3% alanine (Ala), 12.1% serine (Ser), 5.3% tyrosine (Tyr), and 1.8% valine (Val). In 

comparison, the hydrophilic chain consists of 14% alanine (Ala), 10% serine (Ser), 9% glycine 

(Gly), and acetylated N-terminal Ser residues [51]. The structure of silk fibroin is such that it acts 

as a tissue scaffold or mesh for the attachment of growing cells and promotes functional tissue 

regeneration, which is crucial for healing. Further, the β-sheet pattern is high in silk fibroin, which 

promotes cell attachment and growth in mesenchymal stem cells. It enhances growth, 

differentiation, and adherence of various cells, including keratinocytes, endothelial cells, epithelial 

cells, fibroblasts, and osteoblasts, promoting wound healing [52],[53]. In addition to its biomaterial 

role, silk fibroin regulates different signaling pathways crucial for wound healing. The NF-ĸB 

pathway is activated by silk fibroin, causing the upregulation of genes responsible for cell 

proliferation, migration, and angiogenesis. Silk fibroin also activates ERK1/2 and Akt signaling 

pathways, ultimately causing increased cell proliferation, migration, and synthesis of extracellular 

matrix [54]. Due to its biocompatibility, non-toxicity, non-carcinogenicity, and less 

immunogenicity, silk fibroin is extensively studied in various biomedical and biological areas, and 

its ability to regulate different signaling pathways and support various cell functions make it a 
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promising biomaterial for wound healing applications [34],[55]. (Figure. 5). 

Figure. 5. The illustration of potential role and signaling pathway followed by silk fibroin in 

wound healing activity by modulating the inflammatory, proliferative, and remodeling phase of 

healing. 

 

1.2.3 Keratin – Keratin is a natural fibrous protein found in both humans and animals [56]. It is a 

scleroprotein made up of different amino acid residues but mainly rich in cysteine and intra and 

intermolecular hydrogen, disulfide, and ionic bonds, along with hydrophobic interactions 

connecting these amino acids. Generally, it is found in two forms: alpha keratins, which involve the 

arrangement of polypeptide chains in the form of alpha helices, and filaments having a diameter of 

7-10 nm, whereas the beta keratins comprise beta sheets, which are of 3-4 nm diameter (Figure. 

3C). The alpha form is dominant in hairs, nails, horns, wool, and stratum corneum, whereas the beta 

form is common in feathers, reptilian claws, and scales [57]. Based on the structure, keratin is used 

for making scaffolds as it contains both alpha and beta forms, which help in cell adhesion to the 

scaffold and enhance their proliferation and differentiation. Further, if motifs, which are responsible 

for cell binding, are present, they promote the ability to promote cellular attachment. In various 

forms, such as hydrogels, scaffolds, and films, it has been widely used for bone regeneration, nerve 

regeneration, cell culture, and wound healing [58]. Keratin supports wound healing by accelerating 

hemostasis, promoting cell growth, and upregulating the expression of proteins relevant to wound 

healing. Additionally, it enhances plasma coagulation and lateral growth of fibrils [59],[60]. 

Previous studies have shown that keratin can arrest hemorrhage in bleeding animals, increase 

fibroblast proliferation and attachment, and upregulate the expression of keratinocytes involved in 

migration and collagen deposition [61],[62]. The mechanism underlying keratin-mediated wound 

healing is complex. TNFα activates the NFκβ/C/EBPβ, and IL-1 activates the C/EBPβ, which in 

turn activates the K6 keratin. IFN γ upregulates STAT1, activating the k6 and k17 keratins. 

Similarly, the k16 and k6 get activated by EGF/ TGF α. All three keratins, K6, K16, and K17, 

activate the keratinocytes and promote E-cadherin secretion or phosphorylation of EGFR, ERK1/2, 

and K6, which increases epidermal differentiation and ultimately enable wound healing [63],[64] 

1.2.4 as shown in Figure. 6. 
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Figure. 6. The demonstration of signaling pathway followed by the keratin protein in wound 

healing. The three significant keratins, K6, K16, and K17, get secreted in response to injury and 

activate the keratinocytes, further promoting epidermal regeneration and wound healing. 

 

1.2.5 Collagen – Collagen is a fiber-based protein which provides structural support to the 

extracellular matrix and is essential for tissue repair and regeneration. Skin mainly consists of 

collagen I. Collagen fiber has a spiral structure, and each fiber is up to 3 μm in diameter. Each fiber 

further consists of bundles of small fibrils, and the diameter of each fibril is 10-300 nm in diameter 

and several micrometers long. Fibrills are made up of triple-stranded collagen molecules. Based on 

this triple helix structure, the strands are interwoven together, which allows the robust structure to 

maintain itself in tissues for years due to its stereo-dynamic stability, as given in (Figure. 3D) [65]. 

Due to its fiber-like nature, it is widely employed for making scaffolds that have the potency of 

enhanced cellular attachment and thus promote wound healing activity by providing space for cell 

growth and differentiation. Collagen-based products are gaining interest for their wound-healing 

abilities because of their potential to promote healing by enhancing cell proliferation, angiogenesis, 

and collagen deposition [66],[67]. Collagen stimulates the expression of growth factors such as 

TGF-β, activates the MAPK/ERK signaling pathway, and modulates the action of enzymes 

responsible for wound healing, such as MMPs [68]. Collagen-based biomaterials have enormous 

potential for wound recovery because of their biocompatibility, biodegradability, and ability to 

support cell growth and tissue regeneration [69]. 

 

1.2.6 Heparin – Heparin is a natural, branched, helical glycosaminoglycan (GAG) with high 

sulfation and anticoagulant properties. It is basically divided into two main types: unfractionated 

heparin and low molecular weight heparin. Amongst the naturally occurring GAGs, it is the most 

sulfated one and composed primarily of tri-sulfated disaccharides of 2-O-sulphated α-L-iduronic 

acid and N-6-O-disulphated glucosamine repeating units (Figure. 3E). Heparin molecular weight 

is 3 to 30 kDa (natural), while that of unfractionated one is 12-16 kDa [70]. It is effective in wound 

recovery because of its potential to protect growth factors from proteolytic degradation, thus 

enhancing their bioactivity [71]. It promotes rapid and effective repair of endothelial cells, making 
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it a useful agent in in vitro and in vivo wound healing applications [72]. Heparin has been employed 

in treating burn wounds and diabetic foot ulcers, where it has been shown to decrease wound 

recovery time and increase capillary circulation. The wound-healing capability of heparin-based 

formulations is due to their ability to enhance the secretion of various growth factors, like FGF1 and 

FGF7. FGF1, after binding to its receptor FGF1-R, promotes cell proliferation and angiogenesis, 

while FGF-7 increases the proliferation of keratinocytes, which is essential for reepithelialization 

[73]. Heparin also inhibits specific cytokines, including Elastase, Cathepsin G, and IL-8, as well as 

eosinophil peroxidase, eosinophil cationic protein, and stromal-derived factor-1, which are 

responsible for the augmentation of inflammation. Overall, heparin-based formulations have shown 

great potential for wound healing applications because of their ability to promote cell proliferation, 

angiogenesis, and reepithelialization while inhibiting inflammation, as shown in Figure. 7. Using 

heparin-based formulations in wound healing may cause the development of novel therapies and 

biomaterials for improving wound healing outcomes [74],[71]. 
 

Figure. 7. The illustration of signaling pathway followed by the heparin protein in wound healing. 

Heparin promotes the secretion of different fibroblast growth factors causing reepithelialization, 

migration, and differentiation of growth-promoting cells. 

 

1.2.7 Fibroblast Growth Factor (FGF) – FGF promote wound healing and includes 22 

polypeptides, which are responsible for activating the FGFR1-4 (four receptor-type tyrosine 

kinases) and promote healing [75]. FGF2 mediates the granulation tissue formation and 

angiogenesis. FGF2 promotes cell proliferation, differentiation, and migration in various tissues, 

like skin, bone, cartilage, and muscles [76]. Further, the migration of keratinocytes in wounds, both 

in vitro and on skin samples, is promoted by FGFR-1 and FGFR-2 [77]. FGF7 and FGF10 are 

responsible for stimulating the endothelial cells and inducing the expression of VEGF, both of which 

are required for reepithelialization and angiogenesis in its later stages. Further, hair follicles are 

generated with the help of FGF9, and its overexpression increases hair generation up to three times. 

Keratinocyte growth factors (KGF) also fall under this category and promote reepithelialization by 

affecting the morphogenesis, proliferation, and migration of keratinocytes. KGF1 regulates the 
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inflammatory phase, and its expression is increased by the PDGF and proinflammatory cytokines 

released from macrophages and leukocytes. KGF2 acts on epithelial cells and is secreted by 

fibroblasts. It promotes angiogenesis, hair follicle growth, wound closure, scar formation, fibroblast 

migration, granulation tissue formation, and so on [78],[79] (Figure. 3F and 3G). 

 

1.2.8 Vascular Endothelial Growth Factor (VEGF) – Different cells, including fibroblasts, 

keratinocytes, platelets, endothelial cells, macrophages, and neurocytes present in the place of 

injury, express the growth factors of VEGF family. VEGF initiates the scar generation and the early 

phases of angiogenesis after the tissue injury, and its expression is triggered by the release of 

hypoxia-inducible factor-1α in response to the blood capillary disruption and hypoxic conditions 

generated after that at the wound [79]. It also promotes vasculogenesis, reepithelialization, collagen 

deposition, and enhanced vascular permeability, which allows the inflammatory cells to reach the 

wounded tissue and initiate proliferation and migration. It also assists in burn wound healing [80]. 

(Figure. 3H) 

 

1.2.9 Epidermal Growth Factor (EGF) – It is a polypeptide chain having 53 amino acid residues 

and three intramolecular disulfide bonds. The movement and proliferation of fibroblast, endothelial 

cells, and keratinocytes toward the injury site is initiated by EGF. It also activates the EGF receptor 

(EGFR), which initiates the signaling pathway involved in promoting cell survival, proliferation, 

and migration without causing any harm to stem cell pluripotency. EGF is found to enhance the 

healing rate in diabetic foot ulcers, venous ulcers, and skin grafts by increasing epithelialization 

[81],[82]. (Figure. 3I) 

1.2.10 Platelet-Derived Growth Factor (PDGF) – PDGF is secreted as five isoforms by 

fibroblasts, macrophages, smooth muscle cells, keratinocytes, and endothelial cells. PDGF proteins 

are present in monomeric forms, and to get themselves biologically active and bind to the PDGF 

receptors, they form homodimers or heterodimers. The PDGF initiates the differentiation and 

proliferation of fibroblasts to myofibroblasts. It plays a role in reepithelialization, intraepithelial 

collagen deposition, inflammatory cell deposition, and stabilization of blood capillaries in 

granulation tissue. Further, it promotes the secretion of MMPs and thus is critical in the remodeling 

phase. The PDGF- BB (Becaplermin) is the only recombinant growth factor approved for chronic 

tissue recovery by the FDA, and it acts as a profibrotic agent [79],[83]. (Figure. 3J) 

 

1.3 Synthesis of protein-based nano-formulations 

Nanoparticles are promising drug delivery agents for early detection and treatment of different 

diseases. Different methods have been employed for their synthesis, including colloidal, 

sonochemical, thermal decomposition, microemulsion, and hydrothermal processes [84],[85]. 

However, these methods have limitations due to the toxicity of drugs on normal cells and tissues 

and the difficulty in loading hydrophobic agents [86],[87]. Protein-based nanoformulations are 

being synthesized to overcome these limitations. Two main synthesis pathways are crosslinking 

with derivative groups modified on the surface of protein molecules or crosslinking with native 

proteins' functional groups [88],[89]. Recent techniques involve the electrospray method and 

desolvation or coacervation process, which provide better control over the size and loading of 

nucleic acids and therapeutic drugs [90],[91],[92],[93]. UV illumination was used to induce the self- 

assembly of protein nanoparticles, and solvent extraction or emulsion processes were found to have 

high encapsulation rates [94]. The heat denaturation process is equipped with targeting moieties but 

lacks a large particle size. Hence, various synthesis methods with modifications can be employed 

to efficiently and effectively synthesize protein-functionalized nanoparticles [90]. Here, I am 

going to discuss some of the most widely employed synthesis methods used for protein- 

functionalized nanomaterials, as shown in Figure. 8, and their advantages and limitations are given 

in Table 1 [95]. The synthesis procedure to be followed will be highly dependent on the specific 
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application and the characteristic features of the resulting nanostructures. 

Figure. 8. The representation of the different techniques being followed for synthesizing the 

desired protein-functionalized nanoparticles, including emulsification, desolvation, coacervation, 

and electro-hydrojetting techniques. 

 

1.3.1 Emulsification technique – In 1972, Scheffel et al. invented the technique for preparing the 

spheres of albumin protein. This technique involves two distinct phases: the aqueous phase, which 

is made up of dissolving the protein in distilled water, and the organic phase, in which plant oils are 

used. The two phases are mixed mechanically by using a homogenizer in a large container until the 

oil-water or water-oil emulsion is obtained. This emulsion solution is then poured drop by drop into 

a preheated oil having a temperature of up to 120 ˚C. At this temperature, the water from the 

emulsion will evaporate, and the irreversible destruction of protein will begin, eventually leading to 

the synthesis of protein nanoparticles, which will be suspended in an ice bath [96],[97]. 

 

1.3.2 Complex coacervation – For the entrapment of DNA, a complex coacervation technique is 

usually followed. By adjusting the pH, the proteins can be made cationic or anionic due to their 

amphoteric nature. In this technique, the protein is taken in an aqueous solution, and during its pH 

adjustment duration, the particles having a positive charge come upward towards the surface. In this 

solution, a freshly prepared solution of DNA mixed with salt is added. When the DNA and protein 

interact together, the complex coacervation occurs, followed by the addition of crosslinkers like 

EDC (1-ethyl-3-(3-dimethyl aminopropyl)carbodiimide) to get the crosslinked protein particles 

loaded with the DNA. This entrapment of DNA into the protein matrix is completed in the last stage 

of synthesis. Cationized protein can also be used to make complexes with DNA [98],[99]. 

 

1.3.3 Desolvation - Desolvation, also known as the coacervation technique, was developed in 1978 

by Martyr and his coworkers. In this technique, protein is taken in an aqueous solution into which 

a desolvating agent like natural salt or alcohol is added. Adding a desolvation agent starts slow 
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structural changes in the protein after addition. After a specific time interval, the formation of 

protein clumps begins, followed by the crosslinking between clumps to yield protein nanoparticles, 

which are separated from the solution by gradually increasing the turbidity of the solution [100], 

[101]. 

 

1.3.4 Electrospray technique – It is newly developed technique mainly used for elastin and gliadin- 

based protein nanoparticles. In this technique, a very high voltage is given by using emitter to the 

protein solution. This emitter is responsible for emitting a liquid jet stream via the nozzle, that is 

crucial for forming aerosolized-sized liquid droplets. These droplets consist of drugs along with 

nucleic acid. Through this method, the monodispersity of synthesized nanoparticles is retained 

[102],[103]. 

1.3.5 Other techniques - In addition to the methods mentioned earlier, other techniques have been 

developed to synthesize protein-based nanoformulations. One such technique is the layer-by-layer 

(LbL) assembly technique that involves the sequential deposition of oppositely charged 

polyelectrolytes onto a charged surface, such as a protein or a nanoparticle. This method is highly 

versatile and can be used to create multilayered nanostructures with controlled size and surface 

charge, allowing for precise control on drug release or therapeutic agents [104],[105]. Another 

method that has gained attention in recent years is using genetically engineered proteins to 

synthesize protein-based nanoformulations. By engineering the amino acid sequence of proteins, it 

is possible to introduce specific functional groups that can be used for crosslinking or chemical 

modification, giving the ability to adjust size and shape of the resulting nanostructures [106],[107]. 

Furthermore, there is a rising interest in using biocompatible and biodegradable polymers, like 

chitosan, alginate, and poly(lactic-co-glycolic acid) (PLGA), for the synthesis of protein-based 

nanoformulations. These polymers offer several advantages over traditional protein-based 

formulations, including improved stability, enhanced biocompatibility, and controlled release 

properties [108],[109],[110]. 

 

Table 1: The table provides brief information about the different synthesis techniques being 

followed, along with some of the significant advantages and disadvantages of each method. 

 

Technique Advantage Disadvantage Ref. 

Solvent extraction/ 

Emulsion process 
 The rate of encapsulation 

is very high 

 Require basic lab 

equipment 

 Large particle 

size 

 Poor drug 

loading 

 Uncontrolled 

drug release 

[96],[97] 

Complex 
Coacervation 

 Performed under mild 

conditions 

 High shell integrity 

 Excellent drug release 

efficacy 

 Agglomeration 

chances are high 

 Easily affected by 

temperature, pH, 

ionic strength, 

composition, and 

nature of the 

material. 

[98],[99] 

Salt precipitation  A simple and robust 

technique 

 High chances of 

confirmation and 

bioactivity loss 

[111] 

Polyelectrolyte 

complexation 

 Encapsulation efficiency 
is high 

 Affected by pH 
variations, 

[112] 
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  Maintains the drug 

stability 

temperature, 

ionic strength, 

polyelectrolyte 

concentration 

 

Desolvation  Easy synthesis 

 Low cost 

 High yield 

 Protein 

denaturation 

 Loss of 

biological 

activity 

 Affected by the 

pH of the protein 

[100],[101] 

Heat denaturation  Targeting moieties can be 

attached 

 Implemented on a large 
scale 

 Large particle 

size 

 Not suggested for 
heat-sensitive 
compounds 

[113] 

UV illumination  Assist in the self- 

assembly of proteins 

 Chances of 

agglomeration 

[94] 

Layer-by-layer 

assembly 
 Multilayered structures 

Controlled size and 
surface charge 

 Monodisperse particles 

 Unlimited geometry of 

protein nanoparticles 

 Relatively low 

yield 

 Computational 

calculations 

needed 

 Affected by 

protein 
concentration 

[104], 
[105], 

[114] 

Electrohydrodynamic 

jetting 
 The secondary protein 

structure retained 

 Able to trap hydrophobic 
and hydrophilic drugs 

 Maintain the narrow 

dispersity of particles 

 Low yield 

 Affected by the 

molecular weight 

of the protein 

[102], 

[103] 

 

 

1.4 Kinetic and thermodynamic study of protein-based nano-formulations 

Thermodynamic and kinetic studies are crucial in thoroughly understanding the interactions 

between proteins and external agents such as drugs, metal ions, polymers, etc. Thermodynamics 

critically affects the different parameters, including stability, adsorption, nucleation, and interaction 

between proteins and the surface of nanoparticles, and helps in the determination of optimal 

conditions for the development of protein-functionalized nanomaterials having desired 

characteristic features and applications. The stability of a protein is very crucial for its bioactivity 

at the targeted site, and with the help of thermodynamics, one can study the structural alterations in 

proteins, which can be due to various environmental or artificial parameters ultimately causing its 

misfolding or deactivation and eventually resulting in losing the stability. The surface adsorption of 

proteins on the molecular surface depends upon certain factors such as size, shape, composition, 

and the extent of binding interactions both at the surface and within the molecules. The formulations 

show wide variations in behavior when different proteins are used, which further depends upon the 

bulk solution constituents, the ratio of sizes between the proteins used, and protein-surface 

interactions. Additionally, the potential of different proteins to alter their structure after getting 
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adsorbed greatly affects the kinetics of adsorption. Different adsorption patterns can be obtained 

based on the internal rates of structural modifications when compared with the protein diffusion, 

which can also be determined using intermolecular interactions. 

Moreover, there is a strong relation between various relaxation times and the kinetics of adsorption, 

and it depends upon the morphology of particles [115]. A convex isotherm is formed when there is 

an association between protein and immobilized ligands. In contrast, when a protein molecule is 

adsorbed on another protein molecule, a sigmoid isotherm is formed, which is concave at low 

concentrations while convex at higher concentrations. For instance, insulin has concave isotherms 

at low concentrations [116]. One needs to study different parameters to get information about effect 

of all these factors. The thermodynamic parameters consist of Gibbs free energy (ΔG), enthalpy 

(H), and entropy (S), which can be calculated by using the following set of equations for all kinds 

of protein-based formulations. 

G = - RT ln K ................................................................................ (1) 

ln K = - H/RT + S/T .......................................................................(2) 

G = H – TS ..................................................................................... (3) 

Where T is the temperature, and R represents the universal gas constant. 
The other factors include Kₐ (association constant) and Kd (dissociation constant). Different protein- 

based formulations have different values for these parameters, which are briefly explained using 

some examples. The adsorption isotherms were plotted to determine the relationship between 

molecules that get absorbed on the surface and those remaining in the solution to monitor the 

binding capacity between the insulin protein and different magnetic nanoparticles (MMIP and 

MNIP). The slope of the adsorption curve increases sharply when a low initial concentration of the 

sample is used, while at higher concentrations, the slope is almost constant. Additionally, the ∆G 

values (in kJ/mol) for MMIP and MNIP are -39.2 and -36, the H values (in kJ/mol) are -39.3 and - 

36, while the ∆S values (in J/mol·K) are -0.26 and -0.27. The negative values of ∆G indicate that 

insulin adsorption is a spontaneous process. 

Conversely, the negative values of ∆H and ∆S indicate that electrostatic forces, hydrogen bonds, 

and van der Waals forces are involved in insulin adsorption. Similarly, equilibrium results were 

evaluated using Langmuir and Freundlich isotherms to clarify the binding mechanisms of proteins 

with external agents. The adsorption kinetic model was used to study the kinetic mechanism of 

insulin adsorption, and it was observed that adsorption occurs via a pseudo-first-order mechanism 

during the initial 8 hours due to the presence of empty binding sites and lower concentrations of 

molecules, while after 8 hours, adsorption occurs via a pseudo-second-order reaction [117]. 

Similarly, novel nano-insulin formulations were developed using silver nanoparticles. Their ∆G 

values were found to be -6.72, -6.98, and -7.48 kcal/mol at 27˚C, 32˚C, and 37˚C, respectively, 

indicating the favorability of the forward reaction with the highest affinity at physiological 

conditions. 

Similarly, the ∆H value is 16.08 kcal/mol, indicating the endothermic nature of the reaction between 

insulin and AgNPs. Furthermore, it was found that the reaction followed a first-order kinetic model 

based on the fluorescence quenching of insulin [118]. In the case of regenerated silk fibroin, 

crystallization is exothermic and is accompanied by entropy reduction when the temperature is kept 

constant. As the draw ratio increases, thermal stability and crystallinity are observed [119]. For the 

adsorption of heparin molecules on different molecularly imprinted polymers, the ∆G values were 

found to be -5.95, -4.70, and -2.73 kJ/mol at 299.15 K, 309.15 K, and 324.15 K, respectively, 

confirming the feasibility and spontaneity of the adsorption process. Moreover, the values of ∆H 

are negative, indicating electrostatic interactions between molecules, while the ∆S values are also 

negative, implying a decrease in entropy due to decreased randomness at the solution-solid binding 

point [120]. Further, the energy expenditure during the different wound healing phases varies 

significantly by 50% and 20% in the proliferative and remodeling phases. Also, the thermodynamics 

greatly influence the inflammatory phase by affecting the key features, including redness, swelling, 

and heat production during inflammation, of which swelling and redness are influenced by osmotic 
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pressure and fluid movement. The fluid movement rises by 100 times in order to meet the wound 

requirements by supplying nutrients and blood to the tissue site. Gibb’s free energy plays a vital 

role in tissue recovery as it affects cell migration, collagen deposition, and angiogenesis. The 

wounds have a positive ∆G, indicating progress through the phases of wound healing. Chronic 

wounds have negative ∆G, which suggests that the tissue-recovery procedure is stuck in the 

inflammatory phase and cannot be proceeded. In this way, kinetic and thermodynamic factors play 

a crucial role in understanding the stability of nanoparticles and the feasibility of synthesizing 

protein-based nano-formulations for further applications. 

 

1.5 Protein-based nano-formulations in normal and diabetic wound healing 

1.5.1 Insulin-based formulations - Insulin has anti-inflammatory, anti-diabetic, and wound- 

healing properties by activating the cytokines, thus reducing inflammation. Insulin upregulates the 

NF-kβP50/P50 by suppressing the expression of NF-kβP50/P65 and TNF-α. P65 suppression 

downregulates IL-12, IL-1β, TNF-α, and IL-6 cytokines at the wound site [121],[122],[123]. 

Inflammatory cytokines inhibition shifts the equilibrium toward anti-inflammatory cytokines 

expression, like VEGF, IL-4, IL-10, etc., which further induces the proliferation of the cells 

[124],[125]. Multiple methods have been used to develop insulin-based nanoformulations. In 2017, 

X. Li and co-workers developed silk fibroin-based microparticles (insulin-SFPs) encapsulating 

insulin; the particles provide biostability to the insulin and help in its sustained release. The particles 

showed significant collagen deposition, and vascularisation stimulated the keratinocytes and 

endothelial cells migration and promoted healing compared to the free insulin [126],[127] (Figure. 

9A). In 2018, A. Ehterami et al. followed the ion gelation method for preparing insulin-loaded 

chitosan particles (insulin-CPs) followed by their coating on poly Ɛ-caprolactone (PCL) (insulin- 

PCL-CNPs); the particles showed a reduction in inflammatory cytokines infiltration and 96.9 ± 

1.11% wound recovery after 14 days [128] (Figure. 9B). 

In 2018, DH Abdelkader et al. developed insulin-loaded polyvinyl alcohol borate nanoparticles 

(insulin-PLGA CNPs), significantly enhancing wound healing. With PLGANP-insulin, 29.15% 

more wound recovery occurs on the 10th day of the treatment. The insulin embedded in the particles 

is released by the diffusion method. The difference in wound closure up to 16 days in diabetic rat 

models treated with control, free insulin, and insulin-loaded PLGA particles showed faster wound 

healing and increased exudates formation and angiogenesis with insulin PLGA insulin particles 

[129] (Figure. 9C). In 2019, Kaur P et al. prepared insulin protein-coated silver nanoparticles 

(insulin-AgNPs) to deliver insulin at the place of injury (Figure. 9D). Along with anti-bacterial 

effect, AgNPs also have significant role in treating wounds and exhibit anti-inflammatory action. 

The inflammatory cytokine transition and wound healing properties of AgNPs improved by 

encapsulating them with insulin. The wound-healing effect of IAgNPs was determined in diabetic 

and nondiabetic environment. Both free insulin and IAgNPs treatment showed a faster recovery of 

the wound. 20% and 12%, more rapid wound recovery in diabetic and normoglycemic rats, 

respectively, on the 5th day of IAgNPs treatment than free insulin 4.67% (diabetic model) and 7.27% 

(nondiabetic model). After 11 days of IAgNPs treatment, 73.33%, 60.0%, and free insulin, 40% and 

33.33%, were observed in diabetic and normoglycemic models, respectively, compared to the 

respective controls. In addition to the wound contraction assay, the histological expression of the 

pro- and anti-inflammatory cytokines was also examined. Histological evaluations of rat models 

exhibited enormous collagen deposition along with reepithelialization. A decrease in the leukocyte 

infiltration was monitored using IAgNPs and insulin with respect to additional solutions. On the 5th 

day of treatment, IAgNPs, the proinflammatory cytokines expression level decreases by 50% in 

both diabetic and nondiabetic groups. On the 11th day, IL-6 and TNF-α decreased by 45% in diabetic 

and normoglycemic sets. The IL-10 anti-inflammatory cytokines expression level after five days of 

treatment with IAgNPs increases by 70% and 50% in rat models. On the 11th day, wound healing 

accelerated by 65% and 50% in nondiabetic and diabetic groups [118]. M.C. Ribeiro et al., used 
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chitosan to synthesize insulin-loaded nanoparticles (insulin-CNPs) and examined the effect on 

wound healing. Histological evaluation showed angiogenesis, reduction in inflammatory cells like 

monocytes, macrophages, neutrophils, keratinocytes, increase in endothelial cell proliferation, 

collagen deposition, and maturation of wound following treatment compared to free insulin [130] 

(Figure. 9E). The particles of Poly (lactide-co-glycolide) (insulin-PLGA NPs) loaded with insulin 

were prepared by Lee J et al. in 2013 by evaporating the solvent using the double emulsion 

technique. The prepared particles are biodegradable and have viscoelastic properties—the insulin 

embedded in the particles is released by diffusion. The difference in wound closure in control, free 

insulin, and insulin-loaded PLGA particles was up to 16 days. With insulin PLGA particles, the 

healing rate is faster and increases the exudate formation and angiogenesis formation [131]. 

The nanoclusters (NCs) of insulin with metals have bioimaging properties and wound-healing 

activity. These NCs comprise several to a hundred metal atoms with an outer layer of protein to 

protect them from aggregation. Kaur P et al. (2020) prepared insulin copper quantum clusters 

(Insulin-CuQCs) that exhibited wound healing and bioimaging activity. Similar to Zinc, Copper 

also promotes cell growth and division. At a 5% concentration of ICuQCs in 24h, there was an 

almost double increase in HeLa cell growth compared to the control (insulin + Cu salt, insulin, and 

blank), indicating the ICuQCs' cell growth-promoting effect [14] (Figure. 9F). Kaur P et al. (2021) 

prepared insulin zinc quantum clusters (Insulin-ZnQCs) and tested them for cell migration and 

bioimaging efficiency using HEKa. The cells incubated with 1.5, 7.5, 30, and 60 µM IZnQCs 

showed 39.49 ± 1.29%, 42.03 ± 3.04%, 45.25 ± 2.14%, and 52.88 ± 0.83% cell migration, 

respectively, after 6 hours compared to control. After 12 hours of incubation, cell migration of 27.58 

± 3.72%, 34.08 ± 1.57%, 36.32 ± 1.63%, and 46.86 ± 1.46% occurred with 1.5, 7.5, 30, and 60 µM 
IZnQCs treatment compared to control. After 24 hours, the % of cell migration was 43.02 ± 1.62%, 

46.51 ± 3.38%, 58.60 ± 0.72%, and 67.81 ± 0.83% when compared with control. An increase in 

migration was observed with an increase in time, and at 24h, maximum wound recovery was 

observed [15] (Figure. 9G). Similarly, insulin-nickel quantum clusters (INiQCs) were prepared by 

Sharda et al. to test wound healing efficiency in vitro and bioimaging and to detect lead in silico and 

in vitro. They effectively healed wounds at different concentrations of 1.5, 7.5, 30, and 60 µM after 

various time intervals of 6, 12, and 24 hours, respectively, and showed bioimaging effects at varying 

concentrations [16]. Also, insulin-cobalt core-shell nanoparticles were synthesized for the treatment 

of wounds and are found to be very effective against both normal and diabetic wound healing. The 

effect of particle concentration was studied, and it was found that with increasing concentrations of 

1.5, 7.5, 30, and 60 µM, there is accelerated healing rate with time [132]. A hydrogel scaffold was 

developed using morin incorporated into polysaccharide-protein, which decreased the 

reepithelialization rate and increased the wound contraction rate by enhancing collagen deposition 

in diabetic rats [133]. Wan W et al. prepared Gelatine cryogel loaded on the surface of silver 

nanoparticles (Gelatin-AgNPs-PDGF-BB) at the PDGF-BB bottom layer, which exhibited better 

wound healing, reepithelialization, angiogenesis, deposition of collagen, and granulation tissue 

formation in diabetic wounds [134] (Figure. 9H). 

1.5.2 Silk fibroin-based formulations - Curcumin-loaded silk fibroin conjugated with 

polycaprolactone or polyvinyl alcohol was used to make a nanofibrous mat for healing diabetic 

wounds faster in animal models [135]. Maity et al. synthesized antioxidant silk fibroin composite 

hydrogel to heal diabetic wounds rapidly. They were biocompatible, stimulated fibroblast cell 

migration, and controlled oxidative stress in vitro [136]. Silk fibroin and silk sericin-based 

formulations were developed after mixing with aloe vera gel for tissue recovery in diabetic mice, 

and it was found that the wounds healed within 13 days of applying the formulation, with a wound 

contraction of 98.33 ± 0.80% [137]. Hydrogel films were created by combining boric acid- 

impregnated silk fibroin/gelatin and hyaluronic acid, resulting in an improved tissue healing process 

and increased strength [138]. Silk fibroin interlinked with glycyrrhizic acid and silver hydrogels 

were also prepared for the effective treatment of wounds with bacterial infection [139]. 
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Additionally, a multitasked aerosolized nanopowder formula made from silk fibroin exhibited 

antioxidant, anti-bacterial, and enhanced cell proliferation effects, providing a promising approach 

to wound healing [140]. Wu et al. found that adipose-derived stem cell-seeded silk fibroin-chitosan 

films improved tissue healing in rat model [141]. Sen et al. synthesized silk fibroin immobilized 

polyurethane conjugated with epidermal growth factor, which enhanced the rate of burn wound 

healing of full-thickness burn and reduced proinflammatory cytokines IL-6,8,10 levels in diabetic 

rats [142]. Silk fibroin-integrated biliverdin-based bioinspired green hydrogel stimulated 

angiogenesis and wound healing in rat model by exhibiting anti-inflammatory effects [143]. Silk 

fibroin-hyaluronic acid-based composite scaffolds were developed for monitoring the cellular 

growth at wound sites and were found to enhance the scarless reconstruction of skin in nude mice 

with skin tissue defects [144]. Silk fibroin and poly(lactide-co-glycolic acid) nanofiber were loaded 

with zinc oxide nanoparticles for their successful delivery at the wound site and to promote 

reepithelialization, collagen deposition, granulation tissue formation, and angiogenesis [145]. 

1.5.3 Keratin-based formulations -Veerasubramanian et al. developed konjac-glucomannan- 

keratin hydrogel wound dressings having oat extract, which significantly enhanced the wound 

treating ability in diabetic conditions by promoting the synthesis and deposition of collagen in the 

wounded area [146]. In another study, recombinant keratin particles (Keratin-NPs) were prepared 

by Gao et al. to improve wound healing, vascularisation, epithelization, and collagen deposition 

[147] (Figure. 9I). Chicken feather proteins were utilized by Kumaran et al. to synthesize keratin 

hydrogels for treating dermal injuries [148]. Furthermore, keratin hydrogels loaded with 

ciprofloxacin were developed to promote the healing of full-thickness excision wounds and prevent 

infection caused by Pseudomonas aeruginosa bacteria [149]. Human platelet lysate-loaded keratin 

hydrogels were also synthesized to exhibit sustained release of pro-regenerative growth factors 

essential for healing and enhancing cell proliferation without toxicity in vitro models [150]. Robert 

et al. utilized keratin-based wound dressing to treat a patient suffering from recessive dystrophic 

epidermolysis bullosa in 2012 [151]. Electro-spun fibers, loaded with keratin and hyaluronic acid, 

were also found to be potent wound dressings because they increase cell viability and proliferation 

[152]. Keraderm is a matrix dressing obtained from keratin powder by freeze-drying, which is 

utilized to heal exuding venous ulcers and the complete wound in 30 weeks. Similarly, kerafoam, 

an absorbent polyurethane foam dressing with keratin film lamination, was developed for highly 

exuding venous ulcers, which healed completely in 16 weeks. To treat partial-thickness wounds, an 

absorbable matrix called keramatrix was created, which is found to enhance the epithelialization 

process of wounds [153]. 

1.5.4 Collagen-based formulations -Other extracellular proteins, such as amnion and collagen- 

based composite hydrogels, were developed to treat cutaneous burn wounds by enhancing the 

reepithelialization abilities [154]. Curcumin-loaded fish scale collagen-hydroxypropyl methyl 

cellulose nano gel promoted healing with better contractile percentag of the injury and prolonged 

drug release [155]. Chitosan/collagen scaffolds loaded with Norfloxacin were also developed to 

enhance skin reconstruction and improve adhesivity and mechanical strength for healing [156]. Sun 

et al. prepared collagen nanofibres (Coll-NFs) in 2018, which were found to decrease inflammation, 

promote faster recovery of wounds, and increase angiogenesis [157] (Figure. 9J). A matrix of 

Collagen-laminin having resveratrol loaded with hyaluronic acid-DPPC microparticles was used in 

treating the injury in diabetic rats, and a controlled drug release was achieved along with its 

antioxidant activity [158]. Collagen-chitosan scaffolds loaded with pioglitazone were synthesized, 

which were biocompatible, promoted cell growth, and exhibited enhanced wound contraction in 

diabetic wounds [159]. In yet another formulation, collagen dressing was loaded with neurotensin, 

which facilitated the controlled release of drugs in injury area, enhanced reepithelialization, and 

decreased the secretion of inflammatory cytokines in diabetic foot ulcers [160]. 

1.5.5 Heparin-based formulations - Heparin micro islands were developed by Pruett et al. in 
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microporous scaffolds, which promoted diabetic wound healing abilities by epidermal regeneration 

and re-vascularization [161]. The heparin-poloxamer hydrogel was also developed by Xu et al. using 

polylysine to heal endometrial injury by controlling KGF release and enhancing adhesiveness [162]. 

Double emulsion nanoparticles were developed using sulfated alginate and polycaprolactone to 

improve the delivery of heparin-binding growth factors that promote healing due to connective 

tissue growth factor secretion [163]. Additionally, pro-angiogenic nanofibrous membranes based 

on chitosan and heparin were developed using an efficient and new electrospinning method for 

wound healing applications, which enhanced tissue angiogenesis [164]. Senturk et al. prepared 

heparin memetic particles (heparin-NFs) in 2016, which were found to enhance reepithelialization, 

promote a fast transition of proinflammatory to anti-inflammatory cytokines, improve angiogenesis, 

and lead to high VEGF levels and wound recovery [165] (Figure. 9K). Analyses of 

reepithelialization, granulation tissue formation, blood vessel density, VEGF, and inflammatory 

response measurements quantified wound recovery [161]. The synthesis of heparin-based hydrogel 

incorporating Cu nanozymes was done to inhibit inflammation by decreasing the proinflammatory 

cytokines and ROS scavenging, which eventually led to wound healing [166]. Lu et al. developed a 

thermoresponsive hydrogel involving heparin protein with Lactococcus incorporated in it, which is 

helpful in wound healing by promoting angiogenesis, reducing the inflammatory microenvironment 

across the wound area, and decreasing the risk of systemic toxicities by preventing the entry of 

bacteria at the infection site [167]. 

P311 peptide-based micelles were assembled with ROS-responsive polymer for the transformation 

of an oxidative wound environment to a regenerative environment for tissue recovery by increasing 

collagen deposition, reepithelialization, cell migration, and granular tissue synthesis [168]. 

Recently, Ge et al. developed a novel nano armor which assists in the transport of IL-4 by 

protecting its biological activity and enhancing circulation throughout the blood. The synthesized 

copolymer consists of two layers: outer polyethylene glycol layer and intermediate rosamirinic 

acid layer for protecting the innermost IL-4, which is helpful in ROS scavenging, decrease in the 

secretion of inflammatory cytokines, and M1 to M2 transition crucial for healing [169]. The 

different nano-formulations obtained by using different proteins, along with their potential 

outcome, are given in Table 2. 

Table 2: The table provides information about the different protein functionalized nanomaterials 

along with the protein used, their key outcomes, and the models on which they were tested to give 

a detailed knowledge of different formulations 

 

Protein Formulation Tested on Key outcome Ref. 

Insulin Insulin- 

encapsulated silk 

fibroin 

microparticles 

 HaCaT 

 Sprague 

Dawley 

rats 

 Sustained release of insulin 

 Enhanced collagen deposition 

and vascularization 

 The accelerated wound closure 

rate 

[127] 

PCL/COLL loaded 

with insulin 

chitosan 

nanoparticles 

 L929 

 Male 

Wistar 

rats 

 Enhanced blood compatibility 

 Protection against bacterial 

infection 

 Enhanced cell adhesion, growth, 

and migration 

[127] 

Insulin-loaded 

Poly(vinyl 

alcohol)-borate 

hydrogels 

 Male 

Sprague 

Dawley 

rats 

(diabetic) 

 Topical insulin delivery 

 Granulation tissue formation rate 

and angiogenesis accelerated 

 The localized rise in collagen 

deposition 

[131] 
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 Insulin-loaded 

chitosan 

nanoparticles 

 Female 

Wistar 

rats 

(diabetic) 

 Stimulated vasodilation, 

proliferation, leukocyte 
chemotaxis 

 Accelerated epithelialization and 

collagen deposition 

[128] 

Insulin-loaded 

core-shell cobalt 

nanoparticles 

 HEKa  Enhanced cell migration and 

wound closure rate 

 Targeted drug delivery 

 Highly potent for bioimaging 

[132] 

Zinc insulin 

quantum clusters 
 HEKa  Enhanced cell migration and 

wound closure rate 

 Targeted drug delivery 

 Highly potent for bioimaging 

[15] 

Insulin-loaded 

silver nanoparticles 
 HEKa 

 Male 

Wistar 

rats 

 Regulation of balance between 

pro and anti-inflammatory 
cytokines 

 Enhanced cell migration and 

wound closure rate 

 Targeted drug delivery 

[14] 

Insulin nickel 

quantum clusters 
 HEK-293  Enhanced cell migration and 

wound closure rate 

 Targeted drug delivery 

 Highly potent for bioimaging 

 in vitro and in silico lead 

detection 

[16] 

Silk 

Fibroin 

Curcumin-loaded 

polycaprolactone/p 

olyvinyl alcohol- 

based silk fibroin- 

based electrospun 

nanofibrous mat 

 Albino 

female 

mice 

 Antioxidant and anti- 

inflammatory activity 

 Restore the skin structure and 
histology of tissue at a faster 

pace 

 Faster wound healing 

[135] 

Melanin and 

berberine 

amalgamated silk 

fibroin hydrogel 

 NIH3T3 

 Wistar rat 

model 

(diabetic) 

 Enhanced biocompatibility 

 Prevent oxidative stress 

 Enhanced migration of 

fibroblasts, reepithelialization, 

and wound closure 

[136] 

Aloe vera gel- 

loaded silk fibroin 

formulations. 

 Albino 

mice 

(diabetic) 

 Enhanced growth of collagen 

fibers and blood vessels 

 Much decreased inflammation 

[137] 

Silk fibroin/ 

gelatin/ hyaluronic 

acid-based films 

impregnated with 

boric acid. 

 L929  Increased cell migration activity 

in vitro 

 Promoted wound healing 

[138] 

Silk fibroin 

crosslinked 

glycyrrhizic acid 

and silver hydrogel 

 Staphyloc 

occus 

aureus 

infected 

 Enhanced biocompatibility and 

mechanical properties 

 Antibacterial and anti- 

inflammatory effects 

 Promote tissue regeneration 

[139] 
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  wound in 

mice 

 Chorioall 

antoic 

membran 

es 

  

Aerosolized 

nanopowder having 

neomycin and 

Avicenna marina 

extract loaded in 
silk fibroin. 

 CRL2522  Potent increase in cell viability 

 Enhanced antioxidant activity 

 Excellent antibacterial activity 

[140] 

Adipose-derived 

stem cell-seeded 

silk fibroin 

chitosan film 

 Male 

Sprague 

Dawley 

rats 

(diabetic) 

 Accelerated cell growth 

 Differentiation of adipocyte and 

osteocyte enhanced 

 Enhanced granulation tissue 

formation, capillary formation, 

reepithelialization 

[141] 

Epidermal growth 

factor conjugated 

silk fibroin 

immobilized 

polyurethane 

 NIH3T3 

 Rat 

model 

(normal 

and 

diabetic) 

 Enhanced granulation, collagen 

deposition, reepithelialization 

 Restoration of proinflammatory 
cytokines IL-6,8,10 

 No sign of infection at the wound 

site 

[142] 

Biliverdin silk 

fibroin hydrogel 
 GL261 

 Male 

BALB/c 

nude 

mice 

 Enhanced anti-inflammatory 

effect 

 Stimulated angiogenesis 

 Full-thickness wound healing 

[143] 

Hyaluronic acid 

containing silk 

fibroin scaffold 

 HUVEC 

 Sprague 

Dawley 

rats 

 Enhanced cell adhesion, 

proliferation, and differentiation 

 Regulation of collagen 

arrangement 

 Inhibited scar formation 

[144] 

Zinc oxide-loaded 

PLGA/ silk fibroin 

electrospun 

membranes 

 L929 

 Male 

Sprague 

Dawley 

rats 

 Enhanced reepithelialization, 

collagen deposition, granulation 

tissue formation, and 

angiogenesis 

 Antioxidant and antibacterial 

activity 

[145] 

Keratin Avena sativa 

extract loaded 

konjac 

glucomannan- 

keratin hydrogel 

scaffold 

 NIH/3T3 

 Male 

Wistar 

rats 

 Exhibit desirable swelling, 

biocompatibility, antibacterial, 

and antioxidant activity. 

 Enhanced wound contraction and 

collagen synthesis 

 Increased epidermis layer and 

blood vessel synthesis 

[146] 

Chlorhexidine 

loaded poly 
 L929  Reduced inflammation 

 Enhanced collagen deposition 

 Antioxidant and antibacterial 

[170] 
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 sulfobetaine/keratin 

hydrogel. 
 Sprague 

Dawley 

rats 

  

Recombinant 

keratin 

nanoparticles 

 HaCaT 

 Male 

Sprague 

Dawley 

rats 

 Enhanced cell migration and 

proliferation 

 Improved epithelialization, 

vascularization, remodeling, and 

collagen deposition 

 No systemic toxicity in vivo 

[147] 

Chicken feather 

keratin hydrogel 
 Skin cells  Enhanced migration of 

keratinocytes from the boundary 

to the inner wound site 

[148] 

Ciprofloxacin 

loaded keratin 

hydrogel. 

 Female 

Yorkshire 

pigs 

 P. 

aeruginos 
a 

 Decrease in the amount of P. 

aeruginosa by 99% 

 Collagen-rich granulation tissue 

and fibroblasts at the wound site 

 Enhanced reepithelialization and 

wound contraction 

[149] 

Keratin hydrogel 

loaded with human 

platelet lysate 

 HDF  Sustained release of pro- 

regenerative growth factors 

 Promoted and supported cell 
proliferation without causing 

toxicity for up to three days 

[150] 

Keratin-based 

dressing (keragel 

T) 

 Patient 

with 

recessive 

dystrophi 

c 

epidermol 

ysis 

bullosa 

 Enhanced keratinocyte 

proliferation and migration 

 Accelerated epithelialization, 

epidermal migration, and 

keratinocyte activation 

[151] 

Nanocomposites 

based on 

polycaprolactone/ 

polyethylene oxide 

loaded with 
hyaluronic acid and 

keratinin 

 L929  Non-toxic nature 

 Enhanced cell proliferation and 

viability 

[152] 

Collagen Curcumin-loaded 

fish scale collagen 

hydroxypropyl 

methylcellulose 

nano gel 

 Male 

albino 

Wistar 

rats 

 High stability, wound contraction 

ability, and safe for 

dermatological application 

[155] 

Collagen/chitosan- 

based porous 

scaffold 

 HDF 

 Male 

Wistar 

rats 

 Enhanced fibroblast migration 

and proliferation 

 Increased collagen deposition 

and synthesis of Collagen IV 

 angiogenesis 

[171] 
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 Mupirocin-loaded 

chitosan 

microspheres 

embedded in 

collagen scaffold 

 Unisex 

Wistar 
rats 

 Collagen deposition 

 Fibroblast proliferation 

 No inflammation 

[172] 

Norfloxacin-loaded 

collagen/chitosan 

scaffold 

 Albino 

rats 

 High water uptake and retention 

ability 

 Enhanced bioadhesive strength 

and slow biodegradation 

 100% drug release ability 

 Accelerated tissue regeneration 

 Intact epidermal and dermal 

structure 

[156] 

Collagen scaffold  STZ- 
induced 

diabetic 

rat 

 Accelerated migration of 

fibroblasts and keratinocytes 

 Enhanced angiogenetic activity 

 Decreased inflammation 

[157] 

Collagen-laminin 

dermal matrix 

impregnated with 

resveratrol-loaded 

hyaluronic acid- 

DPPC 

microparticles 

 Male 

Wistar 

albino 

rats 

 Excellent antioxidant activity 

eventually promotes wound 
healing 

 Enhanced cell proliferation of 

fibroblasts, keratinocytes, and 

endothelial cells 

 Maintain matrix integrity by 

acting against collagenase 

[158] 

Pioglitazone loaded 

collagen/chitosan 

scaffold 

 3T3-L1 

 Male 

wistar 

albino 

rats 

 Optimum porosity, low matrix 

degradation, sustained drug 

release 

 Significant decrease in matrix 

metalloproteinases-9 

 Better growth of fibroblast 

 Potent anti-inflammatory effect 

[159] 

Neurotensin-loaded 

collagen matrix 
 HaCaT 

 Raw 

264.7 

 Male 
C57BL/6 

Mice 

 Reduced inflammatory cytokine 

expression 

 Decreased inflammatory filtrate 

and metalloproteinases 

 Increased fibroblast migration 

 Enhanced deposition of collagen, 

collagen type III, and alpha 1 

[160] 

Heparin Heparin micro 

islands 

 Mice 

 HDF 

 HDMVE 

C 

 Epidermal regeneration and 

revascularization in a diabetic 

model 

 Downstream cell migration in 

vitro 

[161] 

Heparin/Prussian 

blue-loaded - 

nanofibers 

 NIH3T3 

 C57/BL 

mice 

 Decreases intracellular ROS level 

 Prevent cells from ROS-mediated 

apoptosis 

 Accelerate the inflammatory 

response and wound healing 

[173] 
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 Heparin-based 

sericin hydrogel 

encapsulated 

fibroblast growth 

factor 

 BALB/c 

mice 

 HDF 

 Enhanced adhesiveness 

 Excellent biodegradability 

 Increased collagen deposition, 

vascularisation, and 

reepithelialization 

[174] 

Heparin poloxamer  ECC 

 Female 

Sprague 

Dawley 

rats 

 Enhanced proliferation and 

angiogenesis of endometrial 
epithelial cells 

 Inhibit cellular apoptosis in the 

endometrium 

[162] 

Heparin mimetic 

alginate 

sulfate/polycaprola 

ctone 

nanoparticles 

 HaCaT  Controlled drug delivery 

 Protection of drug from 

degradation 

 Enhanced cellular migration, 

proliferation, and matrix 

deposition 

[163] 

Heparin-loaded 

chitosan nanofibers 
 chorionic 

allantoic 

membran 
e 

 Stimulated angiogenesis [164] 

Heparin mimetic 

peptide nanofibers 
 Male 

Sprague 

Dawley 

rats 

(Diabetic) 

 Promote angiogenesis, 

reepithelialization, and 

inflammatory response 

 Increased macrophage infiltration 

and VEGF expression 

 Induced angiogenesis 

[165] 

Cu5.40 loaded 

heparin hydrogel 
 NIH-3T3 

 HUVEC 

 Diabetic 

mice 

 Decreases immune cell influx 

and inflammatory signals at the 

wound site by capturing 

inflammatory chemokines 

 ROS Scavenging 

 Promote wound healing 

[166] 

Lactococcus- 

loaded heparin 

poloxamer 

hydrogel 

 HUVEC 

 Macropha 

ges 

 Mice 

 Controlled release of bioactive 

proteins and immune-regulating 

molecules 

 Reduces inflammatory 

microenvironment 

 Enhanced angiogenesis 

[167] 

Heparin-loaded 

chitosan nanofibers 

 chorionic 
allantoic 

membran 

e 

 Stimulated angiogenesis [164] 

Heparin mimetic 

peptide nanofibers 
 Male 

Sprague 

Dawley 

rats 

(Diabetic) 

 Promote angiogenesis, 

reepithelialization, and 
inflammatory response 

 Increased macrophage infiltration 

and VEGF expression 

 Induced angiogenesis 

[165] 
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 Cu5.40 loaded 

heparin hydrogel 
 NIH-3T3 

 HUVEC 

 Diabetic 

mice 

 Decreases immune cell influx 

and inflammatory signals at the 

wound site by capturing 

inflammatory chemokines 

 ROS Scavenging 

 Promote wound healing 

[166] 

Lactococcus- 

loaded heparin 

poloxamer 

hydrogel 

 HUVEC 

 Macropha 

ges 

 Mice 

 Controlled release of bioactive 

proteins and immune-regulating 

molecules 

 Reduces inflammatory 

microenvironment 

 Enhanced angiogenesis 

[167] 

 

 

1.6 Growth factors and growth regulators in healing wounds 

Growth factors, like proteins, play a crucial role in wound healing. These physiologically active 

proteins get linked to specific receptors for stimulating molecular mechanisms for various cell 

functions, supporting cell proliferation, differentiation, migration, metabolism, and wound healing 

[175]. FGF is known to upregulate the activation of MEK-P, which in turn activates the NF- 

kβP50/P50 and inhibits NF-kβP50/P65 expression responsible for the activation of proinflammatory 

cytokines such as IL-1β, IL-6, IL-12, and TNF-α [38],[176]. FGF also upregulates the expression 

of Akt, which activates eNOS, STAT3, PI3K, and MMP, which are responsible for tissue growth 

and angiogenesis [177]. Nguyen et al. in 2017 prepared FGF-loaded carboxyl methyl chitosan 

(CMCS) nanoparticles (FGF-CMCS NPS) using an ionic gelation method for biological 

applications and FGF-2 remains protected from degradation of trypsin and thus act as an efficient 

way of FGF2 delivery at wound site for in vivo applications [178] (Figure. 9L). Butko et al. in 2016 

loaded fibroblast growth factor (bFGF) into N-succinyl-chitosan and chitosan/TPP to prepare its 

nano-formulation with 60% encapsulating efficiency. The bFGF stimulates the transition from 

inflammation to cell proliferation, remodeling, and wound recovery [179]. Also, Cetin M et al., in 

2007, reported bFGF (Basic fibroblast growth factor; belongs to the FGF family), and a pleiotropic 

growth factor loaded chitosan particles (bFGF-CNPs) with 27.388% encapsulation efficiency and 

the particles were found to be unaffected in their structure by any changes in release parameters and 

encapsulation procedure thus maintaining their stability [180] (Figure. 9M). 

Losi et al. in 2013 prepared bFGF and vascular endothelial growth factor (VEGF) loaded poly lactic- 

co-glycolic acid (PLGA) nanoparticles (VEGF-PLGA NPs), which had a potential impact on cell 

division, cell proliferation, collagen deposition, re-epithelization, and helped in wound closure in 

comparison to controls in addition to angiogenesis [181] (Figure. 9N). VEGF activates PI3K, Akt, 

and eNOS to support cell growth and angiogenesis [182]. Further, it activates JAK/STAT3, which 

promotes cell survival and blocks the signaling of pro-inflammatory cytokines STAT1, SOCS, etc. 

[183]. Chereddy et al., in 2015, treated wounds with VEGF-loaded PLGA nanoparticles, which 

showed an enhancement in collagen deposition that helps in re-epithelialization, angiogenesis, and 

complete recovery of the injury in 28 days in comparison to the free GFs [184]. Murphy et al., in 

2013, synthesized VEGF-encapsulated PLGA particles (VEGF-PLGA) through leaching and 

observed 70% recovery within 12 days and was found to enhance the wound healing capacity at a 

faster pace [185]. Mohandas et al. prepared fibrin nanoparticles for VEGF loading to help improve 

the angiogenesis, ultimately leading to accelerated healing effect due to blood vessel formation 

[186] (Figure. 9O). An in vitro transcription (IVT) method was used to develop VEGF-A mRNA, 

which is encapsulated for delivery into ionizable lipid-mediated nanoparticles using the microfluidic 
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method and is found to be very effective in enhancing the proliferation of cells along with efficient 

delivery of mRNA, is found to be non-toxic in nature and used for diabetic wound healing [187]. A 

new chitosan-modified hydrogel having silver ions and epidermal growth factor encapsulated in 

nanoparticles is developed for healing diabetic wounds and exhibited excellent collagen deposition 

and maturation ability, increased re-epithelialization, and optimized delivery of silver and growth 

factor at the wound site [188]. A polymeric path containing epidermal growth factor, GelMA 

hydrogel, and PHBV membranes are developed for treating diabetic wounds. This path not only 

enhances angiogenesis but also promotes proliferation and differentiation of fibroblasts, endothelial 

cells, and keratinocytes [189]. In 2018, Pan et al. synthesized Keratinocyte growth factor (KGF) 

linked gold nanoparticles (KGF-AuNPs), which promote keratinocyte proliferation promotes 

wound healing through re-epithelisation rather than granulation [190] (Figure. 9P). KGF works 

similarly to VEGF through the KGF receptor (KGFR) [191]. The similar nanoparticles used for in 

vivo studies on diabetic rat models by Li et al. showed the binding of KGF with KGF receptors. 

They enhanced the collagen-I level, TGF-β1, and alpha-smooth actin (α-SMA) that assists in wound 

healing [192]. Muhamed et al., in 2019, synthesized KGF-loaded nanoparticles (KGF-F NPs) using 

fibrin which enhanced in vivo migration of cells and wound closure [193],[194] (Figure. 9Q). Like 

other growth factors, EGF also shifts the equilibrium toward the anti-inflammatory cytokines by 

activating PI3K/Akt, mTOR, MEK-P and STAT 3, etc. [195]. Zhang P et al., in 2020, prepared 

carboxymethyl chitosan (CC) nanoparticles by hydrophobic conjugation of linoleic acid with the 

carboxymethyl chitosan and loaded them with recombinant human epidermal growth factor (rh- 

EGF-CC NPs) [196] (Figure. 9R). Controlled release of the loaded unstable growth factor showed 

the wound healing effect when tested in vitro and in vivo. Even in chronic wounds, CC showed 

more inflammation recovery and healing efficiency than free rh-EGF. Gainza G et al., in 2014, 

prepared a similar SLN particle nanocage by emulsification ultrasonication method for loading rh- 

EGF that showed significant wound healing compared to the free rh-EGF [197]. In chronic wounds, 

rh-EGF-loaded nanoparticles promote the proliferation of cells, reduce inflammation, and help in 

re-epithelization and wound healing. Chu et al., in 2010, used identical rh-EGF-loaded SLN 

particles (rh-EGF-SLNPs) prepared using the double emulsion method [198] (Figure. 9S). The 

growth factor-loaded particles enhance fibroblast proliferation and wound healing in diabetic rat 

models. Rajam et al., in 2011, prepared EGF and FGF encapsulated inside chitosan tpp nanoparticles 

having 83% and 84% release capacity, respectively, up to 35 days [199]. 

Xie et al. used two growth factors, platelet-derived growth factor (PDGF-BB) (Figure. 3J) and 

VEGF; VEGF loaded within the nanofibres and PDGF-BB inside the PLGA nanoparticles [200]. It 

accelerated wound regeneration, tissue remodeling, and collagen deposition with platelet-derived 

and VEGF-stimulated angiogenesis. Circolo et al. showed that PDGF decreases the expression of 

TNF-α and IL-1 inflammatory cytokine [201]. Piran et al. prepared electro-spun embedded chitosan 

nanoparticles for the controlled release of PDGF-BB (PDGF-BB CNPs) at the site of the wound 

(Figure. 9T). PDGF-BB showed significant changes in the chemotactic behavior of the cells, 

induced the division of the fibroblasts and neutrophils, caused the migration of the cells at the wound 

site, and helped in wound closure [202]. On the basis of all the instances mentioned above regarding 

the utilization of growth factors and growth regulators as potent stimulators of wound healing by 

regulating cellular proliferation, migration, and differentiation, more research needs to be done to 

increase their stability, absorption rate, efficacy, target specificity, biocompatibility and growth 

promoting abilities to yield better outcomes in the near future. The action mechanism of these 

growth factors is well known to the scientific community, but their application in preclinical and 

clinical trials is still lacking despite their wonderful features. Moreover, in recent years, the number 

of patients suffering from intractable wounds, including diabetic ulcers, foot ulcers, etc., is 

increasing drastically, and to eliminate these ailments, research in the field of understanding the role 

of growth factors for optimizing the wound surroundings for treatment will be an exciting area of 

interest. 



28 
 

 

Figure. 9. SEM/TEM images of the different protein-loaded nano-formulations (A) Insulin-silk 

fibroin nanoparticles (B) Insulin-PCL-Chitosan nanoparticles (C) Insulin-PLGA nanoparticles 

(D) Insulin-Ag nanoparticles (E) Insulin-Chitosan nanoparticles (F) Insulin-Cu Quantum clusters 

(G) Insulin-Zinc quantum clusters (H) Gelatin-AgNPs-PDGF-BB (I) Keratin nanoparticles (J) 

Collagen nanofibers (K) Heparin nanofibers (L) Fibroblast growth factor-CMCS nanoparticles 

(M) bFGF loaded chitosan nanoparticles (N) VEGF-PLGA nanoparticles (O) Vascular 

endothelial growth factor loaded PLGA nanoparticles (P) Keratin Growth factor-Au 

nanoparticles (Q) KGF loaded fibrin nanoparticles (R) rh-EGF loaded carboxymethyl chitosan 

nanoparticles (S) rh-EGF loaded solid lipid nanoparticles (T) PDGF-BB nanoparticles [Adapted 

with permission from ACS, RSC, Elsevier, Taylor and Francis, Springer, Nature]. 

1.7 Conclusion and Future Directions 

Wound healing involves several phases which occur simultaneously to promote faster recovery and 

prevent infection. Nano-formulations involving inorganic, organic, or biological precursors have 

been developed to make the formulations for wound healing biocompatible, cost-effective, and 

efficient. Protein and growth factors are commonly used due to their unique properties. They control 

inflammation at the wound site through distinct signaling pathways, leading to fast recovery. 

Protein-based nano-formulations can be entrapped inside the particle, protein-embedded particles, 

or loaded on the surface of the particles. Further, the incorporation of proteins into nanoformulations 

promotes the stability and activity of the proteins by preventing their degradation under unfavorable 

conditions. These formulations control the release of proteins for a longer time, hence enhancing 

efficacy and effect at the wound site. They also assist in targeted drug delivery and improve 

solubility and biocompatibility. The kinetic and thermodynamic behavior of proteins and growth 

factors based on particles promotes tissue recovery without complications such as infection. An 

appropriate protein-based healing system in the form of an ointment, dressing, scaffold, hydrogel, 

film, powder, or electro-spun fibers can be utilized depending on the wound's requirements. Protein- 

based particles offer many advantages, including biocompatibility, efficiency, size, structure, easy 

availability, low production cost, and high biological efficiency. They also exhibit bioactivity, 

biodegradability, non-toxicity, enhanced re-epithelialization, cell growth, wound contraction, better 
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repair, infection control, and antioxidant abilities. 

The demand for protein-functionalized nanomaterials is enormously increasing, and emphasis 

should be laid on making the synthesis process less cumbersome and more effective. The elaborative 

discussion of the future perspective of these formulations is very crucial as their development will 

revolutionize healthcare facilities in wound healing in the near future, and these should be developed 

by keeping in mind the specific target or the effective area in the body. These formulations have a 

bright future in therapeutic and theranostics, and they can be used as promising drug carriers, 

making their delivery targeted and effective. The proteins that can be transformed into scaffolds or 

fibers have a more comprehensive potency to act as a carrier of different therapeutics, including 

drugs, dyes, and inorganic and small organic moieties, thus diversifying their potential applications. 

In the future, these nanoformulations are expected to play a potent role in developing personalized 

medicine for injury recovery due to the advances in technology, which makes it possible to 

customize the formulations depending upon the patient's needs and specific features of the wound 

and ultimately lead to more effective and efficient wound healing by reducing the time and cost of 

treatment. Furthermore, the commercial potential of protein-based nanoformulations is enormous. 

With the accelerated occurrence of chronic wounds, the demand for effective and efficient wound 

healing treatments is rising, and protein-functionalized nanoformulations have the potential to 

become a widely used treatment option due to their efficacy, safety, and cost-effectiveness. Several 

companies have already entered the protein-based nanoformulations market. The market is expected 

to grow rapidly, and the global wound care market is estimated to reach USD 24.8 billion by 2026. 

Developing new and innovative protein-based nanoformulations could help drive this growth 

further. 

In conclusion, protein-based nanoformulations have shown immense potential in wound healing 

and have a bright future in both medical and commercial applications. Further research and 

development in this area will promote the discovery of more effective and efficient wound-healing 

agents, improving the quality of life across globe. 
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Chapter 2: Insulin-cobalt core-shell nanoparticles for receptor-targeted 

bioimaging and diabetic wound healing 
 

 
Abstract 

Diabetic wounds represent a significant issue in medical care and need advanced therapeutic and 

tissue imaging systems for better management. The utilization of nano-formulations involving 

proteins like insulin and metal ions plays substantial roles in controlling wound outcomes by 

decreasing inflammation or reducing microbial load. This work reports the easy one-pot synthesis 

of extremely stable, biocompatible, and highly fluorescent insulin-cobalt core-shell nanoparticles 

(ICoNPs) with enhanced quantum yield for their highly specific receptor-targeted bioimaging and 

normal and diabetic wound healing in vitro (HEKa cell line). The particles were characterized using 

chemical-physical properties, biocompatibility, and wound healing applications. FTIR bands at 

670.35 cm-1, 849.79, and 973.73 indicating the Co-O bending, Co-O-OH bond, and Co-OH bending, 

respectively, confirm the protein-metal interactions, which is further supported by the Raman 

spectra. In silico studies indicate the presence of cobalt binding sites on the insulin chain B at 8 

GLY, 9 SER, and 10 HIS positions. The particles exhibit magnificent loading efficiency of 89.48 ± 

0.049 % and excellent release properties (86.54 ± 2.15 % within 24 h). Further, based on fluorescent 

properties, the recovery process can be monitored under an appropriate setup, and the binding of 

ICoNPs to insulin receptors was confirmed by bioimaging. This work helps synthesize effective 

therapeutics with numerous wound-healing promoting and monitoring applications (Figure. 10). 

 

 
Figure. 10. It depicts the diagramatic presentation for synthesis of ICoNPs and their potential 

application as bioimaging agents and wound healing-promoting formulations. 
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2.1 Introduction 

Wound healing is quite complex process and involves a sequential overlapping cascade of events 

that comes into action in response to some external chemical or physical stimuli and eventually 

causes healing by restoring lost tissue [203]. The healing mechanism is categorized into four 

different phases: hemostasis, inflammation, proliferation, and remodeling [204]. The hemostasis is 

initiated by clot formation due to platelets' activation, which prevents microbial infestation and 

promotes matrix organization. In proliferation, the accumulation of cells, connective tissue, growth 

factors, and angiogenesis factors across the wound occurs. In the remodeling phase there occurs the 

extracellular matrix resynthesis to maintain the balance between the death of existing cells and the 

formation of new cells [205],[206]. However, the progress monitoring of recovery of wounds 

always remained a significant challenge before the researchers. In some instances, normal healing 

gets disrupted and gets arrested in one of the phases due to the loss of balance in the physiological 

mechanism of healing due to infection, chronic irritation, trauma, the persistence of microbes or 

other foreign bodies, and ischemia making the wound a chronic one [207],[208],[209] which can be 

prevented by keeping the wound moist, removing the dead tissues, covering the injury to avoid 

bacterial infection, and removing the excess tissue fluid [210]. 

Apart from these issues, the major problem for delayed healing is diabetes mellitus or long-term 

hyperglycemia, which alters the secretion of cytokines, making wound healing cumbersome [211]. 

In diabetic conditions, there is the prolonged proinflammatory phase due to the persistent release of 

proteases, proinflammatory cytokines, and reactive oxygen species and the delayed anti- 

inflammatory phase because of the low secretion of anti-inflammatory cytokines [212]. Further, the 

transport of nutrients to the wound site is prevented by atherosclerosis caused by diabetes [213]. It 

also results in the dysfunction of endothelial cells due to vasodilation induced by pressure [214] and 

disrupts the processes critical for re-epithelialization, the proliferation of keratinocytes and 

fibroblasts, synthesis of proteins, and cell migration [215],[216],[217]. Further, it impairs the body's 

immune response, making the wounds prone to infection and leading to damaged structural 

components of the extracellular matrix [209]. It also causes free radical damage due to the reduced 

action potential of certain antioxidant enzymes like glutathione peroxidase and superoxide 

dismutase [218]. Various advanced bandages have been developed for treating diabetic wounds, 

overcoming the issues faced in effective healing [219],[42]. 

Recent advancements in nanotechnology, such as specific physicochemical properties and small 

size, allow the intracellular delivery of different drugs and biomolecules, protect them from 

degradation, increase the penetration ability of drugs into the wound, allow the topical application, 

and enhance the half-life of these agents [220],[221]. It results in a decline in repetitive drug 

application, thus lowering the cost and making them cost-effective [222],[223]. The metallic 

nanoparticles possess a high surface-to-volume ratio, higher stability, biocompatibility, safety, and 

economical rates [223],[224]. Several gold, silver, copper, zinc, and cobalt metallic nanoparticles 

were prepared to study tissue healing activities in different models [225]. Protein-based 

nanoparticles are gaining attention due to their high biodegradability, easily metabolizable nature, 

and the possibility of altering or modifying their surface so that the drugs can attach efficiently. The 

proteins can be of plant or animal origin, like bovine serum albumin [226], insulin [227], transferrin 

[228], lactoferrin, and so on, for nano-formulation synthesis [229],[230]. The selection of 

nanoparticles in treating wounds is based on three parameters: antimicrobial action, role as a 

delivery agent, and role in the repair process [231]. 

The use of insulin protein is increasing as the insulin receptors are present on the mammalian cell 

membranes, and their number differs significantly from just 40 in erythrocytes to 200~300× 103 for 

adipocytes and hepatocytes; however, the number is much more in cancerous cells in comparison 

with healthy cells [227],[232]. It plays a crucial role as a growth factor that mediates chemotaxis 
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and pinocytosis, promotes the secretion of cytokines critical for inflammation, and helps in re- 

epithelialization, essential for wound healing. It works by transitioning cytokines from 

proinflammatory into anti-inflammatory and promotes the repair and regeneration of wounds 

[49],[233]. The particles involving insulin exhibit promising applications in bioimaging, normal 

wound healing, and diabetic wound healing [49],[233],[14],[234]. The metal ions used earlier to 

form different formulations with insulin include silver, copper, zinc, nickel, etc [232]. Apart from 

metal-insulin nanoparticles, various other nano-formulations are synthesized using insulin as a 

healing agent. Chitosan nanoparticles loaded with insulin were synthesized for stimulating 

inflammatory cell proliferation, angiogenesis, and healing in diabetic rats [130]. Lee et al. reported 

accelerated diabetic wound repair by promoting epithelialization using core-shell insulin-loaded 

scaffolds [235]. The synthesis of human keratin-conjugated insulin was reported by Li et al. for their 

role in full-thickness wound repair in rats by promoting cellular migration [236]. Clinical research 

was also done to determine the role of insulin further. The insulin injection was used to study the 

action on systemic glucose levels in blood and healing of diabetic foot ulcers in patients, and found 

that insulin promotes the formation of vessels and granulation tissue [237]. The impact of topical 

insulin was studied in 110 patients having diabetes and foot, and it was found that patients treated 

with insulin gauze dressings had a wound width of 2.46 ± 0.57 cm after two weeks, while patients 

treated with saline gauze had a diameter of 3.90 ± 0.76 cm indicating the significant effect of insulin 

[238]. Similarly, a mucoadhesive liposomal gel of insulin was explored on patients having chronic 

wounds across distinct body parts, demonstrating a more significant impact on test groups than 

control groups [239]. 

Cobalt is a micronutrient that regulates various cellular processes. Cobalt mainly functions as a 

component of hydroxocobalamin, which is crucial for regulating red blood cell production [240]. 

Cobalamin is the co-factor for two enzymes, methionine synthase, and methyl malonyl-CoA 

mutase, and the deficiency of methionine synthase is responsible for pernicious anemia [241]. 

Further, various research works have been done to monitor the effect of cobalt in wound healing as 

it is found to stabilize HIF-1α and promote VEGF expression by endothelial cells, fibroblasts, bone 

marrow stromal cells, and mesenchymal cells after incorporation into the silicate-based sol-gel 

glass, or organic and inorganic hybrid scaffolds [242]. Cobalt ions also help heal wounds and act as 

an alternative to hypoxia-mimicking agents. It inhibits the activity of PHDs (prolyl 4-hydroxylases), 

artificially stabilizes the HIF-1α (Hypoxia-inducible factor-1α) under normal conditions, and 

activates the HIF pathway [243], allowing the formation of the HIF complex, which gets shifted to 

the nucleus and causes upregulation in the gene expression of multiple genes like VEGF, which are 

responsible for adaptation to hypoxia [244]. As a result, it promotes angiogenesis during the tissue 

regeneration process [245]. It was also found that incorporating cobalt ions in titanium-based bone 

implants enhances their antibacterial activity, indicating the role of cobalt as an antimicrobial agent 

[246]. 

Further, the release of cobalt ions from the bioactive glass increases the VEGF protein secretion and 

osteogenic expression of genes by human bone marrow stromal cells [247], [248]. Moreover, if the 

cobalt ions are delivered as cobalt chloride, they enhance the secretion of VEGF by endothelial cells 

[249], fibroblasts [242], and human mesenchymal stem cells [250]. The synthesis of silicate glass 

fibers for delivering the cobalt ions was done for their chronic wound healing activity by activating 

the HIF pathway and enhancing the expression of angiogenic genes [251]. Similarly, a bioactive 

glass was made using the sol-gel method and doped with two different metal ions, including silver 

and cobalt, for their antibacterial activity in the case of wound healing applications [252]. The 

various formulations involved the use of carrying concentrations of the cobalt ions. Qingying et al. 

found the use of Co-Ca/GSA dressing for promoting bacteria-infected wound healing in which 

varying concentrations of both cobalt and calcium were used, and the concentration up to which 

cobalt chloride is found to be cytocompatible is 0.25 gm/L [248]. Solanki et al. made a 10 mM stock 

solution of cobalt chloride, and the concentration of the final solution used for synthesis and further 
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testing in vitro is 300 μM [242]. Chen et al. monitored the action of cobalt chloride on the expression 

of stem cell markers using stem cells from exfoliated deciduous teeth of a human, which acts as a 

potential origin for tissue engineering, and treated them with up to 100 μM concentration of cobalt 

chloride and found out that it is not cytotoxic even after seven days of treatment [253]. Based on all 

these studies, I have selected the concentrations of cobalt chloride to be incorporated with insulin 

to administer their effect on wound healing. The maximum concentration used was 60 μM, much 

less than the concentrations already explored for their wound recovery effect in one form or another. 

In this study, I am working on the synthesis of novel protein-coated metal core-shell nanoparticles 

for studying them as normal and diabetic wound healing promoting agents in vitro and bioimaging 

applications. Here, by using one-pot synthesis, I have prepared insulin-cobalt core-shell 

nanoparticles to check the synergistic effect of insulin and cobalt on treating wounds when applied 

in the form of particles in the nano range. The effective and efficient healing of wounds is essential 

for maintaining a person's quality of life. Still, in some instances, the absence of proper internal 

wound monitoring makes the process even more complex, increasing the cost of treatment and 

putting risk to a patient's life. To avoid such issues, the developed nanoparticles with the dual ability 

of healing and bioimaging can be exploited, which paves the way for better wound management. 

2.2 Materials and methods 

2.2.1 Chemicals and cell line 

The metal salt, Cobalt chloride (CoCl2. 6H2O), tryptophane, formaldehyde, HCl, and NaOH were 

of analytical grade and were bought from Sigma Aldrich, India. Recombinant human insulin was 

purchased from Elli Lilly, India. For cell culture, DMEM cell culture media, Fetal Bovine Serum 

(FBS), 100X Penicillin-streptomycin, and PBS (pH 7.4) were purchased from HiMedia, India. 

Human Primary Epithelial Keratinocytes (HEKa cells) ATCC-PCS-200-011 were cultured, 

maintained, and treated in DMEM containing 5% FBS at 37 ˚C and 5% CO2. 

2.2.2 Synthesis of insulin-protected cobalt nanoparticles 

At first, the insulin-protected core-shell cobalt nanoparticles were synthesized by following a 

previously reported one-pot method in which the pH of the insulin solution, having a final 

concentration of 1.82 µM, was adjusted to 10.5 using a NaOH solution (0.1N) and kept in the dark. 

Afterward, a salt solution (CoCl2.6H2O) of the same molarity was prepared, followed by mixing 

two solutions in 1:1 by volume, which was further followed by adjustment of the pH of the final 

solution to 7.4, using HCl (0.1N). The final mixture was placed in the incubator at slow stirring (240 

rpm) for 24 h at 37 ˚C [254],[255],[256]. The end product was dialyzed using a 10KDa cut-off 

dialysis membrane, stored at 4˚C, and used after that for characterization. Thus, insulin-cobalt 

nanoparticles were produced and termed ICoNPs. 

 

2.2.3 Study of particle size, morphology, and elemental analysis 

The DLS (dynamic light scattering) was done to find out the hydrodynamic size of ICoNPs formed 

using a Malvern DLS-Zeta size analyzer. After that, to find out the morphology of insulin-linked 

Cobalt nanoparticles, Scanning Electron Microscopy (SEM JEOL, JSM-6300) and High-Resolution 

Transmission Electron Microscopy (HRTEM) (Talos F200S G2, Thermo Scientific) were utilized. 

For this, the samples were kept for centrifugation at 240 rpm for a duration of 15 minutes, then 

thoroughly washed the pellet to remove any metal salt left unbound or impurities associated with 

the product. Furthermore, the sample pellet was examined to find out the amount of the elements 

present by the Energy dispersive X-ray Spectrometer (EDS) (Bruker QUANTAX 200). 

2.2.4 in silico studies 

For determining the potential binding sites for distinct transition metal ions with the desired protein, 

MIB, a tool for monitoring docking, can be used as a user-friendly and integrated approach for 
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finding the residues in metal binding sites. Protein chains were taken from the protein data bank 

(PDB) and were required to operate this online server. The first chain consists of the template protein 

(T) having length m containing metal-ion, and the second chain consists of query protein (S) having 

length n. These chains were then aligned in manner to get query protein structure from template 

protein after alignment. Several different parameters were followed to obtain the desired protein 

structures. The first and the most crucial parameter is the prediction of binding residues with the 

twelve transition metal ions, including Ni2+, Cu2+, Mg2+, Ca2+, Hg2+, Cd2+, Co2+, Zn2+, Fe2+, Mn2+, 

Cu+, and Fe3+. The second factor is that there should be 50 residues in chain length of the 

polypeptide; otherwise, it will be excluded [257]. The third parameter is the presence of a minimum 

of two residues for metal ion binding, having the minimum possible distance between the PDB 

coordinates and the metal center [258]. The fourth crucial parameter is the allotment of a binding 

score to the residue, which needs to be greater than a particular threshold value assigned and 

calculated using the root mean square deviation of C-alpha carbons of local structural alignment 

and BLOSUM62 substitution. If so, only then will there be binding between the residue and the 

specific metal ion of the transition series. Further, the binding score is represented as Ci and depends 

upon the target protein's sequence along with the protein's structural conservation[259],[260]. 

In this manner, the binding site of a particular metal with that of a protein chain can be determined 

using the MIB tool. The PDB (Protein Data Bank) database was used to extract Human Insulin 

protein (PDB ID: 4EWW), a polypeptide with two distinct chains denoted as A and B, respectively. 

In the MIB tool, the Co2+ ion was independently docked with human insulin chains A and B, 

followed by a comparison of the metal ion-binding score with that of the target protein [261]. 

2.2.5 Study of cobalt -insulin interaction using spectroscopy 

To study the metal-protein interactions in the ICoNPs, FTIR was done with Agilent Cary 600 series 

Spectrophotometer. The potassium bromide (KBr) method was used to prepare the samples, and 

scanning was done from 400 cm-1 to 4000 cm-1. 

Furthermore, the same samples were analyzed using Surface Enhanced Raman Scattering (SERS) 

Spectra to study the structural variation of insulin protein [262]. All the samples were prepared on 

a silicon wafer ten minutes prior to the experiment. The final product was scanned from 500 cm-1 to 

1800 cm-1. The LabRam Hr Evolution Horiba instrument, was utilized for recording the Raman 

spectra of ICoNPs at 785 nm. 

In order to monitor any possible modification in the secondary structure of the protein molecule, 

CD (Circular Dichroism) is the most reliable technique. Further, CD studies were performed to 

confirm the interaction between insulin and cobalt chloride salt solution (freshly prepared and after 

one month). I have performed the Circular Dichroism (CD) spectroscopy using the Mos500 CD 

biologic instrument. The CD studies were conducted at 25 ˚C with 1 ml of sample and scanned in 

the 200-260 nm wavelength range for pure insulin and insulin cobalt nanoparticles using PBS (pH 

7.4) as a solvent. 

 

2.2.6 Drug loading and release kinetics 

To monitor the release kinetics, 1 ml of the ICoNPs was undergone centrifugation for 15 min at 

10,000 rpm. The Bradford reagent determined Insulin concentrations from the supernatant and the 

pellet. Further, the insulin release rate was measured at specific time intervals for 40 hours. The 

absorption values (at 595 nm) were later arranged and plotted to note the proper fashion of drug 

release using BSA standard curves [263],[264]. In addition, absorbance values were also measured 

for the same samples at 272nm (excitation of tryptophan) to support the data further. 
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2.2.7 Study of absorption and fluorescence spectroscopic study 

For obtaining the UV- Visible absorbance, the UV-2600 spectrophotometer of Shimadzu was 

operated between 200-800 nm, and a 4000 µl cuvette of quartz with a path length of 1 cm was used, 

and the absorbance for insulin, salt solution (CoCl2), and Insulin-linked cobalt core-shell 

nanoparticles (ICoNPs) were measured. 

For measuring the fluorescence data of ICoNPs, Agilent technologies, a Cary Eclipse fluorescence 

spectrophotometer was used, which helps in determining the fluorescence intensity of protein-linked 

metal nanoparticles (ICoNPs), insulin, and CoCl2 solution, all having the same concentrations, at 

272 nm which is the excitation wavelength, followed by doing an emission scan from 280 nm to 

800 nm with excitation and emission slit of 10 mm. 

In order to calculate and compare the % enhancement in intrinsic fluorescence intensity of both 

insulin and ICoNPs, the given equation (a) was used. 

% Change in emission intensity = F.I.(ICoNPs) – F.I.(Insulin) × 100% ……(a) 

F.I.(Insulin) 
The standard tyrosine fluorescence quantum yield was used to calculate the quantum yield of insulin 

as well as insulin-protected cobalt nanoparticles (ICoNPs), and the given equation (b) was used for 

further calculations. 

Q.Y.(S) = Q.Y.(Tyr) × I (S) × 1-10-Al (Tyr) × n2 (S) ……(b) 

I (Tyr) × 1-10-Al (S) ×n2 (Tyr) 

Here, Q.Y.is quantum yield; I is Integrated Emission Intensity; n is the Refractive Index of Solvent; 

A is the Absorbance at Excitation wavelength; l is the length of absorption cell; Tyr is Tyrosine 

(reference), and S is Sample. 

2.2.8 Stoichiometry ratio of Co2+ ions: insulin protein 

For evaluating the possible interactions occurring between metal-ligand and complex protein, the 

stoichiometry of cobalt ions to insulin protein is calculated using the following equation (c) 

No. of proteins bound to single Co2+ ion = Average no. of bound protein/ml …….(c) 

Average no. of Co2+ ions/ml 

 

2.2.9 in vitro studies 

2.2.9.1 Cell viability 

To check out the % change in cell growth after treating with samples, the HEKa cell line (Human 

Epidermal Keratinocytes, adult) was used, and MTT (3-(4,5-dimethylthiazol-2-yl)-2,5- 

diphenyltetrazolium bromide) assay was performed. In order to perform this assay, HEKa cells were 

grown in 96 well plates and were kept in the incubator for the cells to grow and become 75-80% 

confluent with the regular addition of media. Once the plate became confluent, the cells were 

incubated with ICoNPs, insulin, CoCl2, and a mixture of insulin and CoCl2. To get three concordant 

readings, four different concentrations of each sample that are 1.5, 7.5, 30, and 60 µM are added to 

respective wells. After that, the plate was incubated for a time-lapse of 24 h and at 37 ˚C. After 24 

h, the media was discarded, and MTT (2mg/ml in 5% ethanol) was added into each well, followed 

by incubating the plate for 3 h in an incubator. The MTT solution and media were removed from 

each well after 3 h, followed by adding 200µl dimethyl sulfoxide (DMSO) for dissolving the 

formazan crystals. The OD was checked at a wavelength of 575 nm. For calculating the % 

inhibition, the equation used is as follows 

% inhibition = [1-(At /Ac) × 100] % …….(d) 

Here At is the absorbance of the test substance, and AC is the absorbance of the control solvent for 

each concentration [265]. 
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2.2.9.2 Internalization study of nanoparticles into cells 

STEM analysis was performed to study synthesized nanoparticles' interaction with human cells. The 

HEKa cells were used to do the internalization studies. The cells were grown in 35 mm plates and 

left to be confluent till 80-85%. Then, they were treated with ICoNPs and incubated for 24 hours. 

After 24 hours, the cell trypsinization was done, followed by centrifugation and the pellet fixation 

using 2.5% glutaraldehyde in 0.03 M phosphate buffer having pH 7.4. Cells were then dehydrated 

using an ethanol gradient, later coated over 200-mesh uncoated copper grids, and observed under 

STEM (Carl Zeiss Sigma 500 Microscope). 

 

2.2.9.3 Fluorescence Bioimaging 

A Dewinter fluorescence microscope was utilised to get fluorescence imaging. The cells were grown 

in a 60 mm plate and let be confluent to 75-80%. After that, cells were added on a coverslip, DMEM 

media was added, and the cells were incubated for 24 h. The samples to be used for bioimaging 

were kept under UV laminar for 30 minutes. Then, 100µl of the Insulin metal nanoparticles 

(ICoNPs) were taken from each of the three different concentrations described above for MTT assay 

and added to the respective coverslip containing HEKa cell line opted for the experiment that is, 

human epidermal keratinocytes, adults (HEKa). In order to get rid of any impurities, each coverslip 

was washed with PBS buffer twice, followed by cell fixation by adding 2% of formaldehyde 

solution. Later on, the images were taken to check the role of insulin-protected cobalt core-shell 

nanoparticles and the effect of different concentrations of samples on fluorescence intensity. 

 

2.2.9.4 Effect of ICoNPs on recovery of the normal and diabetic wound, in vitro, using phase 

contrast imaging 

For monitoring the potential of synthesized nanoparticles on wound healing in vitro, the HEKa cells 

were seeded in 60 mm plates in the presence of glucose (360 mg/dl) for diabetic wounds and in the 

absence of glucose for normal damages along with DMEM-F12 media. They were kept at 37 ˚C and 

5% CO2 level and allowed to grow and be 80-85% confluent, following which the cell scratch 

method was used to monitor the impact of the treatment on healing. In this, the wound is made by 

a sharp object, that is, the sterile 200 µl tip, and was incubated with different concentrations of all 

four samples. Time-lapse imaging was done to find the change in scratch width after 6 h, 12 h, and 

24 h at multiple positions for each scratch made in an individual well plate. I took the mean of 

those independent readings of scratch width for the calculation of the percentage variation in scratch 

diameter for both the normal and diabetic wounds separately. 

2.2.10 Determination of combination index (CI) for cobalt-insulin 

The combination index is a quantitative method used to determine the effect of two drugs in 

combination with one another. The amount of synergism or antagonism is quantified by estimating 

the drug combination index in investigating synergistic or antagonistic drug combinations. The 

combination index of CI < 1 indicates that when distinct drugs are administered simultaneously, 

their combined activity increases, called the synergistic effect. CI = 1 show that one drug does not 

interfere with the action of the other. Hence, the additive effect and CI >1 indicate the inhibition of 

drug action by the different drugs, thus called the antagonistic effect. For the calculation of the 

combination index, the cell viability was determined at different concentrations of cobalt and 

insulin, and then calculations were done using equation (e). 

CI = (D)1/(Dx)1 + (D)2/ (Dx)2 ……(e) 

Where, Dx =Dm [fa/fu]1/m ……(f) 

Here, (D)1 and (D)2 denote the concentration of cobalt salt and insulin, respectively. The single 

drug concentrations giving the same effect (Dx)1 and (Dx)2 are determined using the median effect 

equation (f). The cell fractions which are affected and unaffected in the median dose are denoted by 

fa and fu and are equal to 10(y-intercept)/m, where m represents the slope median in the median effect 

plot of log (D) vs. log (fa/fu) [227],[266],[267]. 
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2.2.11 Statistical Analysis 

The data here is represented as the mean ± SD of three individual experiments. The one-way 

ANOVA in MS Excel was used for calculating the corresponding p-value to determine the statistical 

significance of the data. 

 

2.3 Results and Discussions 

2.3.1 Structure, Composition, and stoichiometry of metal insulin nanoparticles 

The formation of spherical nanoparticles of ICoNPs having size 13 ± 2 nm was confirmed by 

scanning electron microscopic images (at a scale of 500 nm) as given in Figure. 11a (inset shows 

the magnified image of core-shell particle which shows the rough surface of nanoparticle due to an 

outer insulin shell) and transmission electron microscopic images (at a scale of 50 nm) as indicated 

in Figure. 11b and inset of Figure. 11b (at a scale of 5 nm to show the lattice fringes and the insulin 

coating of ~2.5 nm around the cobalt core). The nanoparticles are widely distributed over the protein 

matrix. Different elements like Co, C, O, N, P, and Si are present in energy-dispersive X-ray 

spectroscopy. The even distribution and percentage of Co in the particles come out to be 0.18 %, as 

analyzed by EDS studies as indicated in Figure. 11c. The hydrodynamic size of ICoNPs was found 

to be 35 ± 5 nm, as shown in Figure. 11d. After that, the stoichiometric ratio between the insulin 

protein and Co2+ ions was calculated. It was found that ~ 3792 insulin proteins encapsulate one 

nanoparticle. 
 

 

Figure. 11. Morphological Characterization of ICoNPs (a) SEM micrographs indicating the 

nanoparticles to be around 10-15 nm at a scale of 100 nm. (b)TEM micrographs of ICoNPs show 

the nanoparticle size to be ~13 nm at a scale of 50 nm (inset shows particle size at a scale of 5 

nm) 

(c) EDS showing the presence of Cobalt ions in the synthesized nanoparticles (inset shows the 

relative % of each atom present in the sample) (d) DLS spectra showing the hydrodynamic diameter of 
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ICoNPs versus the % intensity of particles. 

2.3.2 in silico studies to monitor the interactions between insulin and cobalt ions using Metal- 

ion Binding Residue templates 

With the assistance of the MIB tool, I found the binding sites on Chain B of insulin with which the 

transition metal Co2+ can bind. The metal and proteins interaction is based mainly on the structure 

and sequence of amino acids in a protein. Firstly, the sequence of insulin was taken from the 

Protein Data Base (PDB ID: 4EWW) and then inserted in the MIB tool to dock the Co2+ ions with 

both the chains (chain A & B) of insulin. As a result, a binding score was assigned to all residues 

in the protein. If the binding score exceeds the threshold value, that specific residue is considered 

the potential site of binding for that specific metal ion. The data indicates that chain A does not 

show any template indicating the absence of binding sites of Co2+ ions with chain A, whereas, in 

chain B, a binding site was found for Co2+ ions. Then, I worked with another software called 

Maestro. Using this, I have calculated the distance between the metal ions and amino acids, 

namely 8 GLY, 9 SER, and 10 HIS, present on Chain B of insulin. The distance was found to be 

1.69, 3.07, and 3.27, respectively. The binding score was also determined using MIB with different 

amino acids in chain B of Insulin with Co2+ ions, thus finding the best possible sites for attachment. 

The binding of cobalt ions with various amino acids is determined and visualized through different 

orientations of the metal-binding amino acids in proteins. The possible binding sites of cobalt ions 

with other amino acids in insulin are shown in Figure. 12a and Figure. 12b, the binding score of 

amino acids with insulin protein is shown in Figure. 12c, 

2.3.3 FTIR, Raman Spectra, and CD spectroscopy for the interactions between protein and 

metal ions after the formation of nanoparticles 
To figure out the interactions involved in metal-protein binding, FTIR was used for CoCl2, insulin, 
and ICoNPs. The peaks appeared due to intermolecular interactions of insulin and CoCl2 at different 
wavenumbers. Firstly, the peak appeared at 506.70 cm-1, which indicates the S-S stretching in insulin 
and ICoNPs [268]. Then, a peak at 540.25 cm-1 in ICoNPs indicates Co-O vibrations [269]. In 
addition to the second peak, a peak at 670.35 cm-1 shows the Co-O bending, confirming the 
interaction between insulin and CoCl2 [270]. A peak at 784.13 cm-1 in CoCl2 shows librational 
vibrations [271]. Two other peaks at 849.79 and 973.73 indicate the CoO-OH band and Co-OH 
bending, respectively, in ICoNPs [269],[272]. C-N stretching was observed in insulin and ICoNPs 
at 1032.13 cm-1 [273]. Amide I, Amide II, and Amide III are found at 1631.19 cm-1, 1529.41 cm-1, 
and 1244.60 cm-1, respectively, in insulin and ICoNPs [273],[268],[274]. C-H bond was obtained in 
insulin and ICoNPs at 1390.70 cm-1 [273]. Deformational scissor water vibrations were observed at 
1573.72 cm-1 in CoCl2 only [275]. Nitrile stretch was there at 2345.71 cm-1 in all three solutions 
[274]. Intermolecular O-H stretching peaks at 2941.99 cm-1 in insulin and ICoNPs, but the peak was 
observed at 3164.13 cm-1 in CoCl2 [273]. A single peak in insulin and nanoparticles indicated amine 
N-H stretching at 3267.03 cm-1, which was absent in the CoCl2 [276]. For symmetrical and 
asymmetrical valence vibrations of water, peaks were obtained at 3383.58 cm-1 and 3522.29 cm-1, 
both in CoCl2 but absent in insulin and ICoNPs [275], which is shown in Figure. 12d. 

Similarly, Raman spectral analysis was used to study the significant conformational changes in 

insulin after binding with cobalt ions. The S-S stretch and O-C-N bend were observed at 553.29 cm- 
1 and 786.44 cm-1, respectively, in both insulin and ICoNPs [268],[277]. The CoO-OH and Co-OH 

bond was observed at 895.84 cm-1 and 984.75 cm-1, respectively, only in ICoNPs but was absent in 

insulin [269],[272]. A weak C-N stretching peak was found at 1094.02 cm-1 in insulin and 1096.73 

cm-1 [268]. The C-H bend was seen in insulin at 1343.21 cm-1 and in ICoNPs at 1372.70 cm-1 [268]. 

The peak that is responsible for amide-III random coils shifts slightly from 1315.63 cm-1 in insulin 

to 1332.38 cm-1 in ICoNPs [278]. However, no such change was observed for amide-III (α – helix), 

as the peak was found at 1201.87 cm-1 in insulin and ICoNPs [279]. A slight shift was observed for 
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amide-II from 1447.14 cm-1 in insulin to 1460.88 cm-1 in ICoNPs [280]. The peak for amide-I was 

observed at 1658.91 cm-1 and 1668.54 cm-1, respectively, in insulin and ICoNPs [281]. The peak for 

the C=O stretch remains unchanged and is found at 1750.73 cm-1 in insulin and ICoNPs [268], and 

this is shown in Figure. 12e. The data of FTIR is given in Table 3 in a comparative manner, and 

Raman spectra are shown in Table 4. 

Circular Dichroism was performed using insulin protein and ICoNPs (freshly prepared and after one 

month) to monitor the interactions between protein and salt solution and find the stability of the 

secondary structure of protein after binding with cobalt chloride. The three significant far UV 

signals were recorded in both the solutions, including a positive peak at ~ 200 nm and two negative 

peaks at ~ 208 nm (α-helix) and 218 nm (β sheet), which were indicative of the secondary protein 

structure. The % variation in the peak at 200 nm is 5.23% and 6.21%, at 208 nm is 3.56 % and 

4.24%, and at 218 nm is 4.82% and 5.71% in freshly prepared ICoNPs and ICoNPs after one month 

respectively and confirmed the protein stability with no significant structural alterations being 

observed, as shown in Fig. 13a. 
 

 

Figure. 12. Study for the structural variations in protein because of insulin-cobalt metal ion 

interactions to form ICoNPs. (a) Metal ion binding residues depict the interaction between Chain 

B of insulin and cobalt ions. (b) the binding sites for cobalt ions at insulin protein with different 

amino acids within 3.55 A˚ distance along with the distance measured. (c) the binding score of metal 

ions with other amino acids in the protein chain (d) FTIR spectra of CoCl2, insulin, and ICoNPs in 

the range 400-4000 cm-1 indicate the new bonds between Co-O (vibrations and stretching), CoO- 

OH bond, and Co-OH bonds which were otherwise not present. (e) Raman spectra of CoCl2, insulin, 

and ICoNPs indicate the involvement of different functional groups of insulin in synthesizing 

ICoNPs. 
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Table 3: The comparative wavenumber values indicated by FTIR in the range 400-4000 cm-1 of 

CoCl2, insulin, and ICoNPs showing the position of distinct functional groups observed, which coins 

the interaction amongst CoCl2 and Insulin indicating the formation of ICoNPs. 
 

 

Functional groups CoCl2 Insulin ICoNPs Ref. 

S-S stretch - 506.70 506.70 [268] 

Co-O vibrations - - 540.25 [269] 

Co-O stretching - - 670.35 [270] 

Librational 
vibrations 

784.13 - - [271] 

CoO-OH band - - 849.79 [269] 

Co-OH bending - - 973.73 [272] 

C-N stretching - 1032.13 1032.13 [273] 

Amide III - 1244.60 1244.60 [273] 

C-H bond - 1390.70 1390.70 [273] 

Amide II C=O 
stretch 

- 1529.41 1529.41 [274] 

Deformational 

scissor vibration of 
water 

1573.72 - - [275] 

Amide I - 1631.19 1631.19 [268] 

Nitrile stretch 2345.71 2345.71 2345.71 [274] 

O-H intermolecular 
stretching 

3164.13 2941.99 2941.99 [273] 

Amine N-H stretch - 3267.03 3267.03 [276] 

Symmetrical and 

asymmetrical 

valence vibrations of 
water 

3383.58 

3522.29 
- - [275] 

 
Table 4: The comparative wavenumber values indicated by Raman spectra in the range 500-1800 
cm-1 of CoCl2, insulin, and ICoNPs showing the position of different functional groups present, 

which coins the interaction amongst CoCl2 and Insulin indicating the formation of ICoNPs. 
 

 

 

Functional group CoCl2 Insulin ICoNPs Ref. 

C=O stretch - 1750.73 1750.73 [268] 

Amide I - 1658.91 1668.54 [281] 

Amide II - 1447.14 1460.88 [280] 

Amide III 

(α – helix) 

- 1201.87 1201.87 [279] 

Amide III 

(random coils) 

- 1315.63 1332.38 [278] 

C-H bend - 1343.21 1372.70 [268] 

C-N 
(Weak stretch) 

- 1094.02 1096.73 [268] 
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Co-OH 1080.66 - 984.75 [272] 

CoO-OH 832.55 - 895.84 [269] 

O-C-N (bend) - 786.44 786.44 [268] 

S-S stretch 665.09 553.29 553.29 [270] 

 

2.3.4 Drug loading and release kinetic studies 

The drug loading capacity and release kinetics of ICoNPs were studied, and the encapsulation 

efficiency of insulin over the cobalt nanoparticles was found to be 89.48 ± 0.049%. The release 

kinetic studies were performed at physiological conditions with a pH of 7.4 and 37 ˚C. Burst drug 

release was observed for the initial 8 h, followed by a sustained drug release afterward. Most of the 

drug was released by the 40 h. The nanoparticles having a concentration of 3.47 mg/ml were 

suspended in a dialysis bag, and the absorbance was observed at 595 nm after particular intervals of 

time. It was found that 92.21 ± 0.03% of the drug was released from ICoNPs by the end of 40 hours, 

making it an efficient drug delivery system in wound healing applications and is shown in Figure. 

13b and Figure. 13c. For further confirmation of the release kinetics of the particles, OD value was 

taken at 272 nm (tryptophan absorbance) for all the samples after specific time intervals which 

shows the gradual increase in OD values with increasing time, indicating the sustained release of 

insulin from particles and is shown in Figure. 13d. 

 

 

Figure. 13. CD spectroscopy and release kinetics studies of ICoNPs. (a) Circular dichroism 

spectroscopy studies showing the stability of insulin protein alone and after interaction with 

cobalt chloride (ICoNPs) (b) the graph shows the release kinetic studies for determining the % 

drug being released from the ICoNPs (c) shows the drug release per hour in mg/ml Analysis of the 

specificity of interaction of insulin and CoCl2 using (d) It shows the release kinetics data when 

the OD value 
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was taken at 272 nm, which is the excitation value of tryptophan. It indicates a sustained drug 

release pattern, as was confirmed by using the Bradford assay. 

2.3.5 Spectroscopic changes after synthesis of core-shell nanoparticles using absorbance and 

fluorescence spectra 

After synthesizing ICoNPs, its spectroscopic characterization was done to observe the absorption 

and fluorescence intensity of the formed nanoparticles. I have obtained a sharp peak for insulin 

without any added metal salts at 271.61 with an absorbance value of 0.129, whereas, after the 48 h 

incubation of insulin with metal salts, an OD value of 0.245 was obtained for particles having a 

peak at 271.50 nm. This confirms the synthesis of ICoNPs, as shown in Figure. 14a. The ICoNPs 

were then excited at 270 nm to determine the fluorescence intensity. An emission peak ranging 

from 280-440 nm was obtained with maxima at ~303 nm having an intensity of 304.89 a.u when 

monitored from 200-800 nm, as shown in Figure. 14b. The tyrosine was taken as standard, and 

the absorption peak after comparison with tyrosine is demonstrated in Figure. 14c. The % change 

in intrinsic fluorescence intensity was found to be 58.88%. Further, to determine the quantum yield 

of ICoNPs, tyrosine was used as a standard as its quantum yield value is known. The value of 

quantum yield for insulin comes to be 0.1798, and of ICoNPs turned out to be 0.6825, indicating 

the fluorescent behavior of formulations synthesized is shown in Figure. 14d. 

 

 

Figure. 14. Physical characterization studies of ICoNPs (a) UV-Visible absorption spectra of 

CoCl2, insulin, and ICoNPs showing the peak of insulin alone and after interaction with cobalt 

(ICoNPs) at ~272 nm (b) emission spectra of ICoNPs after excitation at 272 nm indicates the 

emission maxima at ~300 nm. Inset shows the trailing of fluorescence from ~ 420 nm onwards (c) 

It compares absorbance values between Insulin, ICoNPs, CoCl2, and tyrosine (standard) (d) 

It 
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compares the fluorescence intensity value of Insulin, ICoNPs, CoCl2, and tyrosine (standard) to 
calculate the quantum yield enhancement in insulin and insulin cobalt core-shell nanoparticles. 

 

2.3.6 in vitro cell studies 

2.3.6.1 HEKa cell viability assay 

A cell viability test was done to check whether the samples could be employed for biological 

purposes, which further depends on the mitochondrial activity of cells. Testing was done for insulin, 

CoCl2, a mixture of insulin and CoCl2, and ICoNPs using 1.5, 7.5, 30, and 60 µM of concentrations, 

and the graph was plotted. The cell viability of untreated cells (control) is taken as 100, and the rest 

of the studies are compared to this. For CoCl2 treated cells, cell viability comes out to be 96.54 ± 

6.43 %, 102.12 ± 6.36 %, 106.75 ± 5.58 %, and 110.99 ± 0.77 % for 1.5, 7.5, 30, and 60 µM 
respectively. Insulin shows 99.65 ± 8.14% for 1.5 µM, 105.02 ± 1.48 % for 7.5 µM, 110.99 ± 2.89 

% for 30 µM and 120.26 ± 7.70 % for 60 µM respectively. The cells treated with a combination of 

insulin and CoCl2 exhibited more cell viability. It is 109.97 ± 2.30 %, 108.32 ± 4.17 %, 122.78 ± 

0.28 %, and 127.57 ± 0.56 %, respectively, for 1.5, 7.5, 30, and 60 µM respectively. Cell viability 

after treatment with core-shell ICoNPs showed much more significant changes, which are 110.44 ± 

0.70 % for 1.5 µM, 117.83 ± 8.76 % for 7.5 µM, 134.72 ± 1.76 % for 30 µM and 144.69 ± 0.98 % 

for 60 µM respectively and comparative data is shown in Table 5. The graph demonstrated that 

none of all four samples is toxic to the cells when used in the above-mentioned concentrations. 

Moreover, with increasing concentration of samples added, the cell viability enhanced (shown in 

Figure. 15) and was maximum for core-shell ICoNPs formed, indicating that nanoparticles formed 

are not at all toxic; instead, they help in the cell division and multiplication and thus can be used for 

wound healing. 

 

 

Figure. 15. MTT assay to find viability of HEKa cells. The data indicates control HEKa cells in 

comparison to the cells after treatment with varying concentrations of cobalt chloride, insulin, the 

mixture of insulin and cobalt chloride, and ICoNPs. 

Table 5. The table indicates the % change in mitochondrial reductase activity in the MTT assay for 

the determination of cellular metabolism rate after treating cells with different concentrations of 

control (CoCl2, insulin, mixture of CoCl2 and insulin) and ICoNPs, that is, 1.5 µM, 7.5 µM, 30 µM, 

and 60 µM respectively, for 24 hours. 
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% Of change in mitochondrial reductase activity 

Dose CoCl2 Insulin Insulin + CoCl2 ICoNPs 

1.5 µM 96.54 ± 6.43 99.65 ± 8.14 109.97 ± 2.30 110.44 ± 0.70 

7.5 µM 102.12 ± 6.36 105.02 ± 1.48 108.32 ± 4.17 117.83 ± 8.76 

30 µM 106.75 ± 5.58 110.99 ± 2.89 122.78 ± 0.28 134.72 ± 1.76 

60 µM 110.99 ± 0.77 120.26 ± 7.70 127.57 ± 0.56 144.69 ± 0.98 

2.3.6.2 STEM analysis for cellular internalization of IcoNPs 

STEM analysis was performed after incubating the cells with samples to confirm the interaction 

and internalization of ICoNPs into the skin cells, followed by their fixation and dehydration by 

ethanol gradient. The cells were observed under the microscope on copper grids. The mechanism 

behind cellular internalization can be explained as follows. The synthesized nanoparticles 

comprise the core-shell structure with cobalt as the core covered by an outer insulin shell. This 

insulin layer is responsible for the interaction of nanoparticles with human cells. The plasma 

membrane of target cells in the human body has insulin receptors to which insulin binds and exerts 

the physiological effect. Insulin receptors have two insulin binding sites that exhibit negative co- 

operativity; that is, insulin binding to one place prevents its binding to the other and keeps them 

active throughout. Once the particles bind to the receptors, they can enter the cell membrane's lipid 

bilayer by following energy-independent direct transduction. Moreover, due to the structural 

similarity between insulin and IGF-I, they also bind to IGF receptors and exhibit anti-inflammatory 

action. After entering the cell, insulin controls distinct mechanisms, including glucose metabolism, 

protein biosynthesis, and lipid biosynthesis, and promotes healing. The interaction of ICoNPs with 

cellular receptors and their internalization into the cell membrane is shown in Figure. 16 a-d (at 

different scales). 

 

2.3.6.3 Fluorescence Microscope Bioimaging 

Bioimaging was performed on HEKa cell lines to confirm the broad applications of core-shell 

insulin-cobalt nanoparticles for cellular imaging. Cells were incubated with particles and showed 

bright blue fluorescence after binding of ICoNPs to the insulin receptors located on the cell wall of 

each cell, and the fluorescence was enhanced with a gradual rise in the concentration of ICoNPs. 

The imaging was performed on both white and violet light. The control cells without treatment with 

core-shell ICoNPs are shown in Figure. 16e in white light and Figure. 16f in violet light, indicating 

no fluorescence in cells. Figure. 16g, i, and k show the cells under white light, and Figure. 16h, j, 

and l show the cells in violet light after treatment with varying concentrations of ICoNPs, that is, 

7.5 µM, 30 µM, and 60 µM respectively. It suggests the nanoparticles illuminate the cell walls with 

a bright blue color; therefore, they can be used for bioimaging to monitor the changes inside the 

cells during the entire healing process. 
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Figure. 16. in vitro studies indicate nanoparticles' internalization into the cells and their role in 

bioimaging. (a-b) STEM analysis of cells after incubation with ICoNPs at different scales using a 

copper grid. (c) The interaction of ICoNPs with the cell membrane receptor leads to its movement 

inside the lipid bilayer. (d) The presence of ICoNPs inside the cell membrane of HEKa cell when 
observed under a microscope indicates its internalization. The bioimaging of HEKa cells using 

varying concentrations of ICoNPs. (e) and (f) shows HEKa cells without any treatment with ICoNPs 

in white and violet light, respectively. (g) and (h) indicates the cells treated with 7.5 µM of ICoNPs; 

(i) and (j) show the cells after treatment with 30 µM of ICoNPs; (k) and (l) indicate the cells after 

treatment with 60 µM of ICoNPs at white and violet light respectively after a time duration of 3 

hours which emits bright blue fluorescence. 

2.3.6.4 HEKa cell migration assay in diabetic and normal wound conditions 

The core-shell metal protein nanoparticles induce cell migration after treatment with CoCl2, insulin, 

insulin + CoCl2 mixture, and ICoNPs in normal and diabetic wounds. However, the increase is more 

in normal injuries than in diabetic wounds. With increasing time, the rate of cell division and 

migration was enhanced when monitored at a specific concentration of 30 µM. For the change in 

scratch width, I have measured scratch width at three distinguished places for all the scratches 

made on an individual plate. I took the mean of all readings of scratch width for calculating the 

percentage alteration in scratchwidth with time. The change in scratch width of HEKa cells taken as 

control after 0, 6, 12, and 24 h is indicated in Figure. 17(a) a-d. In diabetic conditions, the cells 

treated with core-shell ICoNPs show the percentage change of the scratched wound after 6, 12, and 

24 h as 41.4 ± 1.08 %, 54.94 ± 0.97 %, and 67.66 ± 0.28 %, respectively, and is shown in Figure. 

17(a) q-t. A similar procedure was followed, and the % of a gap left in cells that were treated with 

CoCl2, insulin, and insulin + CoCl2 was calculated and showed significant migration when 

compared to control but less than that of core-shell ICoNPs. The % change in a migration after 6, 
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12, and 24 h is noticed in all samples and came out to be 27.12 ± 0.50 %, 45.58 ± 1.26 %, and 54.45 
± 0.35 % in cells incubated with a mixture of insulin + CoCl2 (Figure. 17(a) m-p). In cells treated 
with insulin, the value of change in migration is 20.27 ± 0.35 %, 37.08 ± 0.35 %, and 43.29 ± 0.33 

%, respectively (Figure. 17(a) i-l), while it is 7.88 ± 0.60 %, 21.09 ± 0.35 % and 24.83 ± 0.70 % in 

cells treated with CoCl2 (Figure. 17(a) e-h). A comparative study of variation in scratch diameter 

of the diabetic wound after treating the cells with all four samples is shown graphically in Figure. 

17(a) u. 

Similarly, in the normal wound, the variation in scratch diameter for control cells is shown in 

Figure. 17(b) a-d. The % variation in scratch width is monitored after the same time interval in 

normal conditions and found to be 14.84 ± 0.60 %, 31.75 ± 0.35 %, and 34.7 ± 0.70 % in the cells 

treated with CoCl2 (Figure. 17(b) e-h). In the cells treated with insulin, insulin + CoCl2, the % 

variation in migration with time is more as compared to CoCl2 and is equal to 30.33 ± 0.80 %, 41.27 

± 0.70 %, and 48.98 ± 0.35 % in insulin (Figure. 17(b) i-l), 40.65 ± 0.35 %, 50.8 ± 0.35 % and 

59.19 ± 0.35 % in insulin + CoCl2. (Figure. 17(b) m-p). The core-shell ICoNPs show the maximum 

migration, and the % scratch width changed is 56.13 ± 0.92 %, 63.50 ± 0.70%, and 71.43 ± 0.35 

%, respectively, indicating the significance of prepared nanoparticles in the healing application of 

normal wounds (Figure. 17(b) q-t). The graph in Figure. 17(b) u shows the variation in normal 

scratch width as a comparative study of all the formulations after particular time intervals. A 

comparative data table of change in wound migration in normal and diabetic wounds is shown in 

Table 6. To find if the data is statistically significant, p values were determined for scratch assay 

using one-way ANOVA in diabetic and normal wound conditions, and the comparative data is 

shown in Table 7. 
 

Figure. 17. Promotion and monitoring of in vitro wound recovery of the diabetic and normal 

wound using ICoNPs. The nanoparticles induced better wound recovery in HEKa cells when 

compared with cobalt salt, insulin, or a mixture of both. The cells were treated using a particular 

concentration of all the solutions, that is, 30 µM. HEKa cells were taken as control (without any 
added formulations). (a) The figure shows diabetic wound healing using HEKa cells (a) 0h, (b) 6h, 

(c) 12h, (d) 24h; the cells treated with the salt solution of cobalt chloride after (e) 0h, (f) 6h, (g) 12h, 

(h) 24h; the HEKa cells after treatment with insulin protein (i) 0h, (j) 6h, (k) 12h, (l) 24h; the cells 

after treating them with a mixture of insulin and cobalt chloride are shown in figure (m) 0h, (n) 
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6h, (o) 12h, (p) 24h; cells after treatment with ICoNPs after a duration of (q) 0h, (r) 6h, (s) 12h, (t) 

24h; respectively. (u) The plot shows the relative change in scratch width in diabetic conditions 

after treatment with all the solutions respectively after specific time intervals. (b) The figure shows 

normal wound healing using HEKa cells (a) 0h, (b) 6h, (c) 12h, (d) 24 h; the cells treated with the 

salt solution of cobalt chloride after (e) 0h, (f) 6h (g) 12h (h) 24h; the HEKa cells after treatment 

with insulin protein (i) 0h (j) 6h (k) 12h (l) 24h; the cells after treating them with a mixture of insulin 

and cobalt chloride are shown in figure (m) 0h (n) 6h (o) 12h (p) 24 h; cells after treatment with 

ICoNPs after a duration of (q) 0h (r) 6h (s) 12h (t) 24h respectively. (u) The plot shows the relative 

change in scratch width in normal conditions after treatment with all the solutions respectively 

after specific time intervals. 

Table 6. It shows the comparative data of variation in scratch width in diabetic and normal 

conditions after treatment with 30 µM of insulin, cobalt chloride, and the mixture of insulin and 

cobalt chloride and ICoNPs. The data was measured after a time duration of 6, 12, and 24 h. 

 

% Change in diabetic scratch width with time 

Time CoCl2 Insulin Insulin +CoCl2 ICoNPs 

6 h 7.88 ± 0.59 % 20.27 ± 0.35 % 27.12 ± 0.50 % 41.4 ± 1.08 % 

12 h 21.09 ± 0.47 % 37.08 ± 0.35 % 45.58 ± 1.26 % 54.94 ± 0.97 % 

24 h 24.83 ± 0.60 % 43.29 ± 0.33 % 54.45 ± 0.35 % 67.66 ± 0.28 % 

% Change in normal scratch width with time 

Time CoCl2 Insulin Insulin +CoCl2 ICoNPs 

6 h 14.84 ± 0.60 % 30.33 ± 0.80 % 40.65 ± 0.35 % 56.13 ± 0.92 % 

12 h 31.75 ± 0.35 % 41.27 ± 0.70 % 50.8 ± 0.35 % 63.50 ± 0.70 % 

24 h 34.7 ± 0.70 % 48.98 ± 0.35 % 59.19 ± 0.35 % 71.43 ± 0.35 % 

 

Table 7. The table indicates the p values calculated for % alteration in scratch diameter in diabetic 

and normal conditions after treatment with 30 µM of insulin, cobalt chloride, the mixture of both 

insulin and cobalt chloride and ICoNPs. The statistical significance of data is considered when p < 

0.05. 

 

P value for checking the statistical significance of data for diabetic wound 

Time CoCl2 Insulin Insulin +CoCl2 ICoNPs 

6 h 0.10824 0.003371 0.001639 0.001567 

12 h 0.005436 0.000469 0.000585 0.000618 

24 h 0.023327 0.002122 0.000904 0.00038 

P value for checking the statistical significance of data for normal wound 

Time CoCl2 Insulin Insulin +CoCl2 ICoNPs 

6 h 0.005648 0.001751 0.000152 0.000222 

12 h 0.001058 1.33E-05 2.59E-05 0.000139 

24 h 0.000447 0.00012 7.07E-05 5.44E-06 

 

2.3.7 Combination index of cobalt and insulin 

For calculating CI, Dm was determined using m and y from Figure. 18a for cobalt and Figure. 18b 

for insulin. It was found from the CI's calculated values that the cobalt chloride salt and insulin show 

a synergistic effect. The values determined for varying combinations of insulin and cobalt chloride 

concentrations come out to be less than one, indicating the synergism between the two, which work 
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together to enhance each other's activity. This is in accordance with the results obtained for cell 

viability and cell migration assay, indicating the significant role of insulin cobalt nanoparticles in 

faster wound healing applications. The data is shown in Table 8. 

 

 

Figure. 18. Median plots of (a) Co salt and (b) Insulin for finding the y-intercept and m values to 

calculate Dm to determine the combination index of cobalt and insulin. 

Table 8. The Combination Index (CI) values for the cell viability for varying combinations of cobalt 

salt with insulin protein were calculated, and the values come out to be less than 1, indicating the 

synergistic effect of drugs. 

 

Combination Index (CI) 

The  concentration 

of Co salt and 
insulin 

(Dx)1 (Co salt) = Dm 

[fa/fu]1/m 

(Dx)2 (Insulin) = Dm 

[fa/fu]1/m 

CI = (D)1/(Dx)1 + 

(D)2/(Dx)2 

1.5 µM 93118.86 171484.6 0.0000265 

7.5 µM 71757.25 128844.6 0.00018188 

30 µM 50284.49 96861.06 0.00098882 

60 µM 29936.43 65800.79 0.00329352 

 

2.4 Conclusion 

To maintain the proper healing environment and eliminate any complications in the wound recovery 

process, the wounds were sometimes reopened, paving the way for improper healing, enhanced 

healthcare costs, and decreased life quality. Thus, suitable agents are always required, which assist 

in selectively binding to the wound site and guide in monitoring the progress of wound recovery. I 

have formulated novel core-shell ICoNPs containing insulin and cobalt and evaluated their role in 

wound healing activity. Insulin promotes cellular growth by modulating inflammation, reduces 

blood glucose concentration, and exhibits anti-inflammatory activity. Cobalt is known to reduce the 

microbial contamination load. Thus, the formulations were checked for a synergistic effect in wound 

treatment. Different techniques were used to confirm their formation, including TEM micrography, 

elemental analysis, FTIR, Raman spectroscopy, and Metal ion binding site prediction and docking 

server (MIB) to ensure Co-metal interaction with the insulin protein. From FTIR and Raman spectra, 

I got peaks showing the intermolecular interaction between Co and insulin and exhibiting 

moderate structural changes in amide regions of the protein. The metal-ion binding site prediction 

and docking server were used to find possible sites for the metal ion to bind with insulin amino acid 

chains A and B. No site was observed in chain A, while in chain B, there was a binding site for Co2+ 

ions, and the amino acids involved in groove formation were 8 GLY, 9 SER, and 10 HIS. The 
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loading efficiency and release kinetic studies were done to determine the effective loading of insulin 

drugs over the nanoparticles. The synthesized core-shell nanoparticles were tested for their effect 

on cell viability so they could be used further for diabetic and normal wound healing and bioimaging 

applications. The calculated values for the MTT assay and combination index values indicate the 

synergism between the cobalt chloride salt and insulin protein, making them suitable for further 

utilization in biological activities. The formed core-shell nanoparticles, ICoNPs, show excellent 

target-specificity. Due to the insulin consumption in their synthesis, they exhibit the property of 

binding to insulin receptors, making these particles unique from other particles in various respects, 

mainly in target-specificity properties. Further, they have enhanced fluorescent properties when 

compared with insulin alone, which can be easily detected using fluorescence microscopy and 

fluorescence bioimaging. They also possess an enormous tendency to heal both diabetic and normal 

wounds. Thus, it has multiple applications in healing, bioimaging, and material and biomaterial 

sciences. Therefore, it can be further explored for in vivo applications in diverse fields. 
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Chapter 3: Protection of lead-induced cytotoxicity using paramagnetic 

Nickel-Insulin quantum clusters 

Abstract 

Pb toxicity is associated with inflammation, which leads to a delay in wound healing. Pb2+ utilizes 

calcium ion channels to enter the cell. Therefore, to achieve adequate healing in the Pb-poisoned 

system, capturing Pb2+ from the circulation would be an effective approach without hampering the 

activity of the calcium ion channel. In this work, an insulin-nickel fluorescent quantum (INiQCs) 

cluster has been synthesized and used for specific detection of Pb2+ ions in vitro and cell-free 

systems. INiQCs (0.09µM) can detect Pb2+ as low as 10 pM effectively in a cell-free system using 

the fluorescence turn-off method. In vitro INiQCs (0.45µM) can detect Pb2+ as low as 1 µM. INiQCs 

also promote wound healing, which can easily be monitored using the bright fluorescence of 

INiQCs. INiQCs also help to overcome the wound recovery inhibitory effect of Pb2+ in vitro using 

lead nitrate. This work helps to generate effective biocompatible therapeutics for wound recovery 

in Pb2+ poisoned individuals (Figure. 19) 
 

 

 

Figure. 19. The figure depicts the schematic representation of the process involved in the 

synthesis of INiQCs, their biocompatible nature, and their applications as lead sensing agents, 

bioimaging agents, and wound healing-promoting agents. 
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3.1 Introduction 

Lead is a highly toxic, non-biodegradable element present ubiquitously in nature, causes 

environmental pollution, affects the human body to a large extent, and is among the 275 most 

hazardous substances listed by the Environmental Protection Agency (EPA), formulated by the 

Agency for Toxic Substances and Disease Registry (ATSDR) [282]. Lead affects around 0.6% of 

the population globally1 and causes acute and chronic toxicity even in minute quantity. Certain 

heavy metals, including Pb2+, Cd2+, and Hg2+, can enter the body through food, water, smoking, 

industrial means, and even skin surfaces, leading to heavy metal poisoning [283],[284]. Lead at a 

level of 600 ppm is considered a "safe" level in the soil and would contribute under 5 ~g/dl to the 

total blood lead of children below 12 years [285]. There is no relaxation in the maximum permissible 

limit for lead in water, which was set at 0.05 ppm and is the highest desirable amount in drinking 

water in India. According to WHO, 1993, 25 μg/l lead per kg body weight is the maximum tolerable 

amount weekly [286]. Daily exposure to Pb2+ causes its deposition in body parts, including the liver, 

kidney, spleen, and brain, causing multiple tissue damage by inducing oxidative stress. 

Moreover, long-term exposure to lead causes inflammatory infiltration, alterations in tissues of 

testicles, reduction in spermatocytes, necrosis of hepatocytes, degeneration of renal tubules, 

hypertrophy in the renal epithelium, and induces endoplasmic reticulum stress due to calcium 

imbalance in the liver and kidney [287],[288]. Kidneys are prone to the oxidative reaction of lead 

as lead intoxication sometimes causes dysfunctioning of the proximal tubule or irreversible 

nephropathy depending on exposure regimens, thus adversely affecting the health of kidney 

function along with cadmium and mercury [289],[290],[291] and can be excreted through urine and 

feces [292]. It affects the central nervous system, causes several neurological disturbances, and 

affects the blood-brain barrier, causing edema and loss of neurons. The astroglial activation in the 

brain leads to pathological processes which causes death of neuronal cells, that releases cytokines 

and chemokines, causing the inflammation [293]. Also, children, after exposure to lead in the 

environment, are more prone to toxicity due to the absorption of ingested lead from the 

gastrointestinal tract and nervous system [294]. Pb2+ has a carcinogenic effect by damaging the 

DNA and disrupting its repair system by generating ROS (reactive oxygen species). It can even 

impair memory and learning in the brain by disrupting NMDAR (N-methyl-d-aspartate receptors) 

[295]. Lead is found to be responsible for rashes, damaging the epithelial tissues, c, and 

accumulating on the epidermal layer [296],[297]. The toxicity due to lead is primarily dependent on 

the dosage and affects efficient wound healing by causing mechanical stiffness, slowing down 

cellular migration, and affecting the shape of cells [298],[299],[300]. 

Lead by modulating different inflammatory markers at the molecular level alters the humoral and 

cellular immune responses [301], such as cytokines (Interleukin-8, Tumor Necrosis Factor, etc.), 

acute phase proteins, enzymes known for causing inflammation like COX-2 and destroy 

intracellular molecules mediators and decreases immunoglobulin production, making individuals 

more prone to inflammation and other diseases [282],[302]. 

To cope with the toxic lead and its accumulation in the body, the quantum clusters are being used 

as one of the efficient ways for its detection up to a picomolar level in a cell-free system and can be 

detected well in vitro [303],[304]. For this purpose, insulin nickel quantum clusters were prepared 

as nickel metal promotes cell growth and healing activities [305]. Further, nickel is a micronutrient 

which is required for proper human body functioning by not only increasing the hormonal activity 

but by lipid metabolism as well. Nickel deficiency in mice is responsible for the significant decline 

in the action of lipogenic enzymes, such as, malic enzyme, and fatty acid synthase deficiency 

[306],[307]. Nowadays, QCs are gaining preference due to their luminescence emitting properties 

due to high photostability, emission rates, and large stokes shift [4],[308],[309]. QCs play the role 

of a connecting bridge between nanoparticles, atoms, and bulk molecules and, further because of 
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their size up to fermi wavelength, they significantly regulate different properties like optical, 

electronic, and chemical [310],[311]. QCs have few particles in the core as compared to the surface 

and are highly stable due to the presence of ligands with which surface atoms bind [312]. Different 

noble metals, including gold, silver, copper, and zinc, were used to make water-soluble QCs using 

mild reductants, including glutathione, alkyl thiol, and NaBH4, along with different peptides, 

proteins, amino acids, dendrimers, and DNA which can be used as templates [313],[314],[315]. A 

variety of proteins, including proteins such as lacto-transferrin, hemoglobin, and BSA, has been 

used for making QCs with Au+, Fe2+, Cu2+, Ca2+, Ag+ [228],[303],[316] which exhibited optical 

properties, catalytic activity and fluorescence thus, can be used in bio-imaging, natural marking, bio 

detecting of proteins, nucleic acids, and enzymes, and biological changes linked to them after 

translation or transcription [317],[318],[319],[320]. 

Insulin is widely used nowadays because the receptors for insulin are present over the mammalian 

cell membranes, and their amount varies greatly from 40 in erythrocytes to 200~300× 103 for 

adipocytes and hepatocytes. The number of insulin receptors in cancerous cells is much higher than 

in cells [321],[322],[323]. Insulin also plays the role of growth factor, which is responsible for 

facilitating chemotaxis and pinocytosis, increasing the secretion of inflammatory agents, and 

promoting re-epithelialization, that are essential for the efficient healing of wounds [233]. Multiple 

quantum clusters having distinct functions like drug delivery using silver QCs, super-resolution 

microscopy using gold, bioimaging using copper, and wound healing using zinc were synthesized 

using insulin.[49],[324],[14]. 

Here, insulin-nickel fluorescent quantum clusters are being synthesized and they have been utilized 

for sensing Pb2+ in cell-free systems and countering its poisoning in vitro. 

3.2 Materials and methods 

3.2.1 Materials 

Metal salts of analytical grade, including NiSO4 (Nickel Sulphate) and Pb (NO3)2 (Lead Nitrate) 

were procured from Loba Chemie, India. Recombinant human insulin was purchased from (Elli 

Lilly, India). DMEM cell culture media, Fetal Bovine Serum (FBS), and penicillin-streptomycin 

were purchased from HiMedia, India. The rest of the chemicals were purchased from HiMedia and 

were of analytical grade. 

 

3.2.2 Synthesis of Insulin Quantum clusters with Nickel metal salt 

The nickel sulphate salt was converted into Insulin-protected quantum clusters following the 

standard synthesis protocol. The final concentration of insulin was set at 1.82 µM using distilled 

water as a medium. NaOH was used for adjusting the insulin pH up to 10.5. This is labeled as 

SOLUTION A and kept in the dark. After this, salt solutions having a molarity of 1.82 µM (NiSO4) 

were prepared in a separate vial and labeled as SOLUTION B. After that, SOLUTION A and B 

were thoroughly mixed, followed by adjusting the pH by using HCl (0.1N) at 7.4. The final solution 

was placed in the incubator for 2 days at 37 oC at slow stirring (240 rpm) ) [254],[325],[256]. 

 

3.2.3 Spectroscopic Characterization of INiQCs 

3.2.3.1 UV-Visible spectroscopy 

UV-visible absorbance of INiQCs was determined using instrument UV-2600 spectrophotometer 

Shimadzu and cuvette of quartz having a capacity of 4000µl and 1cm path length and scanned in 

the range 200 nm to 800 nm to monitor the interactions between insulin protein and NiSO4 salt 

solution. 

3.2.3.2 Fluorescence spectroscopy 

Fluorescence data of INiQCs was measured using Agilent technologies Cary Eclipse fluorescence 

spectrophotometer. It helps to monitor the alteration in fluorescence intensity after the binding of 
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insulin to the metal salt solutions to form fluorescent protein-linked metal quantum clusters. It was 

done for INiQCs, insulin, and NiSO4 solutions, all of which had similar concentrations. The 

fluorescence studies were done in the emission range 280 - 800 nm by exciting at a wavelength of 

272 nm and an excitation and emission slit of 20 mm. 

Along with this, a heavy metal sensing experiment was also performed using the following protocol. 
A 1 mM solution of Pb2+ metal ion was made using salt nitrates. After that, the solution undergoes 
ten folds of 1/10th dilution. 1800 µl of the sample was taken from each of the solutions obtained in 

the above dilution series, 200 µl of INiQCs were added into each of the solutions, and luminescence 
was measured immediately after the addition of the heavy metal ions into quantum clusters. The 
data obtained were analyzed to check out if there was any quenching due to heavy metal ions in 

fluorescence. Also, a 1mM solution of other heavy metals and certain cationic and anionic species 
was made using the above-described method. As a result, a dilution series was obtained for each of 

the ions, including Cd2+, Cu2+, Hg2+, Zn2+, Ca2+, K+, Na+, Cl-, OH-, HCO3
-, SO4

2-, S2-. For each 
sample, 1800 µl of the solution of the ions mentioned above and 200 µl of INiQCs having pH 10 

were added, followed by an instant measurement of fluorescence intensity to find out the specificity. 
The percentage increase in intrinsic fluorescence intensity was calculated and compared for both 
insulin and INiQCs using the given equation (a) 

% of change in emission intensity =  F.I.(INiQCs) – F.I.(Insulin) × 100%  ……(a) 
F.I.(Insulin) 

A similar formula was used to find out the % change in emission intensity after adding Pb2+ metal 

ions into INiQCs. For finding out the quantum yield of both insulin and INiQCs, the standard 

tyrosine fluorescence quantum yield was used as in equation (b) 

Q.Y.(S) = Q.Y.(Tyr) × I (S) × 1-10-Al (Tyr) × n2 (S) ……(b) 

I (Tyr) × 1-10-Al (S) ×n2 (Tyr) 

Here, Q.Y.is quantum yield; I is Integrated Emission Intensity; n is the Refractive Index of Solvent; 

A is the Absorbance at Excitation wavelength; l is the length of absorption cell; Tyr is Tyrosine 

(reference), and S is Sample. 

 

3.2.4 FTIR Analysis 

FTIR Spectrophotometer of Agilent Cary 600 series was used to identify the functional groups and 

insulin in the INiQCs mentioned above. After washing, the final product was dried on a glass side 

at 37 ˚C before being used. Then, the pellets were thoroughly mixed with KBr, and scanning was 

done from 400 cm-1 to 4000 cm-1. 

 

3.2.5 Morphological and Elemental Analysis using DLS and HRTEM 

I have performed DLS (dynamic light scattering) to study the hydrodynamic size of INiQCs 

formed using a Malvern DLS-Zeta size analyzer. After that, to find out the morphology of insulin- 

linked Nickel quantum clusters, High-Resolution Transmission Electron Microscopy (HRTEM) 

Talos F200S G2, Thermo Scientific, and Selected Area Electron Diffraction (SAED) were used. For 

this, the samples were centrifuged at 240 rpm for nearly 10-15 minutes, after which a thorough 

washing of the pellet was done to get rid of unbound metal salt or impurities. Electron Dynamic 

Scattering (EDS) was done and the same pellet was monitored to get the percentage of elements 

present in the sample. 

3.2.6 Stoichiometry ratio of Ni2+ ions: insulin protein 

The stoichiometry of nickel ions to insulin protein is calculated using the following equation to 

study the interactions taking place between ligands, that is, metal ions and complex protein 
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Number of proteins bound to single Ni2+ ion = average number of bound proteins per ml 

average number of Ni2+ ions per ml 

Further, for calculating the stoichiometry of INiQCs to Pb2+ ions present, I have done the Job’s 

plot by maintaining the total concentration fixed and varying the individual concentration of ligand 

and complex. 

3.2.7 in silico studies 

To find the possible binding site for multiple transition metal ions with the help of the fragment 

transformation method, an online docking server tool called MIB can be used. To apply this method, 

two different protein chains were required, which were obtained from the protein data bank (PDB) 

and consisted of the template protein (T) of length m containing metal-ion and query protein (S) of 

length n. These chains were then arranged so that after proper alignment, the metal ion binding 

protein chain could be converted into the query protein structure. Various specifications were 

followed to obtain these protein structures. The most critical parameter is that there should be a 

binding site for any of the transition metals, including Ni2+, Cu2+, Mg2+, Ca2+, Co2+, Zn2+, Fe2+, and 

Fe3+ metal ions. After that there should be at least 50 residues in the entire length of the protein 

chain; otherwise, it will be excluded [257]. For writing the residues of the query template and metal 

ion binding triplets, the notation N-Cα-C backbone atoms and as (xN, xCα, xC) and (yN, yCα, yC), 

where x and y are the coordinates of PDB can be used. S and T can be written as (τ1, τ2.  τm) and 

(σ1, σ2.  σm) in terms of triplets. Further, a minimum of two metal ion binding residues should 

be there, and the distance between the PDB coordinates and the metal center should be within 3.5 

A⁰. Proper alignment is possible only if the distance is less than 3.5 A⁰ [258]. Also, the binding 

score of the residue needs to be greater than a particular threshold value, and only then will the 

residue bind to particular transition metal ions. The binding score is written as Ci and depending on 

the target protein structure and sequence, binding score is assigned to all the residues of the target 

protein by using root mean square deviation of C-alpha carbons of structural local alignment as well 

as BLOSUM62 substitution matrix [259],[260]. 

Thus, MIB tool assits in finding out the binding site of metal ions on a specific protein chain. Human 

Insulin protein (PDB ID: 4EWW) was extracted from the PDB database. This polypeptide contains 

two chains mentioned as A and B. In MIB, the Ni2+ ion was docked with chains A and B of human 

insulin independently, followed by monitoring the possible amino acids responsible for binding to 

the metal ion. [261]. 

3.2.8 Cytotoxicity testing: 

To check out the cell viability, the HEK 293 cell line (Human Embryonic Kidney Cells) was used, 

and MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay was performed. 

For this purpose, HEK 293, with a per well density of 1×104, were grown in 96 well plates and was 

kept till 80-85% confluency. After that, incubation of cells with three distinct amounts (1.5, 7.5, and 

30 µM) of INiQCs, insulin, and NiSO4, along with the mixture of insulin and NiSO4, was followed 

by incubating the cells for 24 h and 37 ˚C. Later on, the MTT (2mg/ml in 5% ethanol) was added 

and kept for 3 h, followed by its removal thereafter. Lastly, 200µl DMSO was added for dissolving 

the formazan crystals, and then the OD was monitored at 570 nm. For calculating the percentage 

inhibition, the given equation was used 
% inhibition = [1-(At /Ac) × 100] % 

 

Where At is the test substance absorbance and AC control solvent absorbance. For each of the 
concentrations [265]. 

Then another MTT was performed. In this, I have add six different concentrations (0, 1, 10, 100, 

500, 1000 µM) of Pb2+ in each of the initially incubated cell lines with INiQCs, insulin, NiSO4, 
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and a mixture of insulin and NiSO4 as described above. After incubation for 12 h, the MTT was 
added, and all the steps were followed, as mentioned above. 

While performing the MTT assay, both in the presence and absence of heavy metal Pb2+, three 

independent groups were taken for all concentrations, followed by calculating the average of all 

those readings and plotting them. 

 

3.2.9 Fluorescence Bioimaging: 

Fluorescence imaging was done using the Dewinter fluorescence microscope. For bioimaging, the 

samples were incubated for one hour under UV light in a UV laminar. Then, 100µl from the Insulin 

metal quantum clusters (INiQCs) was taken and added to the cell line opted for the experiment, that is 

293. After one day, to remove any impurities, cells were washed using PBS buffer twice, and cell 

fixation was done by adding 2% of formaldehyde solution followed by having pictures of the 

incubated cells with and without using a magnet. It was a bar magnet of size 5 cm x 2 cm x 1 cm 

having a field strength of 0.5 T. Similarly, in the other six-well plates, the above samples were again 

made as such, followed by the addition of 6 different concentrations (0, 1, 10, 100, 500, 1000 µM) of 

Pb2+ in each of the initially incubated well to find out the variation in fluorescence emission intensity 

in vitro. After that, bioimaging was done using a microscope. 

 

3.2.10 Effect of INiQCs on recovery of the wound in the presence of toxic element Pb2+ using 

phase contrast and fluorescence imaging: 

The cells were grown in 60 mm plates using the high glucose DMEM-F12 FBS-free medium and 

incubated at 37 ˚C and 5% CO2 till80-85% confluency. After that, the scratch assay was used to 

make a wound, followed by treating cells with distinct concentrations of INiQCs, insulin, Ni salt, 

and the mixture of insulin and Ni salt (I + Ni). In one more plate, cells were treated initially with 

lead, followed by treatment with INiQCs. Time-lapse imaging was done, and the variation in the 

width of the wound was monitored after 6 h, 12 h, and 24 h, respectively. The scratch width was 

observed at multiple positions in a random manner, and the mean of all readings was taken to 

determine the percentage change in scratch width. 

 

3.3 Results and Discussions 

3.3.1 Absorbance spectra: 

After the synthesis of INiQCs, its characterization was done. I have obtained a sharp peak for 

insulin at 272.03 with an absorbance value of 0.249, whereas for INiQCs, an absorbance value of 

0.135 was obtained, having a peak at 272 nm Figure. 20a. This confirms the synthesis of INiQCs. 

 

3.3.2 Fluorescence spectra: 

For INiQCs, after excitation at 270 nm, an emission peak ranging from 280-360 nm was obtained 

with maxima at ~300 nm with an intensity of 240.52 a.u when it was monitored from 200-800 nm 

as given in Figure. 20b. 

 

3.3.3 Structure, Composition, and Stoichiometry of Metal Insulin Clusters: The spherical 

quantum clusters of INiQCs were formed and confirmed by Transmission electron microscopic 

images. The size of clusters, as shown by HRTEM, is ~ 5-6 nm. The SAED (selected area electron 

diffraction) pattern is attached at the top, which shows a ring-like pattern in Figure. 20c. The 

presence of different elements like Ni, C, O, N, and S is shown in the Elemental mapping of the 

area. The even distribution and percentage of Ni associated with protein come out to be 5.28 % and 

analyzed by EDS (inset of Figure. 20c). Further, the stoichiometric ratio between insulin protein 

and Ni2+ ions was calculated and found that one Ni2+ ion (163 pm in radius) is encapsulated by ~ 

687 insulin protein. 
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3.3.4 Metal-ion Binding Residue Templates: 

I have used MIB, to find the binding sites on insulin with which the transition metal Ni2+ can bind. 

The interaction between proteins and metals is primarily based on the structure and sequence of 

the amino acids in a protein. Firstly, from PDB, the structure of insulin was obtained (PDB ID: 

4EWW) and then inserted in the MIB tool to dock the Ni2+ ions with both the chains (chain A & B) 

of insulin. As a result, each amino acid residue gets its binding score, and if it is more significant 

than a threshold, then that site is marked as a potential target site for that particular metal ion. (Ni2+ 

in this study). The data indicates that chain A does not show any template indicating the absence of 

binding sites of Ni2+ ions with chain A, whereas, in chain B, a binding site was found for Ni2+ 

ions. Then, I have worked with another software called Maestro. By using this, I have calculated 

the distance between Ni2+ and amino acids, namely 9 SER and 10 HIS, present on Chain B of 

insulin. The distance was found to be 5.87 and 6.24, respectively, as shown in Figure. 20d. The 

binding score was also determined using MIB with different amino acids present in chain B of 

Insulin with Ni2+ ions, thus finding the best possible sites for attachment. Figure. 20e. 
 

Figure. 20. Characterization of INiQCs (a) The UV spectra indicate an excitation peak at 272 for 

INiQCs. (b) Shows the fluorescence spectra after exciting samples at 272 nm, and an emission 

spectra is obtained, which exhibits fluorescence maxima at 299.36 nm when scanned from 200-800 

nm. Inset is the trailing of fluorescence from 380nm onwards. (c) HRTEM images on a 10 nm scale 

showing the ~ 5-6 nm size of INiQCs, Inset is the EDS showing that the Ni is present in the end 

product along with the selected area electron diffraction (SAED) (d) Metal ion binding residues: 

Depicts the binding site for Ni2+ with the amino acid residues within 3.55 Ǻ diameter that can 

participate in binding on chain B of insulin (e) Binding potential of each amino acid with the Ni2+ 

ion. 

3.3.5 Quantum yield determination – Tyrosine was selected as the standard with which 

absorbance (Figure. 21a) and fluorescence spectra were compared. To find out the quantum yield 

of INiQCs, tyrosine was used as a standard as its quantum yield value is known. The % change in 

fluorescence was calculated. In comparison to insulin, the percentage change for INiQCs is 48.26%, 
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but when I add Pb2+ ions (10 pM) into INiQCs, the value decreases to 26.5%. The QY for Insulin 

was determined to be 0.1798, and of INiQCs was 0.7416. After adding Pb2+ into INiQCs, the 

quantum yield obtained was 0.4626. Figure. 21b. 
 

 

 

Figure. 21. Spectroscopic characterization of INiQCs (a) It shows a comparison of absorbance 

value between Insulin, INiQCs, NiSO4, and tyrosine (standard). (b) It shows a comparison of the 

fluorescence intensity value of Insulin, INiQCs, NiSO4, and tyrosine (standard). 

 

3.3.6 FTIR Spectra 

FTIR was used for NiSO4, insulin, and INiQCs to figure out the interactions involved in metal- 
protein binding. The peaks appeared due to intermolecular interactions of insulin and NiSO4 at 
different wavenumbers. Firstly, the peak appeared at 670 cm-1, which indicates formation of Ni-OH 
bending bond [326]. After that, at 742 cm-1 a peak was observed both in insulin and INiQCs, 
indicating NH2 and NH wagging [228]. In addition to the first peak, a peak at 820 cm-1 shows the 
bond between Ni=O, which confirms the interaction between insulin and NiSO4 [327]. A peak at 
881 cm-1 in insulin shows C-O stretching. C-N stretching was observed both in insulin and INiQCs 
at 1046 cm-1. Multiple S=O stretching peaks were observed, firstly at 1198 cm-1 in INiQCs and 
NiSO4, followed by a peak at 1288cm-1 both in insulin and NiSO4, and finally at 1415 cm-1 in 
INiQCs and NiSO4 [14]. C-H bond was obtained in insulin at 1388.5 cm-1 [328]. Amide II is the 
NH2 bond that was seen in insulin at 1528 cm-1 and 1590 cm-1 but only at 1590 cm-1 in INiQCs 
[329]. C-H stretching was observed at 2869.7 cm-1 in insulin only [257]. Intramolecular O-H 
stretching gives two peaks in INiQCs at 2958 cm-1 and 3187.6 cm-1, respectively, but a single peak 
was observed at 3187.6 cm-1 in NiSO4 [330]. A single peak was present in insulin, indicating amine 
N-H stretching at 3330 cm-1, which was absent in the other two [14]. For non-H-bonded O-H 
stretching, peaks were observed at 3682 cm-1 and 3782.5 cm-1 both in INiQCs and NiSO4, but were 
absent in insulin [326]. This is shown in Figure. 22. and Table 9. 
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Figure. 22. FTIR spectroscopic studies to find the interaction between insulin protein and 
nickel metal ion. The comparison shows the formation of new bonds between Ni-OH and Ni=O, 
which were otherwise not present. 

 
Table 9: The comparative wavenumber values of insulin, NiSO4, and INiQCs show the position of 
multiple functional groups present, which confirms the interactions between insulin and NiSO4 salt 
solution. 

 

Functional group Insulin NiSO4 INiQCs Ref. 

Ni-OH bending - - 670 [326] 

NH2 and NH 
wagging 

742 - 742 [228] 

Ni=O stretching - - 820 [327] 

C-O stretching 881 - - [14] 

C-N stretching 1046 - 1046 [14] 

S=O stretching - 

1288 
- 

1198 
1288 

1415 

1198 

- 

1415 

[14] 

C-H bond 1388.5 - - [328] 

Amide C=O bond 1528 
1590 

- 
- 

- 
1590 

[329] 

C-H stretching 
vibrations 

2869.7 - - [257] 

O-H intramolecular 
stretching 

- 
- 

- 
3187.6 

2958 
3187.6 

[330] 

Amine N-H 

stretching 

3330 - - [14] 

O-H stretching 
(non-H bonded) 

- 
- 

3682 
3782.5 

3682 
3782.5 

[326] 
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3.3.7 Heavy metal (Pb2+) detection by luminescence quenching 

The luminescence of INiQCs can be used as a highly selective and sensitive tool for detecting Pb2+ 
ions by a “turn-off” luminescent sensor. Fluorescence quenching is observed in the presence of Pb2+ 
ions, and it greatly varies with the amount of Pb2+ ions Figure. 23a. The more significant the 

concentration of heavy metal ions, the more is quenching, and the less is the fluorescence intensity, 
as shown in inset of Figure. 23a. Fluorescence quenching was maximum when the concentration 
of Pb2+ ions was maximum that is 10 millimolar in this case and declines gradually as concentration 

reaches up to 10 picomolar levels. Various other metal ions were also used to find out if fluorescence 
due to INiQCs decreases or increases in their presence, but no such effect was found for Cd2+, Hg2+, 

Cu2+, Zn2+, Ca2+, K+, Na+, Cl- OH-, HCO3
-, S2-, S O4 

2- when I use their highest concentration similar 
to that of lead ions that is 10mM. Fluorescence was immediately measured after adding the QCs 

into the salt solutions of the highest concentration. However, no such effect was observed with any 
of the other metal ions Figure. 23b. Then the variation in fluorescence intensity of Insulin, INiQCs, 

NiSO4, tyrosine, INiQCs + Pb2+ was measured to compare the differences between all and calculate 
quantum yield which comes out to be 0.7416 for INiQCs and 0.4626 when I add the Pb2+ ions 
Figure. 23c. Further, the stoichiometric ratio was computed using job’s plot for INiQCs and Pb2+ 

and found to be 1:1 as shown in Figure. 23d. 
 

 

Figure. 23. Treatment of INiQCs with different concentrations of Pb2+ salt solution (a) shows 
the variation in fluorescence spectra after excitation of all samples at 272 nm. An emission spectra 
was obtained showing a gradual decrease in fluorescence with increasing concentration of Pb2+ 

ions from 10-8mM of Pb2+ to 0mM of Pb2+. Inset is the decrease in fluorescence intensity at λmax 

with varying concentrations of Pb(NO3)2. (b) Variation in fluorescence intensity at λmax for 
different metal ions, including heavy metal ions and other cations and anions. (c) It shows the 

fluorescence spectra of INiQCs, INiQCs + Pb2+, insulin, NiSO4, and tyrosine, indicating variation 

in fluorescence intensity. (d) It shows the job plot for the determination of stoichiometry between 
INiQCs and Pb2+ ions. 
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3.3.8 HEK 293 cell viability and migration assay 

The MTT results, which are indicative of cell viability, mainly depend on the mitochondrial activity 

of cells. It is calculated for insulin, NiSO4, a mixture of insulin, and NiSO4 and INiQCs by using 

1.5, 7.5, and 30 µM of concentrations, and the graph was plotted. While performing the MTT assay, 

both in the presence and absence of heavy metal Pb2+, three separate groups were considered for 

every concentration, followed by taking an average of all those readings and plotting them. For 

NiSO4 treated cells, cell viability shown is 102.94 ± 3.20% for 1.5 µM, 125.16 ± 1.27 % for 7.5 µM 

and 131.35 ± 10.96 % for 30 µM. Insulin shows 113.1± 4.60 % for 1.5 µM, 129.76 ± 0.49 % for7.5 

µM, and 157.41 ± 18.47 % for 30 µM respectively. The cells treated with a combination of insulin 

and NiSO4 showed more cell viability. It is 141.03 ± 3.03 % for 1.5 µM, 151.98 ± 2.46 % for7.5 

µM and 162.3 ± 9.32 % for 30 µM respectively. Cell growth following the treatment with INiQCs 

exhibited considerable changes, which are 139.29 ± 1.13 % for 1.5 µM, 189.68 ± 1.64 % for7.5 µM, 

and 195.63 ± 7.36 % for 30 µM respectively, as compared with other samples. The results indicate 

the potential of these quantum clusters to promote cell growth and, hence, wound healing. The 

measurements were statistically significant. From the graph, it was demonstrated that no one is toxic 

in comparison to the control. With increasing concentration of samples added, the cell viability 

enhanced and was maximum for INiQCs formed, indicating that quantum clusters formed are not 

at all toxic; instead, they help in the cell division and multiplication and thus can be used for wound 

healing as well as shown in Figure. 24a. 

Similarly, when I add different concentrations of Pb2+ ranging from 0, 1, 10, 100, 500, and 1000 

µM, respectively, in the cells initially incubated with insulin, NiSO4, a mixture of insulin and NiSO4, 

and INiQCs, the MTT results show that the cell growth declined gradually with increasing 

concentration of lead metal ions in all the wells but in the presence of INiQCs, the cell growth is 

less impaired. The cell viability is calculated for all the samples. For cells incubated only with Pb2+, 

the cell viability is 97.71 ± 4.46 % for 1 µM, 98.07 ± 1.85 % for 10 µM, 43.31 ± 17.26 % for 100 

µM, 41.64 ± 5.11 % for 500 µM and 28.84 ± 0.92 % for 1000 µM. When I add the concentrations 

mentioned above of Pb2+ with a fixed concentration of NiSO4, the cell viability comes out to be 
100.84 ± 2.17 % for 1 µM, 103.31 ± 3.84 % for 10 µM, 61.58 ± 8.05 % for 100 µM, 65.43 ± 0.65 
% for 500 µM and 46.49± 7.62 % for 1000 µM. A fixed concentration of insulin shows 107.15 ± 

1.34 % for 1 µM, 100.53 ± 6.36 % for 10 µM, 79.59 ± 12.47 % for 100 µM, 50.03 ± 10.36 % for 

500 µM and 27.40 ± 7.97 % for 1000 µM. The cells incubated with a mixture of insulin and NiSO4 

have cell viability as 92.76 ± 4.02 % for 1 µM, 91.30 ± 3.86 % for 10 µM, 49.88 ± 7.40 % for 100 

µM, 46.80 ± 7.40 % for 500 µM, and 25.71 ± 2.54 % for 1000 µM. The cells exposed to INiQCS 

have the maximum cell viability out of all these, even in the presence of a varying concentration of 

Pb2+, which is 103.38 ± 5.55 % for 1 µM, 104.92 ± 1.63 % for 10 µM, 79.95 ± 8.66 % for 100 µM, 

80.16 ± 6.53 % for 500 µM and 61.63 ± 8.86 % for 1000 µM. The cells keep on growing without 

much effect of heavy metal ion even in the highest concentrations of Pb2+ ion, which are 100, 500, 

and 1000 µM, respectively. This indicates that INiQCs are not toxic themselves, overcome the effect 

of toxicity due to Pb2+, and further result in improving cell multiplication and growth, as shown in 

Figure. 24b. 
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Figure. 24. MTT assay to determine the cell viability. (a) Data shows treatment of HEK-293 cells 

with control, including insulin, NiSO4, insulin + NiSO4, and INiQCs ranging from 1.5, 7.5, and 30 

µM concentration, respectively, of each sample. (b) Data shows the treatment of HEK-293 cells 

with 0.45 µM of insulin, NiSO4, insulin + NiSO4, and INiQCs. Then, the same cells were treated 

with 0, 1, 10, 100, 500, and 1000 (µM) concentrations of Pb2+ after three h, and data were plotted 

as the mean value of three independent experiments. 

INiQCs induced more cell migration than NiSO4, insulin, and insulin + NiSO4. With increasing 

time, the extent of cell division and migration increased at a fixed concentration that is 0.45µM. For 

the measurement of change in scratch width, I measured scratch width at six distinguished places 

for each scratch in all wells and determined the average of each well to obtain the percentage 

variation in scratch width. The cells treated with INiQCs show the percentage scratched width after 

6, 12, and 24 h as 40.90 ± 4.54%, 27.62 ± 5.99%, and 8.51 ± 2.83% Figure. 25 (m-o and r-t) 

respectively Figure. 25a–c A similar procedure was followed and the % of a gap left in cells that 

were treated with NiSO4, insulin, insulin + NiSO4, were calculated and showed significant migration 

when compared to control. The cells treated with INiQCS + Pb2+ show 44.24 ± 1.04%, 37.74 ± 

2.93%, and 27.42 ± 1.63% after 6, 12 and 24 h respectively as shown in Figure. 25 (u-w). Similarly, 

the migration after 6, 12, and 24 h comes out to be 49.69 ± 4.29%, 52.52 ± 7.28%, and 35.46 ± 0% 

in cells incubated with insulin + NiSO4 as can be seen in Figure. 25 (j-l). In cells treated with insulin 

the value of migration is 64.24 ± 4.66%, 63.42 ± 4.71% and 62.83 ± 11.46% after the time duration 

of 6, 12 and 24 h Figure. 25 (g-i) while it is 82.72 ± 4.16%, 75.48 ± 4.85% and 71.63 ± 2.95% after 

the same time duration as above in cells treated with NiSO4 as shown in Figure. 25 (d-f). 
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Figure. 25. Promotion and monitoring of in vitro wound recovery using INiQCs. HEK-293 cells 

control (a) 6 h, (b) 12 h, and (c) 24 h, treated with 0.45 µM Ni salt for (d) 6 h, (e) 12 h, and (f) 24 h 

respectively, treated with insulin for (g) 6 h, (h) 12 h, and (i) 24 h respectively, treated with insulin 

+ NiSO4 (j) 6 h, (k) 12 h, and (l) 24 h respectively, treated with INiQCs for (m) 6 h, (n) 12 h and (o) 

24 h (p) Plot shows the variation in scratch width after 6 h, 12 h, 24 h post-treatment with Ni salt, 

insulin, insulin + NiSO4 and INiQCs respectively. (q) plot showing a comparison of variation in 

scratch width after treatment with INiQCs and INiQCs + Pb2+. The statistical significance of data 

is shown in both the plots with “*,” ***p < 0.001, **p<0.01, and *p<0.05, respectively. Change 

in diameter of the wound is shown after its treatment with INiQCs for (r) 6 h, (s) 12 h, and (t) 24 h, 

respectively, and after its treatment with INiQCs + Pb2+ for (u) 6h, (v) 12 h and (w) 24 h 

respectively. 

3.3.9 Fluorescence microscope bioimaging 

For confirming the applications of INiQCs for imaging on cells, bioimaging was performed on 

HEK293 cell lines. Cells were treated with INiQCs and showed bright blue fluorescence after 

binding of INiQCs with the insulin receptors found on the cell wall of each cell, thus illuminating 

the cell walls and making cells look fluorescent. The imaging was performed on the HEK 293 cell 

line after treatment with INiQCs at both white and violet light, respectively, in the absence of a 

magnet Figure. 26a, Figure. 26b. The cells are showing bright blue-tinged fluorescence. Moreover, 

when the magnet was used while capturing the pictures, the fluorescence became much brighter, 
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indicating the paramagnetic effect of Ni2+ ions under white and violet light, respectively Figure. 

26c and Figure. 26d. This shows the quantum clusters emit bright fluorescence and, therefore, can 

be utilized for bioimaging purposes. The same experiment was performed in the presence of Pb2+ 

ions. In this, the cells after treatment with INiQCs were treated with (0, 1, 10, 100, 500, 1000) µM 

Pb2+ ions, respectively, and incubated. After that, images were taken in white and violet light, and 

it was observed that as I went on increasing the concentration of Pb2+ ions, there was a gradual 

decline in the fluorescence of cells; that is, fluorescence quenching occurs with increased 

concentration of heavy metal even up to 1µM level indicating that even though the lead is toxic but 

still the INiQCs overcome its effect even at its highest concentrations and emit fluorescence thus 

can be used even in these conditions for bioimaging. The variation in fluorescence with different 

concentrations of heavy metal ions, that is (0, 1, 10, 100, 500, 1000) µM Pb2+, is shown in Figure. 

26 e, f, g, h, i, and j, respectively. 

 

 

Figure. 26. HEK 293 cell line on treating with INiQCs (a) in the absence of magnet at white light. 

(b) in the absence of a magnet at violet light, (c) in the presence of a magnet at white light, (d) in 

the presence of a magnet at violet light. Imaging of HEK 293 cell line on treatment with INiQCs 

(0.45 µM) followed by addition of different concentrations of Pb2+ ions as (e) 0 µM Pb2+ (f) 1 µM 

Pb2+ (g) 10 µM Pb2+ (h) 100 µM Pb2+ (i) 500µM Pb2+ (j) 1000 µM Pb2+ all under violet light 

respectively. 

3.4 Conclusion 

Lead-induced toxicity has been very prevalent since earlier times. Although the overuse of lead is 

controlled in advanced countries like Canada, the USA, and the European Union, developing and 

underdeveloped countries are still excessively using it due to its specific physicochemical 

properties, which are of particular interest to humans. Lead affects all age groups, but infants are 
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more prone to lead toxicity. Lead accumulates slowly in all the organs and causes inflammation. 

Diabetic patients are severely affected due to its accumulation, leading to delays in wound recovery, 

thus needing to be taken care of efficiently. For this, I have prepared INiQCs, which contain 

insulin that has an anti-inflammatory effect. Both nickel and insulin also promote wound recovery. 

INiQCs were used to detect the heavy metal ion named Pb2+ in a cell-free system and in vitro up to 

certain minimum levels of picomolar range and that too by using low concentrations of INiQCs in 

the micromolar range, thus preventing its highly toxic effects. After that, INiQC's effect on wound 

healing was checked both in the presence and absence of lead. Different techniques were used to 

confirm their formation, including TEM micrography, elemental analysis, FTIR, and MIB, which 

confirmed the interaction of Ni-metal with the insulin protein. From FTIR, I got peaks that show 

intermolecular interaction between Ni and insulin, that is, a peak at 670 cm-1 and 820 cm-1 showing 

Ni-OH bending and bond between Ni=O, respectively. From MIB, the possible metal ion binding 

sites in chain B for Ni2+ ions were obtained, and amino acids 9 SER and 10 HIS were used to form 

the groove. The binding potential was maximum for serine and histidine. 

Moreover, INiQCs are target-specific. They exhibit the potency to bind with insulin receptors 

present in the cells due to the use of insulin protein in their formation, indicating their target- 

specificity, which makes them unique from other particles in various respects. These particles 

exhibit fluorescence (blue fluorescence), which easily distinguishes them from control insulin. They 

have enhanced fluorescent properties, which can be easily detected using fluorescence microscopy. 

In the presence of a magnet, their fluorescence enhanced manifolds compared to those without a 

magnet. The INiQCs proved to be very specific for the particular lead metal ion, indicating their 

high selectivity which did not even get effected by other ions. This activity indicates its use as a 

fluorescence turn-off probe, which can be used in place of electronic and digital devices that have 

been used for several years for heavy metal detection. Thus, it has multiple applications not only 

in biolabeling and biosensing but also in material and biomaterial sciences and, therefore, can be 

further explored for in vivo applications. 
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Chapter 4: Insulin-Infused Bimetallic Nano-subclusters as 

Multifunctional Agents for ROS Scavenging, Antibacterial Resilience, 

and Accelerated in vitro cell migration 
 

Abstract 

This is the first report on the synthesis and wound healing application of green synthesized insulin- 

infused bimetallic (copper-silver) nano-subclusters (ICu-AgNSCs) with high stability, aqueous 

solubility, biocompatibility, and target specificity. HRTEM and SAED data confirm spherical 

particles (with a diameter of 9.6 ± 2.2 nm) composed of discrete copper clusters on the periphery 

and silver core that are further infused with insulin (0.5 ± 0.2 nm) corona, as confirmed by the 

characteristics of Cu-OH and Ag-O stretching bonds and alteration in insulin amide bonds. The ICu- 

AgNSCs had high insulin loading efficiency (93.90 ± 1.05 %) and drug release rate (92.69 ± 0.90 

% within 40 h), allowing it to be ideal for sustained release applications. Wound healing in diabetic 

conditions gets delayed due to the prolonged proinflammatory phase and microbial infestation, 

which may lead to clinical amputation. Therefore, advanced therapeutics that promote cell growth 

by reducing inflammation and microbial growth are required. ICu-AgNSCs may satisfy all these 

criteria. Insulin and quercetin have ROS scavenging and anti-inflammatory properties. Insulin and 

copper have cellular growth-promoting activity; additionally, silver has antimicrobial properties. 

ICu-AgNSCs have been shown to accelerate diabetic cell migration in vitro, making them an ideal 

choice for pre-clinical and clinical applications (Figure. 27). 
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Figure 27: The figure shows the potential role of four different components being used to 

synthesize bimetallic nano-subclusters in wound healing, antimicrobial, and antioxidant 

applications to cause efficient healing. 

4.1 Introduction 

Wound healing is a significant challenge for the scientific community despite all the available 

treatments, and the global expenditure on healing wounds varies from $28.1 to $96.8 billion [331]. 

Healing is a complex event involving overlapping phases, which work together against the damage 

and restore the lost tissue or organ [203]. Healing begins with hemostasis, which consists of the 

activation of platelets, clot formation, and matrix organization. In proliferation, the gathering of 

growth factors, connective tissues, and angiogenesis factors occurs on the wound part. In the 

inflammatory phase, the proinflammatory cytokines promote vasodilation and activate the different 

signaling pathways. The extracellular matrix gets resynthesised in the remodeling phase to maintain 

the balance between dead and live cells [205], [332]. However, certain factors disrupt the normal 

physiological mechanism of wound healing, including microbial infection, trauma, ischemia, and 

diabetes mellitus [333],[209] which can be avoided by preventing bacterial infestation, removing 

the dead tissue and debris, and keeping the wound moist [210]. In diabetes, there is persistent release 

of proteases, proinflammatory cytokines, reactive oxygen species, and low secretion of anti- 

inflammatory cytokines [334]. Diabetic wounds are more susceptible to infection because of the 

body’s immune response impairment [209]. The potential action of multiple antioxidant enzymes, 

like glutathione peroxidase and superoxide dismutase, is reduced, which leads to damage by free 

radical generation [218]. Diabetes also affects protein synthesis, re-epithelialization, cell migration, 

and fibroblast and keratinocyte proliferation by preventing the transport of nutrients to the wound 

site [215],[217]. Reactive oxygen species (ROS) are also a major issue, as their accumulation 

prevents the efficient working of macrophages and endogenous stem cells. Also, ROS causes 

dysfunctioning endothelial and restricts new blood vessel formation [335]. Additionally, ROS due 

to bacterial infection leads to chronic wound infection by damaging endothelial cells and blood 

vessels [336],[337]. 

To promote healing, tremendous research is going on to develop novel formulations that are 

biocompatible, efficient, environment-friendly, and cost-effective. Here, the role of nanoparticles 

comes into play as they possess massive potential in diverse fields ranging from drug delivery, 

bioimaging, wound healing, anticancer, antimicrobial, and antioxidant activity [338],[220]. Many 

nano-formulations using gold, silver, copper, zinc, and cobalt were developed to study wound 

healing antibacterial and antioxidant applications [225],[339],[42]. Nowadays, protein-based 

metallic nanoparticles have gained enormous interest because of their target specificity, 

biodegradability, ability to alter their surface for efficient attachment of the drugs, and easily 

metabolizable nature [132]. Protein-modified nanoformulations are developed using different 

proteins, including bovine serum albumin, insulin, transferrin, lactoferrin, and silk fibroin [340]. All 

these formulations possess single metal ions and, thus, obtain the property of that constituent metal 

ion only. It makes them less effective and unstable, and they tend to form aggregates, gradually 

decreasing their potential activities. However, the need of the hour is to develop formulations with 

multiple activities to increase their efficacy. Bimetallic formulations are preferred over 

monometallic because they can enhance multiple properties depending upon their surface effect, 

quantum tunneling effect, and quantum size effect [341]. They also possess outstanding potential in 

diverse biomedical applications [342],[343]. Based on the arrangement of the metal atoms, 

bimetallic particles can be classified into four major categories: alloyed, intermetallic, subclusters, 

and core-shell [344]. Bimetallic nano-subclusters (BNSCs) are a fascinating class of nanomaterials 

composed of two distinct metal atoms having two separate phases and a shared interface [345]. 

BNSCs exhibit features which make them attractive options for multiple uses, like in catalysis, 

sensing, and biomedicine. Their potential of encapsulating and delivering therapeutic agents directly 
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to targeted cells offers a new method to improve drug treatments' efficacy while minimizing side 

effects [346]. Additionally, BNSCs can be functionalized with targeting ligands for enhancing their 

specificity and selectivity towards specific cell types [347]. This work reports the synthesis of novel 

insulin-coated silver-copper bimetallic nano-subclusters and their potential role in promoting cell 

migration antioxidant and antibacterial activity. 

Silver enhances the differentiation of fibroblasts into myofibroblasts, which promotes proliferation 

and keratinocyte relocation, which increases wound contraction. Silver activates macrophages, 

modulates the inflammatory response, reduces scar formation, and exhibits antimicrobial, anti- 

inflammatory, and antioxidant activity [348], [349]. Further, the oxidation of silver causes free 

radical generation and reactive oxygen species (ROS), which are capable of damaging the 

biomolecules, including DNA, lipids, and proteins, along with intracellular organelles, including 

mitochondria, ribosomes, vacuoles, etc. in the microbes [350]. Copper promotes wound recovery 

by regulating the secretion of various cytokines and growth factors. It stimulates the expression of 

fibrinogen, collagen, and integrin, which are found in the extracellular matrix and are essential for 

the attachment of cells to the extracellular matrix. It also exhibits biocidal action [351], [352]. 

Copper regulates vascular endothelial growth factor (VEGF), that is required for forming new blood 

vessels [353]. It enhances the expression of hypoxia-induced factor-1-alpha (HIF-1α), which 

promotes angiogenesis and skin regeneration [354]. Further, quercetin has a massive role in wound 

healing as it promotes fibroblast proliferation and migration, decreases the proinflammatory 

cytokines, reduces the immune cell infiltration, increases the collagen fiber accumulation, and 

improves the GSH level along with vascular endothelial growth factor, fibroblast growth factor, and 

alpha-smooth muscle actin levels. Quercetin itself works in the reduction and stabilization of 

nanoparticles [355],[356]. Insulin is gaining colossal interest from researchers for its ability as a 

growth factor and transition the proinflammatory cytokines to anti-inflammatory, which are 

essential for inflammation, re-epithelialization, wound repair, and regeneration [227],[273]. It 

promotes protein and lipid biosynthesis, stimulates cell glucose uptake, increases cellular 

differentiation, and promotes cellular migration [268]. After binding to the receptors, insulin 

activates different pathways like Akt, Erk, and NRF-2 pathways to promote wound healing 

[47],[357]. The insulin-templated nanoformulations have promising potential for bioimaging, super- 

resolution microscopy, and wound healing [273], [324]. 

Here, I have synthesized the bimetallic nanosubclusters to check the synergism between silver 

nanoparticles and insulin-loaded copper quantum clusters for healing wounds when linked together 

to yield formulations in the nano range. To maintain the affected individual’s quality of life, there 

is a need to explore the potent and effective agents that not only have effective drug delivery 

potential but also have antimicrobial and antioxidant potency to yield better outcomes without 

making the process cumbersome, costly, and risky for the patient’s life. 

4.2 Materials and Methods 

4.2.1 Chemicals and cell line 

Silver nitrate (AgNO3), Copper sulfate (CuSO4), formaldehyde, HCl, NaOH, and H2O2 were of 
analytical grade and bought from HiMedia, India. Recombinant human insulin was purchased from 
Elli Lilly, India. For cell culture, DMEM cell culture media, Fetal Bovine Serum (FBS), 100X 
Penicillin-streptomycin, and Phosphate buffer solution (PBS) having pH 7.4 were procured from 
HiMedia, India. Human Primary Epithelial Keratinocytes (HEKa cells) ATCC-PCS-200-011 were 
procured from Himedia, India. The cells were cultured, maintained, and treated using DMEM 
containing 5% FBS at 37 ˚C and 5% CO2. The bacterial strains used for antibacterial activity include 
Escherichia coli (MTCC no. 448), Bacillus subtilis (MTCC no. 441), Acinetobacter calcoaceticus 
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(MTCC no. 1948), and Staphylococcus aureus (MTCC no. 902) which were procured from IMTech, 

Chandigarh, India. 

 

4.2.2 Synthesis of bimetallic nano subclusters 

At first, the insulin-protected copper quantum clusters (ICuQCs) were prepared by following a 

previously reported one-pot method. The insulin solution with a final concentration of 1.82 mM was 

prepared, and with the help of NaOH solution (0.1M), its pH was adjusted to 10.5 and kept in the 

dark. Afterward, a salt solution (CuSO4.5H2O) of the same concentration was prepared, followed 

by mixing insulin and salt solution in 1:1, which was further followed by adjustment of the pH of 

the final solution to a pH of 7.4, using HCl (0.1N). The final solution was kept in the incubator at 

slow stirring (240 rpm) for 24 h at 37 ˚C and was dialyzed using a 10KDa cut-off dialysis membrane, 

stored at 4˚C. After that, silver nanoparticles (AgNPs) were prepared to have the same concentration 

using quercetin and by slightly modifying the previously reported method [358] and incubated in 

the dark with the earlier formed insulin copper quantum clusters for 24 h at 37 ˚C to obtain the 

bimetallic nano subclusters (ICu-AgNSCs) as shown in Figure. 28a. Then, the final solution was 

again dialyzed using a 10 kDa cut-off dialysis membrane, stored at 4˚C, and used further for 

characterization and biological studies. 

 

4.2.3 Study of Interactions using spectroscopic techniques 

Initially, to monitor the interactions between the AgNPs and ICuQCs to form ICu-AgNSCs, UV- 

Visible absorbance studies were done by using the UV-2600 spectrophotometer (Shimadzu), which 

was operated between 200-800 nm, and a 4000 µl quartz cuvette having a path length of 1 cm was 

utilized to determine the absorbance for both the salt solutions (CuSO4 and AgNO3), AgNPs, insulin, 

ICuQCs, and Insulin linked bimetallic nano subclusters (ICu-AgNSCs) were measured. 

To study the metal-protein interactions in the ICu-AgNSCs, FTIR was done with the help of an 

Agilent Cary 600 series Spectrophotometer. The potassium bromide (KBr) method was used to 

prepare the sample pellets. The sample scanning was done from 400 cm-1 to 4000 cm-1 to monitor 

the changes in certain specific bonds. 

Furthermore, the same samples were analyzed using Surface Enhanced Raman Scattering (SERS) 

Spectra to study the modification in the structure of insulin protein. All the samples were prepared 

on a silicon wafer ten minutes prior to the experiment. The samples were scanned from 500 cm-1 to 

1800 cm-1. The LabRam Hr Evolution Horiba, was utilized to record the Raman spectra of insulin 

and ICu-AgNSCs at 785 nm. 

Further, the most reliable technique (Circular Dichroism (CD)) was used to monitor the stability of 

secondary protein structures after the interactions between protein molecules and metallic 

nanoparticles. The CD experimentation was done at 25 ˚C with 1 ml of sample and scanned in the 

200-260 nm wavelength range for pure insulin and ICu-AgNSCs using phosphate buffer (pH 7.4) 

as a solvent with the help of Mos500 CD biologic instrument. 

 

4.2.4 Study of particle size, morphology, and elemental analysis 

The DLS analysis (dynamic light scattering) was done using a Malvern DLS-Zeta size analyzer for 

determining the hydrodynamic size of synthesized ICu-AgNSCs. After that, for finding the 

morphology and size of bimetallic nanosubclusters, HRTEM (Talos F200S G2, Thermo Scientific) 

was used. For this, the samples were centrifuged at 240 rpm for 15 minutes, and then a thorough 

washing was done on the pellet to get rid of unbound metal salt or impurities present in the sample. 

Furthermore, the sample pellet was monitored for the elemental mapping to find the distribution of 

metal salts in the sample and to find out the percentage of the elements present by using the Energy 

dispersive X-ray Spectrometer (EDS) (Bruker QUANTAX 200). 

4.2.5 Drug loading and release kinetics 
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To monitor the drug loading in the nanosubclusters, centrifugation of 1 ml of the synthesized ICu- 

AgNSCs was done for 15 min at 6000 rpm. The supernatant and the pellet were collected to 

determine the amount of bind and free drug and, thus, determine the drug loading capacity of the 

formulations. After that, the release kinetics were performed to determine the amount of insulin 

released from the nanosubclusters and, thus, determine the drug delivery efficiency. 1 ml of the 

synthesized nanosubclusters were taken, placed in a dialysis membrane, and kept at slow stirring 

conditions (250 - 300 rpm). The drug release was measured at specific time intervals for 40 hours 

at physiological conditions that are pH 7.4 and 37 ˚C. The absorption values (at 595 nm) were later 

plotted to note the trend of drug release by exploiting BSA standard curves. 

4.2.6 in vitro studies 

4.2.6.1 Cell viability 

For evaluating the cell viability of synthesized nanosubclusters, the MTT (3-(4,5-dimethylthiazol- 

2-yl)-2,5-diphenyltetrazolium bromide) assay was performed by using the HEKa cell line (Human 

Epidermal Keratinocytes, adult). The cells were grown in a cell culture plate and let to be confluent 

till 80-85%, followed by their splitting and seeded into 96 well plates, with each well having the 

density of cells as 1×104. After that, the cells were incubated for further cell growth and confluence 

till 80-85%, and the media was regularly changed after specific time intervals. When the plate 

became confluent, the different samples, including salt solutions, AgNPs, ICuQCs, and ICu- 

AgNSCs having distinct concentrations (5, 10, 20, and 40 µM) were added in sets of 3 to get three 

concordant readings. The plate was later placed for 24 hours at 37 ˚C and 5% CO2. After 24 h, the 

media in the MTT plate was replaced with fresh media with MTT (2mg/ml in 5% ethanol) and 

incubated for another 3 h. Following the specified time interval, the media was again discarded and 

replaced with 200µl dimethyl sulfoxide (DMSO) for the proper dissolution of the formazan crystals. 

Lastly, the OD was checked at a wavelength of 575 nm. The equation used to calculate the 

percentage of cell viability is as follows. 

% 𝑐𝑒𝑙𝑙 𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 = [( 
𝐴𝑡⁄ ) × 100] % ……(1) 

𝐴𝑐 

Here, At is the absorbance of the test substance, and AC is the absorbance of the control solvent for 
each concentration. 

 

4.2.6.2 Effect of ICu-AgNSCs on the cell migration, in vitro, using phase contrast imaging 
To monitor the impact of synthesized particles on cellular migration in vitro, the HEKa cell line was 
used and grown in 60 mm plates both in the absence and presence of glucose (360mg/dl) to monitor 
the changes in normal and diabetic conditions. The cells were grown in the DMEM-F12 media 
(FBS-free medium) and kept in a humidized incubator at 37 ˚C and 5% CO2 level. The cells were 
grown till they became 80-85% confluent, followed by creating a scratch in the confluent plate with 
the help of a pointed object, such as the sterile 200 µl tip, to analyze the effect on cell migration 
using the scratch assay. The plates were later incubated with fixed concentrations (5, 10, 20, and 40 
µM) of different samples, including salt solutions, AgNPs, ICuQCs, and ICu-AgNSCs. Time-lapse 
imaging was done to observe the variations in scratch width after 6 h, 12 h, and 24 h, respectively. 
The width was measured at multiple places of the scratch-made in each plate, followed by taking 
the mean of those individual readings of scratch diameter is taken to determine the percentage 
variation in cell migration in the normal and diabetic conditions individually. 

 

4.2.6.3 Antioxidant activity against H2O2-induced cytotoxicity 

To perform the antioxidant activity, HEKa cells were grown in 96 well plates and kept at 37 ºC and 

5% CO2 for 24 hours in DMEM medium supplemented with 10% FBS and left till 85-90% 

confluency. Afterward, the cells were segregated into two groups and treated with varying 

concentrations of H2O2 (0, 50, 100, 200, 400, 800, 1200, 1600, 2000 μM) in DMEM for 1-hour 
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duration, followed by washing them twice using PBS to obliterate the H2O2. The cells in one of the 

sets were incubated with fresh DMEM media alone, and in the other set, the cells were treated with 

bimetallic nanosubclusters of fixed concentrations alongside DMEM (40 µM) and kept in the 

incubator for 24 hours. Following this, an MTT assay was followed for determining the effect on 

cell viability following the treatment with H2O2 and to study the antioxidant effect of the synthesized 

nanosubclusters on cell viability. The media was discarded, and cells were washed with PBS before 

adding fresh media containing MTT and kept for a 3-hour incubation period, followed by DMSO 

to measure the absorbance at 570 nm [359]. 

4.2.6.4 Detection of ROS measurement using DCFDA 

ROS generation was determined by flow cytometry using DCF-DA staining. The Heka cells were 

grown in DMEM media and treated with varying concentrations of H2O2 (200, 1000, 4000 μM) for 

a brief period of 1 hour. Then, the media containing H2O2 was discarded, and cells were treated with 

bimetallic nanosubclusters (40 µM) for 12 hours after adding fresh media. Following this, the cell 

detachment was done using trypsin-EDTA solution and suspended in 0.5 ml of PBS, to which 

DCFDA (10 µM) was added 10 minutes before performing the flow cytometric analysis. 

4.2.7 Antibacterial activity of synthesized ICu-AgNSCs 

To determine the antibacterial potential of the synthesized nanoformulations, the Minimum 

Inhibitory Concentration (MIC) which is the minimal concentration up to which an antibacterial 

agent retains the bacterial growth inhibition for the defined period. The Gram-negative (Escherichia 

coli, Acinetobacter calcoaceticus) and Gram-positive (Bacillus subtilis, Staphylococcus aureus) 

bacteria were utilized for the determination of the MIC of formulations using a growth curve 

experiment. The microdilution method was followed to determine the antimicrobial activity using 

96 well plates. Initially, the bacteria were cultivated in the LB broth medium at 37 ˚C, and after 24 

hours, the bacteria were taken in the LB media, and the concentration was adjusted to 10-8 CFU/ml. 

To evaluate the antimicrobial potential of nanosubclusters, 20 µl of bacteria, 20 µl of 

nanosubclusters (ranging from 0.5 µM to 64 µM), and 160 µl of luria broth was added in each well 

of 96 well plates. The negative control is taken as inoculated broth without nanosubclusters. The 

plates were placed in a microplate shaker for 24 hours and 37 ˚C at slow shaking conditions. 

Following this, the best concentration of synthesized nanosubclusters against different bacteria is 

determined by the MIC method. Further, the IC50 values were determined along with the MIC value 

for each bacteria [360]. 

4.2.8 Determination of combination index (CI) for AgNO3 and ICuQCs 

The combination index (CI) is one of the quantitative measures followed for calculating the effect 

of multiple drugs in combination with one another. The drug combination index was estimated when 

investigating synergistic or antagonistic drug combinations to quantify the level of synergism or 

antagonism. Suppose the value of the combination index comes out to be less than 1 (CI < 1). In 

that case, it indicates that different drugs, when administered together, work together to promote the 

activity of one another, called the synergistic effect. When the CI values come out to be equal to 1 

(CI = 1), it indicates that none of the two drugs interfere with each other's action, hence exhibiting 

the additive effect, and a CI value of greater than 1 (CI >1) shows the inhibitory activity of one drug 

on the other drug, thus called the antagonistic effect. To calculate the combination index, the cell 

viability of HEKa cells was determined at different concentrations of AgNO3 and ICuQCs, and then 

calculations were done using the following equation (e). 

𝐶𝐼 = (𝐷)1⁄(𝐷𝑥)1 + (𝐷)2⁄(𝐷𝑥)2 ……(2) 

Where, 𝐷𝑥 = 𝐷 𝑓𝑎⁄  ] 
1⁄𝑚 ……(3) 

𝑚 [ 𝑓𝑢 
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Here, (D)1 and (D)2 denote the respective concentrations of silver nitrate and insulin copper 

quantum clusters, respectively. The median effect equation (f) is used for the determination of single 

drug concentrations giving the same effect (Dx)1 and (Dx)2. Here, fa and fu denote the cell fractions 

that are affected and unaffected, respectively, and are equal to 10(y-intercept)/m, where m represents the 

slope median in the median effect plot of log (D) vs. log (fa/fu) [266]. 

 

 

4.2.9 Statistical Analysis 

The data here is represented as the mean ± SD of at least three separate experiments. The statistical 

data analysis was done in MS Excel using one-way ANOVA. The corresponding p-values were 

calculated to find out if the data was statistically significant or not. 

 

4.3 Results and Discussions 

4.3.1 Spectroscopic analysis 

 

4.3.1.1 Spectroscopic changes using absorbance spectra after synthesis of ICu-AgNSCs 

After synthesizing ICu-AgNSCs, its spectroscopic characterization was done to observe the 

absorbance spectra of the formed nanosubclusters. After analysis of AgNPs and insulin, the 

absorbance spectra for AgNPs indicate a peak-maxima at 412 nm having an absorbance value of 

0.145, and for insulin without any added salt solution, I have obtained a sharp peak at 271.61 nm 

with an absorbance value of 0.262 both of which are in accordance with the work reported. The 

absorbance spectra obtained for ICuQCs exhibit an absorption maxima at 271.31 nm, having an 

absorbance value of 0.23. Whereas, after incubating the AgNPs with ICuQCs for 48 h, two distinct 

absorption maxima were obtained at 271.31 nm and 412.86 nm, having absorbance values of 0.16 

and 0.10, respectively, showing the interaction between the two, which indicates towards the 

possibility of ICu-AgNSCs synthesis as shown in Figure. 28b. 

 

4.3.1.2 FTIR and Raman Spectra for monitoring the interactions between protein and metal 

ions after the formation of nano subclusters 
To monitor the variation in the functional groups of insulin after interactions between the insulin 
copper quantum clusters and silver nanoparticles, the FTIR was performed for CuSO4, AgNO3, 
AgNPs, insulin, ICuQCs, and ICu-AgNSCs. The slight variation in major protein peaks appeared at 
different wavenumbers due to intermolecular interactions of ICuQCs and AgNPs and are shown in 
Figure. 28c. The peak at 791.29 cm-1 and 651.23 cm-1 indicates the NH2 stretching and C=S 
stretching, respectively, in AgNPs, insulin, ICuQCs, and ICu-AgNSCs [268]. Then, a peak at 724.96 
cm-1 in CuSO4 and 718.19 cm-1 in ICuQCs and ICu-AgNSCs indicates Cu-OH stretch [361]. Ag-O 
stretching was observed in AgNO3, AgNPs, and ICu-AgNSCs at 946.16 cm-1, 986.79 cm-1, and 
980.25 cm-1 respectively [362]. In addition to these, a peak at 912.31 cm-1 and 845.34 cm-1 in 
AgNPs, at 925.85 cm-1 in insulin, at 912.31 cm-1 and 838.57 cm-1 in ICuQCs and 912.31 cm-1 in 
ICu-AgNSCs shows the C-O stretching, confirming the interaction between AgNPs and ICuQCs 
[273]. A peak at 1113.20 cm-1 in insulin and 1048.23 cm-1 in ICu-AgNSCs shows C-N stretching 
[268]. Amide III stretching was observed in insulin and ICuQCs and ICu-AgNSCs at 1207.25 cm-1 
and 1240.23 cm-1, respectively. NO3 symmetric and asymmetric stretch was observed in AgNO3 at 
1320.86 cm-1, in AgNPs at 1341.17 cm-1, in insulin at 1307.31 cm-1, in ICuQCs at 1347.51 cm-1 and 
at 1394.59 cm-1 in ICu-AgNSCs respectively [363]. C-OH stretching was observed at 1448.32 cm- 
1 in AgNPs and ICuQCs, at 1420.83 cm-1 in insulin, and at 1441.24 cm-1 in ICu-AgNSCs [227]. 
Amide II, C=O stretch was observed at 1535.29 cm-1 in insulin and at 1541.31 cm-1 in ICu-AgNSCs 
[227]. N=O stretching was observed at 1755.74 cm-1 in AgNO3 and 1642.13 cm-1 in ICu-AgNSCs 
[363]. Nitrile stretch was marked at 2247.81 cm-1, 2160.53 cm-1, and 2351.64 cm-1 in insulin, 
ICuQCs, and ICu-AgNSCs, respectively [268]. A broad peak of -OH stretch was observed in all the 
formulations between 2760.42 cm-1 and 2867.03 cm-1 [227]. Amide B C-H stretch was observed at 
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2827.15 cm-1 and 2960.32 cm-1, respectively, in insulin and ICu-AgNSCs[268]. The amine N-H 

stretch was observed in insulin, ICuQCs, and ICu-AgNSCs at 3281.16 cm-1 [273]. The comparative 

wavenumbers of each solution are given in Table 10. 

 

Table 10: The comparative wavenumber values indicated by FTIR in the range 400-4000 cm-1 of 

CuSO4, AgNO3, AgNPs, insulin, ICuQCs, and ICu-AgNSCs showing the position of different 

functional groups present, which coins the interaction amongst AgNPs and ICuQCs indicating the 

formation of bimetallic nanoparticles 

 

Functional 
group 

CuSO4 AgNO3 AgNPs Insulin ICuQCs ICu- 

AgNSCs 
Ref. 

Amine NH 

stretch 

- - - 3281.16 3281.16 3281.16 [273] 

Amide-B 
-CH stretch 

- - - 2827.15 - 2960.32 [268] 

-OH 
stretch 

2860.25 2760.42 2760.42 2760.42 2760.42 2867.03 [227] 

Nitrile 
stretch 

- - - 2247.81 2160.53 2351.64 [268] 

N=O 
stretching 

- 1755.74 - - - 1642.13 [363] 

Amide II 

C=O 
stretch 

- - - 1535.29 - 1541.31 [227] 

C-OH 
stretch 

- - 1448.32 1420.93 1448.32 1441.24 [227] 

NO3 

symmetric 

and 

asymmetric 

stretch 

- 1320.86 1341.17 1307.31 1347.51 1394.59 [363] 

Amide III 
stretching 

- - - 1207.25 1207.25 1240.35 [363] 

C-N stretch - - - 1113.20 - 1048.23 [268] 

Ag-O 
stretching 

- 946.16 986.79 - - 980.25 [362] 

-CO stretch - - 912.31 
845.34 

925.85 912.31 
838.57 

912.31 [273] 

NH2 

stretch 
- 791.29 791.29 791.29 791.29 791.29 [268] 

-Cu-OH 
stretch 

724.96 - - - 718.19 718.19 [361] 

C=S 
stretch 

- - 651.23 651.23 651.23 651.23 [268] 

 

Similarly, Raman spectral analysis was used to study the significant conformational changes in 

insulin after interaction with metal ions. The S-S stretch was observed at 598.10 cm-1, 584.76 cm-1, 

and 554.24 cm-1, respectively, in AgNPs, ICuQCs and ICu-AgNSCs [364]. The bond at 662.45 cm- 
1 is present in AgNO3, AgNPs, ICuQCs, and ICu-AgNSCs, indicating a C-S-C bond [365]. The 

bond at 793.13 cm-1 in CuSO4 and ICuQCs and at 794.12 cm-1 in ICu-AgNSCs indicates the Cu- 
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OH stretching [361]. The C-H out-of-plane wagging was observed at 847.81 cm-1 in CuSO4 and 
insulin, at 841.74 cm-1 in AgNO3 and ICuQCs, at 828.70 cm-1 in AgNPs and 849.74 cm-1 in ICu- 
AgNSCs [365]. The Ag-O stretching was observed at 947.26 cm-1 in AgNPs and ICu-AgNSCs and 

931.12 cm-1 in AgNO3 [362]. The C-O-C bond was observed at 986.23 cm-1 in insulin and ICu- 
AgNSCs [268]. The peaks at 995.87 cm-1, 970.38 cm-1, and 1002.69 cm-1 in insulin, ICuQCs, and 
ICu-AgNSCs, respectively, indicate the C-C stretching [366]. C-N stretching was observed in 
AgNPs, insulin, ICuQCs, and ICu-AgNSCs, respectively, at 1086.86 cm-1, 1071.15 cm-1, 1072.34 
cm-1 and 1097.53 cm-1 [367]. Amide III (α-helix) was observed at 1229.43 cm-1 in insulin and ICu- 
AgNSCs.[278] Band for Amide III random coils was observed at 1283.37 cm-1 in insulin, 1301.75 
cm-1 in ICuQCs, 1311.24 cm-1, and 1340.28 cm-1 in ICu-AgNSCs [279]. The C-H bend was observed 
at 1364.12 cm-1 in ICu-AgNSCs [268]. The peak for Amide II was observed at 1442.80 cm-1 and 
1445.50 cm-1, respectively, in insulin and ICu-AgNSCs [132]. The peak at 1516.32 in insulin, 
ICuQCs, and ICu-AgNSCs indicates the C-C stretch [268]. The peak for Amide I was observed at 
1658.21 cm-1 in insulin and ICu-AgNSCs and at 1606.23 cm-1 in ICu-AgNSCs alone [132] and is 
shown in Figure. 28d. The comparative wavenumbers of each solution are mentioned in Table 11. 

Table 11: The comparative wavenumber values indicated by Raman spectra in the range 500-1800 
cm-1 of CuSO4, AgNO3, AgNPs, insulin, ICuQCs, and ICu-AgNSCs showing the position of 
different functional groups present, which coins the interaction amongst AgNPs and ICuQCs 
indicating the formation of bimetallic nanoparticles. 

 

Functional 
group 

CuSO4 AgNO3 AgNPs Insulin ICuQCs ICu-AgNSCs Ref. 

Amide - I - - - 1658.21 - 1606.23 
1658.21 

[132] 

C-C stretch - - - 1516.32 1516.32 1516.32 [268] 

Amide – II - - - 1442.80 - 1445.50 [132] 

C-H bend - - - - - 1364.12 [268] 

Amide – III 

(random 

coils) 

- - - 1283.37 1301.75 1311.24 

1340.28 

[279] 

Amide III (α 
– helix) 

- - - 1229.43 - 1229.43 [278] 

C-N 
stretching 

- - 1086.86 1071.15 1072.34 1097.53 [367] 

C-C 
stretching 

- - - 995.87 970.38 1002.69 [366] 

C-O-C - - - 986.23 - 986.23 [268] 

Ag-O 
stretching 

931.12 - 947.26 - - 947.26 [362] 

C-H out of 

plane 

wagging 

847.08 841.74 828.70 847.81 841.74 849.74 [365] 

Cu-OH 
stretch 

793.13 - - - 793.13 794.12 [361] 

C-S-C 

stretching 

vibrations 

- 662.45 662.45 - 662.45 662.45 [365] 

S-S stretch - - 598.10 - 584.76 554.24 [364] 
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Circular Dichroism was performed using insulin protein and ICu-AgNSCs to monitor the stability 

of the secondary structure of protein after interaction with metal ions from silver nanoparticles and 

insulin copper quantum clusters. The three significant far UV signals were observed in both 

solutions. A positive peak was observed at ~ 194 nm (representative of β-sheet), and two negative 

peaks, one at ~ 208 nm and the other at ~ 217 nm, were observed (representative of α-helix), 

indicating the secondary structure of insulin protein [368]. Slight variations in all three peaks were 

observed in ICu-AgNSCs, that is, 5.57%, 3.75%, and 5.15%, respectively, and is shown in Figure. 

28e. The % variation is much less when compared with pure insulin, confirming protein stability 

with no significant observable structural changes. 
 

 

Figure. 28. Synthesis and spectroscopic studies confirming the interactions between ICuQCs 
and AgNPs for synthesizing ICu-AgNSCs. (a) It shows a schematic representation of the synthesis 
protocol being followed for formulating bimetallic nanosubclusters. (b) UV-Visible absorption 
spectra showing the peak of pure insulin, ICuQCs, and ICu-AgNSCs at ~ 272 nm and peak at ~ 412 
nm in AgNPs and ICu-AgNSCs confirming the interaction between the two (c) FTIR spectra of 
CuSO4, AgNO3, AgNPs, insulin, ICuQCs and ICu-AgNSCs in the range 400-4000 cm-1 indicating 
the formation of new bonds; Cu-OH stretching and Ag-O bond which were otherwise not present 
in pure insulin (d) Raman spectra of CuSO4, AgNO3, AgNPs, insulin, ICuQCs and ICu-AgNSCs 
indicate the involvement of different functional groups of insulin in synthesizing ICu-AgNSCs (e) 
Circular Dichroism confirms the stability of secondary protein structure with minimal changes even 
after the synthesis of ICu-AgNSCs. 

4.3.2 Structure, Composition, and stoichiometry of metal insulin nano subclusters 

The hydrodynamic size of AgNPs, ICuQCs, and ICu-AgNSCs was measured and found to be 25 ± 

5 nm, 35 ± 5 nm, and 40 ± 5 nm, respectively, and shown in Figure. 29a-c respectively. 
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Figure. 29: The DLS spectra show the hydrodynamic size of (a) AgNPs, (b) ICuQCs, and (c) 

ICu-AgNSCs, respectively. 

Further, the formation of nearly spherical bimetallic nano-subclusters (ICu-AgNSCs) having size 

9.6 ± 2.2 nm and outer insulin layer (0.5 ± 0.2 nm) was confirmed by transmission electron 

microscopic images (at a scale of 20 and 2 nm) as shown in Figure. 30a-b respectively, and SAED 

pattern obtained is shown in Figure. 30c. Additionally, the lattice fringes in HRTEM were spaced 

apart by 0.23 nm and 0.17 nm and were indexed with Ag (111) and Cu (200) respectively. It was 

found that copper is mainly present in the peripheral region, and silver is inside, forming distinct 

phases with copper. Further, it was evident from the percentage obtained for Ag and Cu in the 

nanoparticles (7.63 % and 6.17%) that silver is in higher amounts, which is further confirmed from 

the TEM image where the electron-dense portion indicating the copper and the rest of the part is for 

silver having lower electron density. The energy-dispersive X-ray spectroscopy was utilized for the 

determination of different elements, including C, O, Cu, and Ag, in the bimetallic nano subclusters 

as shown in spectra given in Figure. 30d. The elemental mapping was done to verify the presence 

of both silver and copper in the synthesized bimetallic nano subclusters, and it confirms the presence 

of carbon (Figure. 30e), oxygen (Figure. 30f), silver (Figure. 30g), copper (Figure. 30h) and 

combined of all elements in Figure. 30i. 

Figure. 30. Structural, morphological, and elemental characterization of ICu-AgNSCs. TEM 

micrographs of ICu-AgNSCs show the nanoparticle size to be ~9.6 ± 2.2 nm at a scale of (a) 20 nm 

(b) 2 nm (inset shows the insulin layer of (0.5 ± 0.2 nm) around individual bimetallic cluster) (c) 

SAED confirms the crystalline structure of bimetallic nanosubclusters. (d) EDS spectra show the 

presence of both silver and copper (inset shows the relative percentage of each element). Elemental 

mapping showing the different elements in ICu-AgNSCs (e) Carbon (f) Oxygen (g) Silver (h) 

Copper (i) combined image showing all elements. 
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4.3.3 Drug loading and release kinetic studies 

The synthesized bimetallic nanosubclusters were studied for their drug loading and release kinetics, 

and the encapsulation efficiency of insulin in the bimetallic nanosubclusters was determined to be 

88.54 ± 0.40 %. For the initial 8 h, burst drug release was observed, followed by sustained drug 

release after that, with most of the drug being released in the 40 h. Further, the percentage of drug 

released from ICu-AgNSCs by the end of 40 hours was found to be 93.90 ± 0.90 %, making it an 

efficient drug delivery system and is shown in Figure. 31a and the drug released per hour in mg/ml 

is shown in Figure. 31b. 

4.3.4 in vitro cell studies 

4.3.4.1 HEKa cell viability assay 

Cell viability analysis was performed using HEKa cells and an MTT assay to monitor the 

biocompatibility of the synthesized formulations. The study was performed using salt solutions, 

silver nanoparticles, insulin, insulin copper quantum clusters, and bimetallic nanoformulations 

using four different concentrations of each (5, 10, 20, and 40 µM). The cell viability of untreated 

cells (control) is taken as 100, and the values for other samples are compared with that of the control. 

The cells treated with CuSO4 exhibit the cell viability as 100.57 ± 1.77 %, 102.22 ± 3.74 %, 105.58 
± 3.81 %, and 107.05 ± 5.09 % and the cells treated with AgNO3 have the cell viability as 100.85 ± 

6.73 %, 102.45 ± 1.39 %, 106.37 ± 1.38 %, and 108.07 ± 4.12 % for 5, 10, 20, and 40 µM 

respectively. The cells treated with AgNPs have cell viability in the order 109.12 ± 6.01 %, 115.07 
± 3.93 %, 117.89 ± 1.66 %, and 119.78 ± 2.48 %. The cells after treatment with insulin show 

viability as 121.29 ± 3.74% for 5 µM, 124.72 ± 2.06 % for 10 µM, 128.45 ± 5.35 % for 20 µM and 

132.39 ± 2.47 % for 40 µM respectively. The cells exposed to ICuQCs have higher viability than 
those of insulin alone and are 124.47 ± 2.78 %, 127.18 ± 1.04 %, 131.96 ± 5.11 %, and 135.18 ± 

2.96 %, respectively, for 5, 10, 20, and 40 µM respectively. Cell viability after treatment with 

bimetallic ICu-AgNSCs showed much more significant changes, which are 133.07 ± 1.18 % for 5 

µM, 150.37 ± 1.04 % for 10 µM, 163.92 ± 3.76 % for 20 µM and 169.72 ± 0.38 % for 40 µM 

respectively and is shown in Figure. 31c and comparative data is shown in Table 12. From the 

graph, it was demonstrated that none of the samples was toxic to the cells. Moreover, as the 

concentration of added samples increases, the cell viability increases and was found to be maximum 

for synthesized bimetallic ICu-AgNSCs, indicating that nano subclusters formed to promote cell 

division and growth and thus can be examined further through different in vitro and in vivo studies 

for confirming its role in wound healing. 
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Figure. 31. Drug release kinetics and cell viability assay (a) the plot shows the release kinetic 

studies to determine the % drug released from the bimetallic nanosubclusters (b) it shows the drug 

released per hour in mg/ml from ICu-AgNSCs (c) MTT assay to determine the effect of synthesized 

formulations on the cell viability to determine their potential role in cell growth and wound healing. 

The data were plotted as the mean value of three independent experiments, and the solid bars 

indicate normal conditions while the patterned bars indicate diabetic conditions in the graph. 

Table 12. The table indicates the % change in mitochondrial reductase activity in the MTT assay 

for finding out the cellular metabolism rate using HEKa cells after treating cells with varying 

concentrations of control (CuSO4, AgNO3, AgNPs, insulin, ICuQCs) and ICu-AgNSCs, that is, 5 

µM, 10 µM, 20 µM, and 40 µM respectively, for 24 hours. The data were plotted as mean value ± 

SD of three independent experiments. 
 

% Of change in mitochondrial reductase activity 

Dose CuSO4 AgNO3 AgNPs Insulin ICuQCs ICu- 
AgNSCs 

5 µM 100.57 ± 
1.77 % 

100.85 ± 
6.73 % 

109.12 ± 
6.01 % 

121.29 ± 
3.74 % 

124.47 ± 
2.78 % 

133.07 ± 
1.18 % 

10 µM 102.22 ± 
3.74 % 

102.45 ± 
1.39 % 

115.07 ± 
3.93 % 

124.72 ± 
2.06 % 

127.18 ± 
1.04 % 

150.37 ± 
1.04 % 

20 µM 105.58 ± 
3.81 % 

106.37 ± 
1.38 % 

117.89 ± 
1.66 % 

128.45 ± 
5.35 % 

131.96 ± 
5.11 % 

163.92 ± 
3.76 % 

40 µM 107.05 ± 
5.09 % 

108.07 ± 
4.12 % 

119.78 ± 
2.42 % 

132.39 ± 
2.47 % 

135.18 ± 
2.96 % 

169.72 ± 
0.38 % 
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4.3.4.2 HEKa cell migration assay in diabetic and normal conditions 

The synthesized bimetallic nanoformulations, along with silver nitrate salt solution, copper sulfate 

solution, silver nanoparticles, insulin, and insulin quantum clusters, were tested for their potential 

role in cell migration in normal and diabetic conditions on HEKa cells by treating them with a fixed 

concentration of each one of them (40 µM). The bimetallic nano subclusters demonstrate excellent 

migration abilities in both conditions but have more migration impact in normal conditions than 

diabetic ones. As time passes, a significant increase in cell division eventually leads to enhanced 

migration rates when monitored after specific time intervals. Initially, the percentage change in 

scratch diameter is measured in HEKa cells taken as control (without any treatment) after 6, 12, and 

24 h and is shown in Figure. 32(a) a-c. Following this, I have observed the changes in cells grown 

in diabetic conditions. The percentage change in scratch diameter of cells treated with CuSO4 after 

6, 12, and 24 h is 0.56 ± 0.39 %, 1.40 ± 0.46 %, and 1.30 ± 0.37 %, respectively, and is shown in 

Figure. 32(a) d-f. Similarly, the % of a gap left in cells that were treated with AgNO3 comes out to 

be 0.28 ± 0.43 %, 0.35 ± 0.50 %, and 0.86 ± 0.44 %, respectively, after fixed intervals (Figure. 

32(a) g-i). The % change in migration after 6, 12, and 24 h in AgNPs and Insulin is even higher and 

came out to be 25.30 ± 1.35 %, 45.18 ± 0.63 %, and 46.29 ± 0.43 % in AgNPs (Figure. 32(a) j-l) 

and 39.81 ± 0.37 %, 50.87 ± 0.18 %, and 52.17 ± 0.51 % in cells incubated with insulin (Figure. 

32(a) m-o). In cells after treatment with ICuQCs, the value of % change in scratch is 44.75 ± 0.25 

%, 56.14 ± 0.35 %, and 58.69 ± 0.35 %, respectively (Figure. 32(a) p-r). The maximum change in 

scratch diameter as compared with control is observed in cells treated with the synthesized 

bimetallic formulations, where the value comes to be 65.52 ± 0.51 %, 72.28 ± 0.01 %, and 75.21 ± 

0.44 % after 6, 12, and 24 h (Figure. 32(a) s-u). A comparative study of variation in scratch diameter 

of the diabetic cells after treating the cells with all samples is shown graphically in Figure. 32(a) v. 

The exact concentration and time intervals were followed to monitor the scratch diameter variation 

under normal conditions. The percentage variation in scratch diameter in control cells is shown in 

(Figure. 32(b) a-c). The % change in scratch diameter after treatment with CuSO4 is 1.54 ± 0.46 
%, 2.59 ± 0.46 %, and 1.38 ± 0.44 % Figure. 32(b) d-f and after treatment with AgNO3 is 1.85 ± 

0.32 %, 2.22 ± 0.49 %, and 1.85 ± 0.55 % respectively (Figure. 32(b) g-i). In the cells treated with 

AgNPs, insulin, and ICuQCs, the % variation in migration with time is more as compared to the salt 

solutions alone and is equal to 29.91 ± 0.44 %, 49.47 ± 0.64 %, and 51.73 ± 0.42 % in AgNPs 

(Figure. 32(b) j-l), 43.87 ± 0.35 %, 52.59 ± 0.14 % and 54.62 ± 0.50 % in insulin alone (Figure. 

32(b) m-o) and 48.43 ± 0.37 %, 57.40 ± 0.25 % and 58.33 ± 0.21 % in ICuQCs (Figure. 32(b) p- 

r). The bimetallic nanosubclusters exhibit the maximum % change in scratch diameter, which is 
66.04 ± 0.61 %, 76.66 ± 0.31 %, and 79.62 ± 0.31 %, respectively, indicating the enormous potential 

of prepared nanosubclusters in the enhanced cell migration in normal conditions (Figure. 32(b) s- 

u). The graph in Figure. 32(b) v shows the variation in normal scratch diameter as a comparative 

study of all the formulations after particular time intervals. A comparative data table of change in 

cell migration in normal and diabetic cells is shown in Table 13. To find the statistical significance 

of data, p values were calculated for scratch assay in diabetic and normal conditions, and the 

comparative data is shown in Table 14. 
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Figure. 32. Promotion and monitoring of in vitro cell migration in the diabetic and normal cells 

using ICu-AgNSCs. The bimetallic nano subclusters induced better cell migration in HEKa cells 

compared to salt solutions, insulin, AgNPS, and ICuQCs. The cells were treated using a fixed 

concentration of all the solutions, that is, 40 µM. HEKa cells were taken as control (without any 

added formulations). (a) The figure shows cell migration in diabetic conditions using HEKa cells 

without any treatment (a) 6 h, (b) 12 h, (c) 24 h; the cells treated with the salt solution of copper 

sulfate after (d) 6 h (e) 12 h (f) 24 h; the HEKa cells after treatment with silver nitrate (g) 6 h (h) 12 

h (i) 24 h; the cells after treating them with silver nanoparticles (j) 6 h (k) 12 h (l) 24 h; cells after 

treatment with insulin after a duration of (m) 6 h (n) 12 h (o) 24 h respectively; cells treated with 

ICuQCs after (p) 6 h (q) 12 h (r) 24 h and cells after treatment with ICu-AgNSCs after (s) 6 h (t) 12 

h (u) 24 h. (v) The plot shows the relative change in cell migration in diabetic conditions after 

treatment with all the solutions respectively after specific time intervals. (b) The figure shows cell 

migration in normal conditions using HEKa cells without any treatment (a) 6 h, (b) 12 h, (c) 24 h; 

the cells treated with the salt solution of copper sulfate after (d) 6 h (e) 12 h (f) 24 h; the HEKa cells 

after treatment with silver nitrate (g) 6 h (h) 12 h (i) 24 h; the cells after treating them with 

silver nitrate are shown in figure (j) 6 h (k) 12 h (l) 24 h; cells after treatment with insulin after a 

duration of (m) 6 h (n) 12 h (o) 24 h respectively; cells treated with ICuQCs after (p) 6 h (q) 12 h 

(r) 24 h and cells after treatment with ICu-AgNSCs after (s) 6 h (t) 12 h (u) 24 h. (v) The plot 

shows the relative change in cell migration in normal conditions after treatment with all the 

solutions respectively after specific time intervals. 
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Table 13. It shows the comparative data of variation in scratch width in diabetic and normal 

conditions after treatment with 40 µM of CuSO4, AgNO3, AgNPs, insulin, ICuQCs, and ICu- 

AgNSCs. The data was measured after a time duration of 6, 12, and 24 h. 

 

% Change in diabetic scratch width with time 

Time CuSO4 AgNO3 AgNPs Insulin ICuQCs ICu- 
AgNSCs 

6 h 0.56 ± 
0.39 % 

0.28 ± 
0.43 % 

25.30 ± 
1.35 % 

39.81 ± 
0.37 % 

44.75 ± 
0.25 % 

65.52 ± 
0.51 % 

12 h 1.40 ± 
0.46 % 

0.35 ± 
0.50 % 

45.18 ± 
0.63 % 

50.87 ± 
0.18 % 

56.14 ± 
0.35 % 

72.28 ± 
0.01 % 

24 h 1.30 ± 
0.37 % 

0.86 ± 
0.44 % 

46.29 ± 
0.43 % 

52.17 ± 
0.51 % 

58.69 ± 
0.35 % 

75.21 ± 
0.44 % 

% Change in normal scratch width with time 

Time CuSO4 AgNO3 AgNPs Insulin ICuQCs ICu- 
AgNSCs 

6 h 1.54 ± 
0.46 % 

1.85 ± 
0.32 % 

29.91 ± 
0.44 % 

43.87 ± 
0.35 % 

48.43 ± 
0.37 % 

66.04 ± 
0.61 % 

12 h 2.59 ± 
0.46 % 

2.22 ± 
0.49 % 

49.47 ± 
0.64 % 

52.59 ± 
0.14 % 

57.40 ± 
0.25 % 

76.66 ± 
0.31 % 

24 h 1.38 ± 
0.44 % 

1.85 ± 
0.55 % 

51.73 ± 
0.42 % 

54.62 ± 
0.50 % 

58.33 ± 
0.21 % 

79.62 ± 
0.31 % 

Table 14: It shows the p values determined for % variation in scratch width in diabetic and normal 

conditions after treatment 40 µM of CuSO4, AgNO3, AgNPs, insulin, ICuQCs, and ICu- AgNSCs. 

The statistical significance of data is considered when p < 0.05. 

 

P value for diabetic wound 

Time CuSO4 AgNO3 AgNPs Insulin ICuQCs ICu- 

AgNSCs 

6 h 0.874856 0.938437 0.001017 0.000198 0.000177 5.58E-05 

12 h 0.731361 0.932761 0.000351 8.89E-05 8.92E-05 2.21E-05 

24 h 0.803987 0.873529 0.00052 0.000624 0.00027 0.000126 

P value for normal wound 

Time CuSO4 AgNO3 AgNPs Insulin ICuQCs ICu- 

AgNSCs 

6 h 0.610239 0.481817 0.014853 9.19E-05 3.61E-05 1.16E-05 

12 h 0.554408 0.617227 0.0006 8.97E-05 7.86E-05 0.000219 

24 h 0.774738 0.731361 0.000499 0.000331 0.000101 3.89E-05 

4.3.4.3 Antioxidant activity against H2O2 induced cytotoxicity 

H2O2, when present in biological samples or cells, is widely responsible for its cytotoxic effect. As 

per previous studies, the H2O2 is toxic to the cells (HEKa) at a concentration of 400 μM or higher 

and decreases the cell viability with increasing concentration. The same effect was observed in this 

study. When treated only with H2O2 with a concentration of 400 μM or higher, cell viability was 

decreased due to the cytotoxic nature of H2O2 responsible for the free radical generation is shown 

in Figure. 33a. Alternatively, when the cells initially treated with 1000 μM H2O2 were incubated 

with varying concentrations (5, 10, 20, 40 μM) of synthesized bimetallic formulations, an 

antioxidant effect was observed because of the scavenging of H2O2-induced reactive oxygen species 
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responsible for cell death and is shown in Figure. 33b. The ICu-AgNSCs increase the scavenging 

of ROS and the % scavenging goes on increasing with increase in the concentration of ICu-AgNSCs, 

making them potent H2O2 scavengers essential for promoting the antioxidant activity of nano 

subclusters. The % ROS scavenging after treatment with 5, 10, 20, 40 μM of ICu-AgNSCs is 6.76 

± 1.98%, 14.85 ± 1.40%, 21.72 ± 3.56 %, and 28.37 ± 1.31% respectively. 

 

4.3.4.4 Intracellular ROS measurement 

Flow cytometry was performed to examine the ROS scavenging activity of synthesized 

nanoformulations. Briefly, the non-fluorescent DCFDA dye exhibits green fluorescence when it 

comes in contact with ROS-generating species and is determined by measuring the fluorescence at 

572 nm using flow cytometry. To begin with, the analysis was performed on control cells and cells 

containing only DCFDA dye. After that, the ROS scavenging activity of bimetallic nanosubclusters 

was determined, for which initially, the fluorescence was measured for the cells treated with varying 

concentrations of H2O2, followed by the cells treated with bimetallic nanosubclusters. The results 

show prominent scavenging of H2O2-induced ROS in the presence of ICu-AgNSCs. The percentage 

variation in fluorescence is measured with respect to DCFDA control cells. The percentage 

enhancement in ROS after treatment with 4000, 1000, and 200 μM of H2O2 is found to be 22.81%, 

38.56%, and 47.05%, respectively. The cells, after treatment with ICu-AgNSCs (40 μM), showed a 

sharp decline in the fluorescence intensity, which is 28.40% and 21.78 %, respectively, for 1000 

and 4000 μM of H2O2, which is in relevance to the ROS scavenging data obtained in the previous 

section and a higher decrease was monitored in cells treated with lowest concentration of H2O2 that 

is 200 μM of which is even 1.76% less than DCFDA control itself which shows the strong ROS 

scavenging potential of synthesized formulations which is very beneficial to promote the wound 

healing by overcoming the ROS as demonstrated in Figure. 33c. 
 

Figure. 33. Reactive Oxygen Species scavenging potential of ICu-AgNSCs (a) Effect of varying 

concentrations of H2O2 mediated ROS on the cell viability of HEKa cells (b) ROS scavenging effect 

of varying concentrations of ICu-AgNSCs against H2O2 mediated ROS. Fluorescence microscopy 



82 
 

to monitor the intracellular ROS scavenging by ICu-AgNSCs in HEKa cells (c) It indicates the flow 

cytometry analysis of ROS scavenging due to varying concentrations of bimetallic nanosubclusters. 

4.3.5 Antibacterial effect on Gram-positive and Gram-negative strains 

The antibacterial testing was done using the broth dilution method, and the MIC and IC50 values 

against each bacteria were calculated. The MIC values for both Gram-negative bacteria, Escherichia 

coli, and Acinetobacter calcoaceticus are 16 µM and are shown in Figure. 34a-b, and for Gram- 

positive bacteria, including Bacillus subtilis and Staphylococcus aureus the MIC value is 64 µM 

which is shown in Figure. 34c-d. The possible reason behind this is due to the easy influx of small 

nanoparticles through the cell wall of Gram-negative bacteria, which is comprised of a unique outer 

membrane alongside a single peptidoglycan layer in comparison with the Gram-positive bacteria 

having multiple peptidoglycan layers, which makes the entry of nanoparticles difficult into the 

bacterial membrane. The IC50 values for E. coli, A. calcoaceticus, B. subtilis, and S. aureus are 5.11 

± 1.52 µM, 4.85 ± 0.43 µM, 5.153 ± 1.25 µM, and 4.91 ± 1.75 µM respectively indicating the 

influential role of nanosubclusters in the antibacterial activity and is shown in Figure. 34e-f. 

Figure. 34. Monitoring the antibacterial potential against Gram-negative and Gram-positive 
bacteria by incubating with AgNPs, ICuQCs, and ICu-AgNSCs. (a) E. coli (b) A. calcoaceticus 

(c) B. subtilis (d) S. aureus (e) % bacterial inhibition against Gram-negative E. coli and A. 

calcoaceticus using ICu-AgNSCs (f) % bacterial inhibition against Gram-positive B. subtilis and S. 

aureus using ICu-AgNSCs. 

4.3.6 Combination index of silver nanoparticles and insulin copper quantum clusters 

To calculate CI, Dm was determined using m and y from Figure. 35a for AgNPs and Figure. 35b 

for ICuQCs. The calculated CI values for AgNPs and ICuQCs indicate a synergistic effect between 

the two as the calculated values by varying the concentrations of two are found to be less than one, 

which confirms that the two formulations promote each other's activity when combined. These 

results are in accordance with the ones obtained from MTT assay for cell viability and scratch assay 
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for cell migration studies, indicating their potential role in wound healing applications. The data is 

shown in Table 15. 

 

 

Figure. 35. Median plots of (A) AgNPs and (B) ICuQCs for determining the y-intercept and m 

values to calculate Dm to calculate the combination index of AgNPs and ICuQCs. 

Table 15. The CI values for the cell viability for varying amounts of cobalt salt with insulin protein 

were calculated to monitor the combined effect of two, and the value is observed to be less than 1, 

indicating the synergism of drugs. 

 

Combination Index (CI) 

The concentration 

of AgNPs and 
ICuQCs 

(Dx)1 (AgNPs) = 

Dm [fa/fu]1/m 

(Dx)2 (ICuQCs) = 

Dm [fa/fu]1/m 

CI = (D)1/(Dx)1 + 

(D)2/(Dx)2 

7.5 µg/ml 26610.47166 868.8462276 0.008913981 

15 µg/ml 1411.979766 668.4709171 0.033062653 

30 µg/ml 707.4789328 469.4895702 0.106303273 

60 µg/ml 498.5425244 390.9564944 0.273820578 

 

4.4 Conclusion 

Maintaining an efficient microenvironment across the wound site is critical to avoid microbial 

contamination and eliminate all possible complications that can hinder wound recovery, thus 

lowering healthcare costs and increasing life quality. Effective wound healing agents that are 

biocompatible, target-specific, and have a high drug delivery rate are always required. I have 

synthesized the bimetallic nano subclusters by combining the silver nanoparticles and insulin copper 

quantum clusters to study their potential role in accelerating cell migration in normal and diabetic 

conditions, antioxidant role, and antimicrobial activity. Insulin is widely known for its role in 

promoting cellular growth by decreasing the blood glucose level, exhibiting the antioxidant effect, 

and modulating the inflammatory responses by replacing the proinflammatory cytokines with the 

anti-inflammatory cytokines. Silver and copper have been explored for decades for their 

antimicrobial potential, which is essential for faster and contamination-free wound healing. Insulin 

and quercetin possess anti-inflammatory and antioxidant potentials. Depending upon these features, 

the formulations were synthesized and checked for synergistic effects in normal and diabetic 

conditions. 

The synthesized nanosubclusters are the first of their kind, having two distinct metal ions embedded 

in protein corona and exhibited a desirable HRTEM size of about 9.6 ± 2.2 nm and demonstrated 

notable encapsulation efficiency and drug release profile. By efficiently conjugating the insulin 

copper quantum clusters and silver nanoparticles, the targeted delivery was obtained due to the 
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enormous presence of insulin receptors across the human cells, which gives them an upper hand 

over general formulations. The FTIR and Raman spectra show the intermolecular interactions 

between metal ions and insulin and exhibit minimal structural variations in the amide regions of the 

protein. Also, the stability of the protein secondary structure was maintained throughout the 

synthesis, which is confirmed by CD spectroscopy. The MTT assay and the combination index 

performed on the silver nanoparticles and insulin copper quantum clusters emphasized the 

significant synergistic effect between the two, eventually resulting in better cell migration abilities 

with antioxidant and antibacterial potential in synthesized subclusters. Furthermore, the synthesized 

bimetallic nanosubclusters exhibited accelerated cell migration properties in normal and diabetic 

conditions, even at very low concentrations. Apart from this, the subclusters possess antioxidant 

and antibacterial properties, which are essential for promoting microbial infection-free wound 

recovery. 

Thus, the remarkable cell migration potential, antibacterial activity, and antioxidant properties of 

these novel bimetallic nanosubclusters have enormous potential to be used further in biomedical 

applications and exploration for in vivo applications. Hopefully, the outcomes of this article will 

promote enormous research in the development of bimetallic nanosubclusters, which have 

enormous potential in normal and diabetic wound healing and can be further explored for in vivo, 

pre-clinical, and clinical studies. 
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Chapter 5: Chitosan-insulin nano-formulations as critical modulators 

of inflammatory cytokines and Nrf-2 pathway to accelerate burn wound 

healing 
 

Abstract 

Burn injuries are characterized by prolonged inflammatory phases, neurovascular damage, and 

hypermetabolism, eventually causing improper tissue regeneration. Insulin has gained considerable 

attention in normal and diabetic wound healing, yet its role in burn wounds remains poorly 

understood. In this study, insulin-chitosan nano-formulations (ICNP) were synthesized using a 

simple and robust mechanism and characterized to monitor specific interactions between insulin 

and chitosan, and the particles measuring approximately 30 nm in size exhibited mild alterations in 

the amide I, II, and III bonds of the insulin protein along with impressive insulin loading efficiency 

of 88.725 ± 0.295% under physiological conditions, and significantly improved burn wound healing 

in vitro (HEKa cells) and in vivo (murine third-degree burn model). The underlying mechanism 

behind superior wound closure and tissue remodeling was attributed to significant early phase 

reduction of pro-inflammatory cytokine IL-6 levels in ICNP-treated mice, while anti-inflammatory 

cytokine IL-10 levels became markedly elevated, resulting in enhanced re-epithelialization and 

collagen deposition. Furthermore, treatment of ICNP was associated with unregulated expression 

of Nrf-2, a key regulator of oxidative stress and inflammation, indicating their molecular crosstalk. 

These findings highlight the potential of ICNP as a promising therapeutic formulation for burn 

wound healing, promoting wound closure by modulating inflammatory phases, making it a valuable 

candidate for further clinical development in burn care (Figure. 36). 

 

 

Figure. 36. The graphical abstract depicts the simple and robust synthesis of empty and insulin- 

loaded chitosan nanoparticles for their potent application as burn wound healing agents. The 

wound healing efficiency of these particles was tested on both in vitro and in vivo models. The 
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outcome depicts the much higher efficiency of insulin-loaded chitosan nanoparticles compared to empty 

chitosan nanoparticles. 

5.1 Introduction 

Wound healing involves sequential phases, including inflammation, proliferation, and remodeling, 

to maintain tissue integrity [369],[370]. The expenditure being spent on healing acute and chronic 

wounds ranges from $28.1 to $96.8 billion, with surgical wounds and diabetic ulcers incurring the 

highest expenses [331]. Burn injuries are particularly debilitating and painful, leading to increased 

morbidity and mortality rates. As per the World Health Organization (WHO), burn injuries cause 

180,000 deaths annually, with approximately 11 million people requiring medical assistance 

globally, as per the report of 2018. The number of patients affected in India was around 1 million, 

whereas in the USA, the number is nearly half a million [371]. Thermal burns, which can result 

from dry (fire/flame) or wet (scald) sources, account for approximately 80% of all burns and are 

classified based on wound depth [372]. When a thermal injury covers over 20% of the body's surface 

area, it is called a burn shock [373]. 

Burn injuries are divided into three distinct categories: First-degree (damaged epidermis), Second- 

degree (damaged epidermis and part of dermis), and Third-degree (damage extended up to 

hypodermis) based on the severity of the injury [374]. Third-degree burns, histologically distinct 

from superficial burns, are characterized by destruction of the epidermis, dermis, and part of 

hypodermis, coagulative necrosis, absence of epidermal regeneration, and pronounced 

inflammatory response. These burns necessitate surgical intervention, such as skin grafts, due to 

their inability to self-regenerate. Histological analysis may reveal granulation tissue formation in 

later stages, often leading to hypertrophic or keloid scarring. Wound healing involves a balance 

between pro-inflammatory and anti-inflammatory pathways, but burn injuries disrupt this process 

[49]. Burn injuries are distinct from other wounds in some respects, such as the degree of systemic 

inflammation [375], electrolyte and fluid loss, compromised or necrotized wound edges, and 

tendency towards shock or coma [376]. They are characterized by enhanced capillary 

permeableness, greater systemic vascular resistance, reduced cardiac output, increased hydrostatic 

pressure across microvasculature, and movement of proteins and fluids to the interstitial space from 

intravascular space [377]. The altered immune system increases the susceptibility to infection, 

eventually leading to sepsis and thus aggravating systemic inflammation [378]. Microbial infection 

arising from multi-drug resistant bacteria and fungi is becoming the primary cause of mortality in 

patients with burn wounds [379],[42]. Further, the extent and depth of the burn are directly 

proportional to the extent of hypermetabolism and inflammation, which are responsible for impaired 

wound healing by delaying re-epithelialization [380],[381]. These changes in the pathophysiology 

have a more significant impact on the pharmacodynamics and pharmacokinetics of the drugs used 

for healing burn wounds. The major challenge before the researchers is burn management due to its 

slow healing rate, pain, higher infection susceptibility, and hypertrophic scarring [382]. Clinical 

practices, including skin grafting, skin substitutes, wound dressings, and negative pressure wound 

therapy, are being explored for burn healing. Apart from them, various other treatments are under 

consideration for the treatment of burn pain (Ketamine, sedatives, anxiolytics, pruritus, and 

neuropathic drugs) and scar management (mesenchymal stem cells and adipose-derived stem cells) 

along with pharmacological approaches (silicone, corticosteroids, transforming growth factor-β 

modulators) and surgical approaches (fat grafting, laser therapy for scars, ablative and non-ablative 

fractional lasers) [383],[384],[385],[386]. Although these methods have huge potential, they have 

limited usefulness as they primarily focus on promoting the closure of wounds rather than 

addressing the underlying pathophysiology [384]. Limitations include delayed healing, low 

mechanical strength, and reduced aeration [49]. These factors lead to prolonged recovery, increased 

recurrence rates, treatment failure, amputations, and higher costs for patients 

[384],[387],[388],[389]. 
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Keratinocytes play a crucial role by immediately reaching the wound site and starting their healing 

function, which further leads to alterations in gene expression profiles. They stimulate the growth 

of myofibroblast-like cells responsible for wound contraction and also secrete signaling molecules 

that act either in an autocrine or paracrine manner, causing the pleiotropic effect on various cell 

types, which in turn promote the activation of keratinocytes during wound closure by secreting 

signaling molecules [390],[391]. 

Achieving a balance between pro-inflammatory and anti-inflammatory cytokines is crucial for 

effective burn wound healing. Pro-inflammatory cytokines, such as tumor necrosis factor-alpha 

(TNF-α), interleukin-1 beta (IL-1β), and interleukin-6 (IL-6), are released in burn wounds, leading 

to tissue damage and delayed healing. Anti-inflammatory signaling pathways, like the Nrf-2 

(Nuclear factor erythroid 2-related factor 2) pathway, counteract inflammation and promote tissue 

repair by increasing anti-inflammatory cytokines, like interleukin-10 (IL-10) that help to resolve 

inflammation and promote tissue repair [392],[393]. Nrf-2 is a cytosolic transcription factor that has 

enormous potential in cellular defense by activating antioxidant and detoxifying enzymes [394], 

[395]. It helps prevent excessive reactive oxygen species (ROS) production in inflamed and 

wounded tissues, suppressing chronic inflammation. Nrf-2 expression is significant in keratinocytes 

and macrophages, promoting matrix and granulation tissue formation [396],[397]. It also activates 

the production of TGF-β (Transforming Growth Factor- beta) and protects cells from ROS-induced 

damage. The Nrf-2 antioxidant pathway is vital for cellular protection against inflammation and 

environmental stressors [398]. Bone marrow mesenchymal stem cells are found to promote burn 

wound healing by activating the Akt/mTOR (protein kinase B/ mammalian Target of Rapamycin) 

pathway [399]. 

Recently, proteins and growth factors, including insulin, have become common and effective 

therapeutic choices for tissue regeneration and wound healing [400]. Insulin regulates various 

cytokines, growth factors, and hormones through selective mechanisms. It reduces inflammation by 

inactivating NF-kβp50/p65 (Nuclear factor kappa-light-chain- enhancer of activated B cells) and 

TNFα-mediated inflammatory pathways [400]. Insulin modulates protein synthesis, promoting cell 

growth and differentiation and enhancing cell survival by inhibiting proteolysis via FOXO 

(Forkhead Box O) inactivation [49]. Additionally, insulin stimulates the secretion of anti- 

inflammatory cytokines and reduces the secretion of pro-inflammatory cytokines, thereby 

modulating wound inflammation [314]. Nanoparticle-based insulin delivery has shown enhanced 

selectivity, sensitivity, and effectiveness compared to free insulin [401],[402],[132]. These 

nanocarriers improve the therapeutic potential of the drug manifold by acting as site-specific 

delivery agents due to their functionalization with specific moieties, which add to their efficacy 

[403],[404],[338]. This caused the development of various insulin-based and other antidiabetic 

protein-based drugs that either improve insulin sensitivity or stimulate increased insulin secretion 

from the pancreas to treat wounds under normal or diabetic conditions [227],[405],[232],[340]. 

Insulin-loaded Poly-DL-lactide/glycolide nanoparticles were developed for topical delivery of 

insulin to treat skin burn wounds by regeneration of skin [406]. Other proteins like silk fibroin are 

found to be effective against burn wounds when delivered in combination with gelsevirine as a 

multilayer dressing [407]. 

Nanotherapeutics involving metals and polymers has enormous potential in treating burn wounds 

[408]. Different naturally occurring biopolymers have emerged as potent agents for controlled drug 

delivery. One such biodegradable polymer is chitosan [409]. Chitosan is a cationic heteropolymer 

derived from chitin, that is commonly obtained from exoskeleton of shrimp, fungi, and yeasts [410]. 

In wound healing, chitosan plays a crucial role by providing a matrix for three-dimensional tissue 

growth, stimulating tissue organization and cell proliferation. It also activates macrophages and 

enhances their tumoricidal activity. Additionally, chitosan assists in natural blood clotting and 

reduces pain at the wound site by blocking nerve endings [411]. It promotes hemostasis, 
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keratinocyte proliferation, and improved adhesion. Furthermore, chitosan can be easily modified to 

be efficiently degraded by body enzymes, making it a promising candidate for burn wounds [412], 

[413],[414]. Chitosan nanoparticles are found to be preventive against collagen-induced severe 

arthritis in Wistar rats when loaded with zinc gluconate [415]. The hydrogel films were developed 

using carboxy methyl chitosan and hydroxyethyl cellulose for potent fibroblast growth factor-2 

(FGF-2) delivery to the dermal tissue injury site [416]. Similarly, chitosan/alginate nanoparticles 

were used to heal burn wounds by delivering Esculentoside A at the burn site [417]. The present 

study aims to synthesize insulin-loaded chitosan nano-formulations and investigate human insulin's 

structural and functional changes after interaction with chitosan under various physiological 

conditions. The effectiveness and efficiency of these formulations will be evaluated using in vitro 

and in vivo models in terms of tissue healing activity, with a focus on mechanistic aspects. 

5.2 Materials and Methods 

5.2.1 Materials 

The required materials were sourced as follows: sodium triphosphate, chitosan, NaOH, and HCl 

were ordered from Loba Chemie, India, while recombinant human insulin was procured from Elli 

Lilly, India. DMEM (Dulbecco's Modified Eagle Medium) cell culture media, Fetal Bovine Serum 

(FBS), and penicillin-streptomycin were acquired from HiMedia, India. Other chemicals used in the 

study were of research grade and obtained from HiMedia. 

 

5.2.2 Synthesis of ECNP and ICNP nanoparticles 

The formation of TPP (Tripolyphosphate) mediated ECNP (empty chitosan-TPP nanoparticles) and 

ICNP (insulin-loaded chitosan-TPP nanoparticles) nanoparticles was achieved through a 

straightforward procedure. Initially, chitosan (10 mg) was dissolved in double distilled water, and 

the pH was maintained at 6 by adding the acetic acid solution to facilitate the proper dissolution of 

chitosan. A solution of TPP previously suspended in 4 ml deionized water was prepared separately 

and kept at stirring for 10 min at 37 ˚C. This TPP solution was later on added drop by drop to the 

chitosan solution, followed by stirring the final sample at 37 ˚C for one h. The resulting solution 

was labeled as ECNP (empty chitosan-TPP nanoparticles) nanoparticles. To synthesize ICNP 

(insulin-loaded chitosan-TPP nanoparticles) nanoparticles, the TPP solution described above was 

mixed with 40 µl of insulin and stirred for 10 min at low rpm and room temperature. Subsequently, 

dropwise addition of this solution was done to the chitosan solution and kept on stirring for an hour 

at room temperature. Different solutions were prepared by adjusting the pH of the chitosan solution 

to obtain solutions with pH values of 6, 7.4, 8, and 9. (Figure. 37a). 

5.2.3 Particle size and morphological analysis 

I have performed DLS to find out the average hydrodynamic size of ECNP and ICNP using a 

Malvern DLS-Zeta size analyzer. Also, the zeta potential was measured to check out the stability of 

the formed samples using the same instrument. After that, FE-SEM (Field Emission-Scanning 

Electron Microscopy) analysis was done to determine the ICNP’s morphology. For this, the samples 

were centrifuged at 240 rpm for nearly 10-15 min, and thoroughly washed to remove unbound salt 

or impurities associated with the sample. 

 

5.2.4 FTIR Analysis 

To identify the functional group alterations in chitosan, TPP, ECNP, insulin, and ICNP, an Agilent 

Cary 600 series FTIR (Fourier-Transform Infrared Spectroscopy) Spectrophotometer was 

employed. Before analysis, the samples were washed to eliminate impurities and were subsequently 

dried at 37 ˚C. Next, the dried samples were mixed withKBr to create pellets, which were then 

subjected to scanning in the spectral range of 500 cm-1 to 4000 cm-1. This allowed for the 

comprehensive examination of the samples' infrared absorption characteristics and the 

determination of their respective functional groups [418]. 
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5.2.5 Protein loading and release kinetics 

The chitosan nanoparticles were utilized for loading human insulin, and their drug-loading capacity 

and release kinetics were investigated. The particles were suspended in 30 ml of PBS buffer of pH 

7.4, and kept at 37 ˚C while subjecting it to a rotational speed ranging between 130-150 rpm. At 

regular periods, a 2 ml sample was taken from the suspension, and their OD was monitored. A UV- 

2600 spectrophotometer (Shimadzu) having a 4000µl quartz cuvette with a path length of 1 cm was 

employed for the measurements, operating within 200 nm to 800 nm. The obtained absorbance was 

then plotted against time to analyze the drug release trend over time [419]. 

5.2.6 Cell viability studies 

To determine cell viability, the HEKa cell line (Human Epidermal Keratinocytes (adult)) was 

utilized, and an MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay was 

conducted. HEKa cells were seeded in 96-well and grown till they reach a confluency of 75-80%. 

Subsequently, the cells were incubated with four distinct concentrations (1.5, 7.5, 30, and 60 µM) 

of ECNP, insulin, and ICNP, followed by keeping them at 37 ˚C for 24 h. Following the incubation 

period, the media was discarded, and MTT solution (2mg/ml in 5% ethanol) was added, followed 

by keeping it for 3 h in an incubator, after which the media-MTT mixture was discarded, and 200µl 

of dimethyl sulfoxide (DMSO) was added for dissolving the formazan crystals. The OD value was 

monitored at 570 nm. 

For finding the inhibition percentage, the given equation was employed: 

% inhibition = [1 - (At / Ac)] × 100 -------- (a) 
Here At represents the absorbance of the test substance, and Ac represents the absorbance of the 

control solvent. The experiment was performed three times for each concentration, and the average 

values were used to generate the corresponding graphs. 

 

5.2.7 in vitro wound healing assay 

Human epidermal keratinocyte (HEKa) cells were employed to conduct the in vitro wound healing 

assay using the prepared nanoparticles. The cells were cultured in 35mm plates using DMEM media 

supplemented with antibiotics. Following this, the cells incubated at 37 ˚C with a 5% CO2 supply, 

providing an optimal environment for cell growth. Once the cells reached a 90-95% confluency, the 

scratch method was employed to create wounds. Varying concentrations (1.5, 7.5, 30, and 60 µM) 

of ECNP, insulin, ICNP, and media were added to the cells and incubated. The scratch width were 

measured at specific time intervals, including 6 h, 12 h, and 24 h, to assess the changes in diameter 

over time and evaluate the effects of the nanoformulations on the wound healing progress. 

5.2.8 Determination of combination index (CI) for chitosan-insulin 

The quantitative measurement of getting the combinatorial potential of two individual drugs is 

called the Combination Index (CI). Whether the two different drugs will exhibit synergism or 

antagonism is determined by calculating the drug combination index. A synergistic effect is 

observed if the different drugs administered together act together to increase each other's activity 

and are given a value of less than 1 (CI < 1). Whereas, if the CI value comes out to be more than 1 

(CI >1), the antagonistic effect is shown, which shows that another inhibits the action of one drug. 

And, if the CI value is equal to 1 (CI = 1), the additive effect is indicated, which shows that no one 

of the two drugs interferes with each other's action. To calculate the combination index, the cell 

migration assay was performed using varying concentrations of chitosan and insulin on HEKa cells, 

and further calculations were done using the given equation. 

CI = (D)1/(Dx)1 + (D)2/ (Dx)2 (b) 

Where, Dx =Dm [fa/fu]1/m ----------- (c) 
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Here, (D)1 represents the chitosan concentration, whereas (D)2 denotes insulin concentration. The 

median effect equation (f) was used for the determination of single drug concentrations, which gave 

the same effect (Dx)1 and (Dx)2. The fa and fu give affected and unaffected cell fractions in the 

median dose, respectively, and are equal to 10(y-intercept)/m, where m indicates the slope median in the 

median effect plot of log (D) vs. log (fa/fu) 

5.2.9 in vivo experiment 

5.2.9.1 Experimental animal accusation and maintenance: 

Five-week-old female Swiss albino mice were procured from the Animal Care facility of 

Chittaranjan National Cancer Institute. All animals were carefully maintained at 25 ˚C and a daily 

supply of healthy food and water according to the instruction of the Institutional Animal Ethics 

Committee and entire experimentation was done as per guidelines and regulations approved by the 

Institutional Animal Ethics Committee of Chittaranjan National Cancer Institute (IAEC approved 

proposal no: IAEC-1774/BB-2/2018/10). 

5.2.9.2 Third-degree Burn wound induction in mice 

Five-week-old 40 female Swiss albino mice were chosen and acclimatized for one week in a new 

animal house. Before induction of the burn wound, hairs from the dorsal side of each animal were 

removed carefully. For giving mice anesthesia, intraperitoneal (IP) injections of Ketamine (87 

mg/kg b.w) and xylazine (13 mg/kg b.w) were given in accordance with individual weight. Distilled 

water was boiled at 100 ̊ C, and a 13 mm metal rod was placed on it for 1 min. A hot metal rod was 

placed on the shaved dorsal surface of each anesthetized mouse for 10 sec. 

 

5.2.9.3 Treatment and measurement of burn wound healing 

All mice were caged individually after burn wound induction. After burn induction, the mice were 

randomly segregated into five groups, i.e., Control, ECNP, Insulin, ICNP, and Standard, each 

containing eight mice, and all experiments were repeated twice. All treatments were applied 

topically over the wound area for up to 20 days. Control groups were treated with saline, and the 

standard group received commercially available ointment Silverex. 100 µl of ECNP, insulin, and 

ICNP (each 60 µM) were applied topically over the wound. All groups received treatment up to the 

day of sacrifice. 

The wound area was measured at regular intervals with a digital caliper, which measured the length 

(L) and width (W) of the wound. The wound area was analyzed by the formula Area (A) = 𝜋/4 𝐿𝑊. 

The formula analyzed the percentage of wound reduction. Wound reduction (%) = [(A0 – 

At)/A0]x100, where A0 is the initial wound area, and At is the final wound area. 

5.2.9.4 Wound tissue collection and histological staining 

Half of each group was randomly selected and sacrificed after 10 days of treatment, and the other 

half was sacrificed after 20 days. Wound tissue samples and plasma were collected from the freshly 

sacrificed animals. Mice were sacrificed by overdose of Ketamine (160mg/kg) with xylazine 

(20mg/kg) via intraperitoneal injection. Wound skin tissues were washed gently in PBS and 

submerged in 10% neutral-buffered formalin (NBF) overnight. Before block preparation, tissue 

sections were processed in 70% alcohol for 2 h, then in 90% alcohol for 1 h, acetone for 1 h, Xylene 

for 30 min, and finally in liquid paraffine overnight at 65 ˚C. Tissue blocks were prepared and 

sectioned into 5 µm thick slices. Tissue sections were mounted over Poly-L-Lysine coated slides 

for histological staining. For Hematoxylin and Eosin staining, tissue sections containing slides were 

deparaffinized in Xylene for 15 min. Rehydration of slides was done by following sequential 

incubation in 100%, 90%, 70%, and 50% alcohol for staining with hematoxylin and eosin. Then, 

the slides were dehydrated in increasing alcohol concentration and mounted with a DPX 

(Dibutylphthalate Polystyrene Xylene) mounting medium. Finally, stained slides were observed 

under a microscope and photographed. 
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5.2.9.5 Masson's trichrome staining for collagen 

In Masson's trichrome staining procedure performed after the sacrifice of the animals on the 20 th 

day, deparaffinization of skin tissue sections was done using Xylene and sequentially rehydrated 

through incubations in 100%, 90%, 70%, and 50% alcohol for 5 min each. Following this, staining 

of the sections with Weigert's iron hematoxylin was done for 10 min and subsequently subjected to 

Biebrich scarlet-acid fuchsin staining for 5 min, followed by treatment with phosphomolybdic–- 

phosphotungstic acid solution for 10 min and aniline blue staining for 10 min. Afterward, the slides 

were dehydrated, mounted, and observed under a microscope. This staining method enabled the 

visualization of collagen synthesis, with collagen fibers appearing blue, and allowed for the 

evaluation of the effects of chitosan insulin nano-formulations on collagen deposition in the skin 

tissues, contributing to the understanding of wound healing mechanisms. 

 

5.2.9.6 Collection of plasma and analysis of cytokine 

After 10 and 20 days of burn injury, blood was collected from each group of mice in EDTA 

(Ethylene diamine tetraacetate) coated vials. Collected blood was centrifuged at 1500 rpm for 10 

min to separate the plasma and stored at -80 ˚C until use. IL-6 and IL-10 ELISA (Enzyme-Linked 

Immunosorbent Assay) kits (BioLegend) were used to analyze the Pro and Anti-inflammatory 

cytokine levels. Before running the ELISA, the coating of the captured antibody was done in a 96- 

well plate overnight at 4 ˚C. Blocking was performed, and standard solutions were prepared along 

with plasma samples, incubated for 1 h, and washing was done using wash buffer. Then, wells were 

sequentially incubated with detection antibody and Avidin-HRP (Avidin-Horseradish Peroxidase) 

solution. Wells were thoroughly washed after every incubation. A TMB (Tetramethylbenzidine) 

substrate solution was added in the dark for 20 minutes, and the reaction was stopped using a stop 

solution. Finally, the OD value was taken in a spectrophotometer at 450 nm within 15 min. The 

standard curve was prepared, and unknown concentrations were analyzed from OD (Optical 

Density) values. 

 

5.2.9.7 Immunohistochemical staining of burn wound skin tissues 

Skin tissue samples were collected from the burn wounds of experimental animals at 10 days post- 

injury. Tissue samples from different treated groups were obtained, including the control, chitosan 

nano-formulation (ECNP), insulin, standard drug, and chitosan insulin nano-formulation (ICNP) 

groups. The collected skin tissue samples fixation was done using 10% formalin for 24 h and 

processed for paraffin embedding. Microtome was used for sectioning the paraffin-embedded tissue 

blocks into 5 μm thick slices. The tissue sections were placed on glass slides and subjected to 

deparaffinization and rehydration. 

The tissue sections underwent antigen retrieval by heat-induced epitope retrieval using citrate buffer 

(pH-6.0) at 85 ˚C for 30 min. Endogenous peroxidase activity was blocked with hydrogen peroxide 

treatment. The Nrf-2 primary antibody (R&D Systems) was used in 1:200 dilution and kept in 

incubator for 12 h at 4 ˚C. There after washing was done followed by incubating slides with HRP- 

tagged secondary antibody (Santa Cruz Biotechnology) for 30 min at room temperature. The 

sections were treated with a DAB (3,3'-diaminobenzidine) substrate, resulting in a brown color 

reaction at the site of Nrf-2 expression. This allowed for the visualization of Nrf-2-positive cells 

and tissues. 

The stained tissue sections were observed under a light microscope. The staining intensity and 

distribution of Nrf-2 immunoreactivity were assessed and documented. ImageJ performed 

quantitative or qualitative analysis, and statistical analyses were conducted to find out significant 

variations between the treated groups. 
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5.2.10 Statistical analysis 

Data are plotted as mean ± SE. Statistical values were calculated using analysis of variance 

(ANOVA) and multiple comparison tests using GraphPad Prism version 7.0 (GraphPad Software, 

La Jolla, CA, United States). When p-value is <0.05 data was considered significant. 

 

5.3 Results and Discussions 

5.3.1 Structure and Morphological Studies 

FE-SEM and Dynamic light scattering studies were used to study nanoparticle morphology and 

hydrodynamic size. The size of ECNP nanoparticles comes out to be ~ 25 nm (Figure. 37b), while 

that of ICNP nanoparticles is ~ 30 nm (Figure. 37c), and the particles come out to be spherical in 

FE-SEM. The hydrodynamic diameter of ECNP alone was slightly different from that of ICNP. At 

pH 6, the size of ECNP was 180.88 ± 20 nm, while ICNP was 187.47 ± 20 nm. At pH 7.4, ECNP 

was found to be 255.44 ± 20 nm, while for ICNP, the size was 289.20 ± 20 nm. The size comes out 

to be 133.27 ± 20 nm and 214.57 ± 20 nm for ECNP and ICNP, respectively, at a pH of 8. The size 

is 174.44 ± 20 nm for ECNP (Figure. 37d) and 119. 50 ± 40 nm for ICNP at pH 9 (Figure. 37e). 

 

Figure. 37. The figure shows the schematic synthesis and morphological studies of synthesized 

ICNPs (a) a brief synthesis procedure for making the ICNP nanoparticles. FE-SEM image of (b) 

ECNP particles and (c) ICNP nanoparticles at pH 9 indicating the synthesis of spherical particles 

of size 160 nm and 30 nm, respectively, at a scale of 500nm and 200 nm. Dynamic light scattering 

is used for getting the hydrodynamic size of (d) ECNP particles and (e) ICNP particles at a pH of 

9. 

A comparative DLS data at different pH is shown in (Figure. 38 a-h). There is also a change in Zeta 

potential with a change in pH. For ECNP, zeta potential comes out to be 10.9 ± 2.74 mV, 25.9 ± 

3.39 mV, 26.7 ± 2.63 mV, and 24.6 ± 3.1 mV at pH 6, 7.4, 8, and 9, respectively. Similarly, there 

is variation in zeta potential values of ICNP. It was found to be 28.8 ± 3.08 mV, 23.2 ± 2.9 mV, 

23.4 ± 3.12 mV, and 14.7 ± 2.5 mV, respectively, indicating the formation of desired 

nanoparticles as mentioned in Table 16. 



93 
 

 

Figure. 38. The figure represents the variation in size of nanoparticles (both empty chitosan 

nanoparticles (ECNP) and insulin-loaded chitosan nanoparticles (ICNP)) with slight variation in pH 

(a) ECNP and (b) ICNP at pH 6, (c) ECNP and (d) ICNP at pH 7.4, (e) ECNP and (f) ICNP at pH 

8 and (g) ECNP and (h) ICNP at pH 9 respectively. 

 

Table 16: The table below depicts the zeta potential variation of ECNP and ICNP with varying pH 

conditions, including pH 6, 7.4, 8, and 9, respectively. 
 

 

pH Zeta potential (mV) 
ECNP 

Zeta potential (mV) 
ICNP 

6 10.9 ± 2.74 28.8 ± 3.08 

7.4 25.9 ± 3.39 23.2 ± 2.9 

8 26.7 ± 2.63 23.4 ± 3.12 

9 24.6 ± 3.1 14.7 ± 2.5 
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5.3.2 FTIR Spectra to monitor the changes in conformation at the protein level because of 

chitosan-insulin interactions 

FTIR was used to determine the interactions between TPP, chitosan, and insulin, and studies were 
done for TPP, chitosan, insulin, ECNP, and ICNP. Firstly, the peak indicating N-H stretch observed 
at 3294 cm-1 and 3282 cm-1 in chitosan and ECNP, respectively, whereas for ICNP, it was found at 
3272 cm-1 and 3282 cm-1 [420]. Then, a peak appeared at 3054 cm-1 in ECNP and ICNP, indicating 
aromatic C-H stretching [421]. Similarly, for aliphatic C-H stretching, the peak was at 2878 cm-1 in 
chitosan, 2867 cm-1, 2950 cm-1 in ECNP, 2826 cm-1 in insulin, and 2878 cm-1 and 2950 cm-1 in ICNP 
[421]. The peak indicating C=O stretch (Amide-I, O=C-NHR) was found at 1642 cm-1 in chitosan, 
ECNP, ICNP, and 1641.99 cm-1 in insulin [422], while for N-H bend (Amide-II) it appears at 1561 
cm-1 for chitosan, 1533.65 cm-1 for insulin and at 1536 cm-1 for both ECNP and ICNP [423]. In 
addition to these peaks, a peak at 1431 cm-1 in insulin and 1447 cm-1 in ECNP and ICNP was 
observed exhibiting the S=O bond [232]. O-H bending was obtained at 1323 cm-1 and 1375 cm-1 in 
chitosan, 1399 cm-1 in ECNP, 1336 cm-1 in insulin, and 1393 cm-1 in ICNP [424]. The peak at 1241 
cm-1 in ECNP and ICNP while at 1215 cm-1 and 1294 cm-1 shows the bond for C-O stretching [425]. 
Similarly, C-N stretching was observed only in insulin at 1104 cm-1 [426]. The symmetric and 
asymmetric vibrations for O-P=O were found only in TPP at 1167 cm-1, and the PO3 symmetric and 
asymmetric stretching vibrations were observed at 1046 cm-1 in chitosan, ECNP, and ICNP [427]. 
For C-O bending, the peak appeared at 930 cm-1 in ECNP, 930 cm-1 and 973 cm-1 in insulin, and 
25 cm-1 and 988 cm-1 in ICNP [425]. The stretching vibration of the P-O-P bridge was observed 
alone in TPP at 887 cm-1 [427]. NH2 bending vibration was at 803 cm-1 and 872 cm-1, while C-O-O 
bending was at 746 cm-1 only in insulin. Similarly, both the C=S stretch and S-S stretch were 
observed at 651 cm-1, 682 cm-1, and 551 cm-1, respectively [49] as shown in (Figure. 39a and 

Figure. 39b). A comparative FTIR data of TPP, chitosan, insulin, ECNP, and ICNP is given in 
Table 17. 

Table 17: The comparative wavenumber values indicated by FTIR (in the range 400-4000 cm-1) of 

TPP, chitosan, ECNP, insulin, and ICNP determine the position of different functional groups 

present, which coins the interaction amongst these solutions indicating the formation of insulin 

loaded chitosan nanoparticles. 
 

 

Functional Groups TPP Chitosan ECNP Insulin ICNP Ref. 

N-H stretch (Amide-I, 

O=C-NHR) 

- 3294 3282 - 3282 

3272 

[420] 

Aromatic C-H 

stretching 

- - 3054 - 3054 [421] 

Aliphatic C-H 

stretching 

- 2878 2950 

2867 

2826 2950 

2878 

[421] 

C=O stretch (Amide-I, 

O=C-NHR) 

- 1642 1642 1641 1642 [422] 

N-H bend (Amide-II 

NH2) 

- 1561 1536 1533.65 1536 [423] 

S=O bond - - 1447 1431 1447 [232] 
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O-H bending - 1375 

1323 

1399 1336 1393 [424] 

C-O stretching - - 1241 1294 

1215 

1241 [425] 

O-P=O Symmetric and 

asymmetric stretching 
vibrations 

1167 - - - - [427] 

C-N stretching - - - 1104 - [426] 

PO3 Symmetric and 

asymmetric stretching 

vibrations 

- 1046 1046 - 1046 [427] 

C-O bending - - 930 973 

930 

988 

925 

[425] 

Stretching vibrations 

of P-O-P bridge 

887 - - - - [427] 

NH2 bending 

vibrations 

- - - 872 

803 

- [49] 

C-O-O bending    746  [49] 

C=S (stretch) - - - 651 

682 

- [49] 

S-S stretch - - - 551 - [49] 

 

5.3.3 Protein loading and release kinetics studies 

The insulin protein loading and release kinetics of ICNP were studied, where the amount of insulin 

loaded was 88.725 ± 0.295% in the ECNP particles. The release kinetics of insulin were studied 

from ICNP particles at the physiological pH of 7.4 and 37 ˚C. The particles were loaded into the 

dialysis membrane, and the release kinetics was observed by taking the OD values at 595 nm after 

particular time intervals for a period of 36 h. Burst drug release was observed in the initial 2 h, 

followed by a sustained drug release till 12 h. Most of the insulin was released within 36 h. The 

percentage of insulin released during the first 2 h is 73.98 ± 0.019 %, while by the end of 36 h, the 

total insulin released was 89.84 ± 0.01 % of the loaded one, and the data is shown in (Figure. 39 c- 

d). This indicates the high drug delivery potential of ICNP nano-formulations within less time 

intervals, making them efficient and effective drug delivery agents. 
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Figure. 39. The figure shows the spectroscopic studies to determine variation in insulin protein 

structure after interaction with chitosan and the drug release studies from ICNPs. The plots 

show the FTIR spectroscopic studies of TPP, chitosan, ECNP, insulin, and ICNP, indicating the 

changes in the wavenumber of characteristic bonds, confirming the interactions between ECNP 

and insulin at different scale bar (a) 500-4000 cm-1 and (b) 500-1500 cm-1 (fingerprint region). 

The release kinetic studies from ICNP nanoparticles (c) Plot for the % of total drug release during 

the time span of 36h from ICNP (Inlet shows the plot for the release kinetics indicating the % drug 

release per h). (d) The graph provides information on the amount of drug released in mg/ml from 

ICNP. 

5.3.4 Cell viability studies 

After incubating the HEKa cells with varying concentrations (1.5, 7.5, 30, 60 µM) of ECNP, Insulin, 

and ICNP for 24 h, 48 h, and 72 h, the cell viability was obtained using an MTT assay. As is known, 

the cell viability using MTT assay depends upon the mitochondrial activity of the cells. The results 

show that none of the three components, including ECNP, insulin, and ICNP, are toxic to the HEKa 

cell line; instead, they can potentially enhance the cell division of normal human epidermal 

keratinocyte cells and thus can be used for wound healing applications. As I go on increasing the 

concentration and time duration of incubation for all samples, there is a tremendous improvement 

in the rate of cell growth, and it was maximum for the highest concentration, that is, 60 µM and 

maximum after 72 h incubation period. The % increase in cell growth is 143.807 ± 3.75, 146.71 ± 

5.86, and 185.14 ± 12.17 after 24, 48, and 72 h as compared to the control, which is assumed to be 

100% for each time point with varying absorbance values, and the studies are done in relevance to 

it. The variation in OD value for different concentrations of each compound was plotted against the 

time and is shown in Figure. 40a. A comparative table for varying values of OD is given in Table 

18. 
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Table 18. Table indicates changes in mitochondrial reductase activity in the MTT assay for 

determining % change in cell viability after treating cells with different amounts of ECNP, insulin, 

and ICNP, that is, 1.5 µM, 7.5 µM, 30 µM, and 60 µM respectively, for a duration of 24, 48 and 72 

hours. The OD values for control after 24, 48, and 72 hours are 0.255 ± 0.020, 0.606 ± 0.036, and 

0.850 ± 0.007, respectively. The data for the rest of the samples is presented below in a comparative 

manner and given as mean value ± SD of 3 different experiments. 
 

Variation in mitochondrial reductase activity (OD value at 575 nm) 

Dose Time ECNP Insulin ICNP 

1.5 µM 24 h 0.263 ± 0.040 0.271 ± 0.017 0.287 ± 0.033 

 48 h 0.606 ± 0.036 0.634 ± 0.062 0.741 ± 0.050 

 72 h 0.869 ± 0.066 0.940 ± 0.056 1.156 ± 0.081 

7.5 µM 24 h 0.269 ± 0.037 0.286 ± 0.037 0.336 ± 0.097 

 48 h 0.624 ± 0.048 0.659 ± 0.051 0.782 ± 0.043 

 72 h 0.872 ± 0.141 1.201 ± 0.098 1.371 ± 0.084 

30 µM 24 h 0.279 ± 0.010 0.288 ± 0.021 0.348 ± 0.026 

 48 h 0.634 ± 0.062 0.745 ± 0.048 0.847 ± 0.077 

 72 h 1.0167 ± 0.125 1.407 ± 0.154 1.46 ± 0.026 

60 µM 24 h 0.284 ± 0.012 0.331 ± 0.067 0.367 ± 0.037 

 48 h 0.678 ± 0.077 0.741 ± 0.082 0.875 ± 0.058 

 72 h 0.957 ± 0.059 1.439 ± 0.067 1.575 ± 0.121 

 

5.3.5 in vitro HEKa cell migration studies 

ICNP-treated cells show enhanced HEKa cell migration in comparion with control cells without any 

treatment, ECNP, and insulin-treated cells. An enhancement in the rate of cell division and growth 

with an increase in time and concentration was observed. After treatment with ICNP for 6, 12, and 

24 h, the cells show a gradual decrease in the scratch diameter with increased time duration. The 

percentage of the gap left after 6, 12, and 24 h of treatment with ICNP is 76.63 ± 2.30 %, 64.45 ± 

2.88 %, and 96.13 ± 2.30 %, respectively, at 1.5 µM; 57.732 ± 2.30 %, 57.03 ± 3.46 % and 75.13 ± 

4.61 % respectively at 7.5 µM; 47.07 ± 1.73 %, 49.21 ± 3.46 % and 46.96 ± 2.88 % respectively at 
30 µM; 36.76 ± 4.04 %, 29.68 ± 2.30 % and 28.17 ± 4.04 % respectively at 60 µM. In the case of 

insulin, the % of the gap left between the scratch is more in comparison to that of ICNP. The HEKa 

cells after treatment with insulin show the percentage change in scratch diameter after 6, 12, and 24 

h as 52.92 ± 5.77 %, 45.70 ± 2.88 %, and 45.30 ± 1.15 %, respectively, at a concentration of 1.5 

µM; 42.26 ± 1.73 %, 40.62 ± 2.30 %, and 34.25 ± 1.15 % respectively at 7.5 µM. The variation in 

wound scratch diameter is found to be 34.70 ± 1.73 %, 33.20 ± 1.73 %, and 29.28 ± 1.73 %, 

respectively, for 30 µM concentration; and 26.80 ± 1.15 %, 26.17 ± 1.73 % and 20.99 ± 1.15 % 
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respectively for 60 µM of insulin. In the case of ECNP, the migration of cells is observed compared 

to that of untreated cells. ECNP-treated cells at a concentration of 1.5 µM show the % change in 

scratch width after 6, 12, and 24 h as 70.99 ± 5.77 %, 76.95 ± 2.30 %, and 96.13 ± 5.77 

respectively. At 7.5 µM concentration, the change with increasing time interval is 67.69 ± 1.73 %, 

67.57 ± 1.73 %, and 75.69 ± 1.73 %, respectively. The values come out to be 67.69 ± 1.73 %, 67.57 

± 1.73 %, and 56.35 ± 1.15, respectively, after 6, 12, and 24 h, while for 60 µM concentration % 

change is 67.01 ± 8.66 %, 57.81 ± 1.15 % and 57.40 ± 2.30 % respectively. The comparative data 

of wound migration for control and under the influence of varying concentrations of ECNP, insulin, 

and ICNP is shown in (Figure. 40 b-e) and (Figure. 41-43). For evaluating if data is statistically 

significant, the p values were determined for % variation in scratch width followed by treating 

using different amounts of ECNP, insulin, and ICNP (1.5, 7.5, 30 and 60 µM) after 6h, 12 h, and 

24h respectively and when p < 0.05, data is considered significant and is given in Table 19. 

 

 

Figure. 40. This figure indicates the cell viability studies and migration studies (in vitro) for 

confirming the wound healing abilities of ICNP (a) The graph shows the treatment of HEKa cells 

for different intervals with 1.5 µM, 7.5 µM, 30 µM, and 60 µM of ECNP, insulin, and ICNP to 

check their biocompatibility, and the data indicates that they are not toxic to the normal skin cells. 

Enhanced in vitro wound healing after treatment with ECNP, insulin, and ICNP at different 

concentrations and time intervals, indicating the ICNP nanoparticles are efficient wound healing 

agents, and the healing effect increases with concentration and time. The figures show a 

comparative study of all three formulations of varying concentrations of 1.5 µM, 7.5 µM, 30 µM, 

and 60 µM after (b) 6h of treatment, (c) 12h of treatment, and (d) 24h of treatment to determine 

the effect in wound healing with time and concentration. 
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Figure. 41. The given figure shows the effect of change in concentration of ECNP in the process 

of wound healing with change in time using migration assay. Cells were incubated uisng varying 

amounts of ECNP (e), (f), (g), and (h) 1.5 μM (i), (j), (k), and (l) with 7.5 μM, (m), (n), (o), and (p) 

with 30 μM and (q), (r), (s), and (t) with 60 μM respectively for 6, 12 and 24 h duration to observe 

the cell migration. 

 

Figure. 42. The given figure shows the role of change in insulin concentration in the process of 
wound healing with change in time using migration assay. Cells were incubated uisng varying 
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amounts of insulin (e), (f), (g), and (h) 1.5 μM (i), (j), (k), and (l) with 7.5 μM, (m), (n), (o), and (p) 

with 30 μM and (q), (r), (s), and (t) with 60 μM respectively for 6, 12 and 24 h duration to observe 

the cell migration. 
 

 

Figure. 43. The given figure shows the effect of change in concentration of ICNP in the process 

of wound healing with change in time using migration assay. Cells were incubated with varying 

amount of ICNP (e), (f), (g), and (h) 1.5 μM (i), (j), (k), and (l) with 7.5 μM, (m), (n), (o), and (p) 

with 30 μM and (q), (r), (s), and (t) with 60 μM respectively for 6, 12 and 24 h duration to observe 
the cell migration. 

Table 19: It demonstrates the p values obtained for percentage variation in scratch width 

following treatment with distinct concentrations of ECNP, insulin, and ICNP (1.5, 7.5, 30, and 60 

µM) after 6h, 12 h, and 24h, respectively. The statistical significance of data is considered when p 

< 0.05. 

 

P value for determining if data for scratch assay is significant or not 

Time Concentration ECNP Insulin ICNP 

6 h 1.5 µM 0.002317 5.68E-05 0.013705 
 7.5 µM 9.94E-05 7.9E-05 9.53E-05 
 30 µM 8.97E-05 1.55E-05 6.51E-05 
 60 µM 8.5E-05 7.11E-06 4.13E-05 

12 h 1.5 µM 0.000624 4.03E-05 0.000861 
 7.5 µM 0.001332 3.61E-05 0.000219 
 30 µM 0.000174 2.09E-05 6.11E-05 
 60 µM 0.000165 1.86E-05 2.88E-05 

24 h 1.5 µM 0.321863 0.00015 0.019979 
 7.5 µM 0.015416 4.51E-05 0.001427 
 30 µM 0.000193 1.05E-05 0.000112 
 60 µM 6.91E-05 9.11E-06 0.000156 
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5.3.6 Combination index of chitosan and insulin 

For the calculation of the CI, Dm was determined by using m and y from (Figure. 44 a) for chitosan 

and (Figure. 44 b) for insulin after 6 hours, (Figure. 44 c) for chitosan and (Figure. 44 d) for insulin 

after 12 hours, and (Figure. 44 e) for chitosan and (Figure. 44 f) for insulin after 24 hours. The 

calculated combination index values for the chitosan and insulin show a synergistic effect. After 

calculating the combination index by changing the concentrations of both chitosan and insulin, the 

values come out to be less than one, representing the synergism between the two drugs; that is, they 

increase each other's activity by working cordially. These results are in resemblance with the ones 

obtained earlier from cell viability and cell migration assays performed in vitro, indicating the potent 

therapeutic role of chitosan and insulin in enhanced wound healing applications. The data is shown 

in Table 20. 
 

 

Figure. 44. Median plots of (a) Chitosan, (b) Insulin after 6 hours, (c) Chitosan, (d) Insulin after 

12 hours, and (e) Chitosan and (f) Insulin after 24 hours for determining the y-intercept and m 

values to obtain Dm to find out the CI of chitosan and insulin. 
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Table 20: CI values for the cell viability after varying % of chitosan with insulin protein were 

calculated to check synergistic or antagonistic effect of drugs. 

 

Combination Index (CI) 

The concentration 

of Chitosan and 
Insulin 

(Dx)1 (Chitosan) = 

Dm [fa/fu]1/m 

(Dx)2 (Insulin) = 

Dm [fa/fu]1/m 

CI = (D)1/(Dx)1 + 

(D)2/(Dx)2 

6 hours 

1.5 µM 536974719 6906.95751 0.000217 

7.5 µM 124279920 3473.38471 0.002159 

30 µM 124279920 2445.95753 0.012265 

60 µM 95113804.3 1832.71399 0.032739 

12 hours 

1.5 µM 6081.89 31223.2 0.00029 

7.5 µM 1853.28 20645 0.00441 

30 µM 1786.88 12640 0.01916 

60 µM 896.3 8703.2 0.07384 

24 hours 

1.5 µM 1918.72 2159.44 0.00148 

7.5 µM 588.579 1368.32 0.01822 

30 µM 304.722 1167.8 0.12414 

60 µM 317.224 937.648 0.25313 

 

5.3.7 Chitosan insulin nano-formulation accelerates burn wound healing through collagen 

deposition and tissue remodeling 

Burn wound closure was monitored over 20 days starting from wound induction (Day 0) (Figure. 

45a) shows representative images of the wounds during the treatment period in different groups, 

following confirmation of third-degree burn wound histology with healthy mice skin histology on 

day 0 (Figure. 45b). No significant wound closure was observed among the treatment groups for 

up to 5 days, but only ICNP treated group significantly reduced the wound by 29.3 ± 4.63 % (Figure. 

45c). Significant wound closure was obtained in all treatment groups when compared with the 

control from 10 days of treatment. The degree of wound closure was less in the control and ECNP 

groups, whereas insulin, standard, and ICNP-treated groups reduced the wound area by 50.26 ± 7.65 

%, 49.39 ± 5.29 %, and 55.66 ± 4.17 %. A similar pattern was observed after 20 days of treatment. 

The ICNP-treated group displays more significant wound contraction of 95.77 ± 4.26 % than the 

insulin and standard group, i.e., 68.38 ± 6.62 % and 76.57 ± 4.14 %. Control and ECNP groups 

showed less wound reduction, about 43.25 ± 6.56 % and 50.13 ± 5.39 %. 
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Figure. 45. Representative images of day-wise burn wound closure images of control and all 

treated groups (a) Percentage of burn wound closure up to 20 days. (b) Hematoxylin and Eosin 

staining of post-burn day 0 and unburn control mice skin. Day 0 burn wound skin showing the 

development of third-degree burn wound indicated by completely damaged epidermis, dermis, and 

hypodermis (c) Data represents as mean ± SEM; ***p<0.001; * indicates statistically significant 

values from the control) 

10-day post burn own skin tissue histology images (Figure. 46a) showed control and ECNP group 

dominated with inflammatory cell-rich tissue. Wound eschar started to separate from the wound bed 

in Insulin and standard groups, and epidermal keratinocyte migration started beneath the eschar to 

re-epithelize the wound area. The ICNP-treated group was observed to have less inflammatory cell 

infiltration, a complete absence of wound eschar, and moderate reepithelization. On day 20, the 

control group still exhibited wound eschar, enhanced inflammatory cells, and re-epithelization in a 

small area (Figure. 46b); however, ECNP, insulin, and the standard group were characterized by 

increasing epidermal thickness. Moreover, Well-repaired hair follicles were observed in the ICNP- 

treated group, indicating accelerated wound healing and re-epithelization. 

In Masson's trichrome collagen staining, collagens are stained blue, whereas muscle and cytoplasm 

are stained red. The staining assessed the collagen deposition during the granulation tissue 

formation. The intensity of blue staining corresponds to the relative quantity of new collagen fiber 

deposition. On 20-day skin tissue collagen staining, less blue stained area and intensity were 

observed in control and ECNP groups (Figure. 46c). The rate of collagen formation was 

comparatively higher in insulin and standard-treated groups, but the presence of reddish areas in 

collagen indicates burn-induced denatured collagen fibers. The highest new collagen fiber 

deposition was observed in the ICNP-treated group, marked by a high-intensity blue-stained area. 

This suggests that new collagen was rearranged during wound healing, and the ICNP-treated group 

showed this in the shortest time. 
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Figure. 46. The figure depicts tissue histology and collagen deposition during burn wound 

healing Hematoxylin and eosin-stained post-burn (a) day 10, (b) day 20, and (c) collagen-stained 

day 20 wound skin histology images. Green arrows indicate inflammatory cell infiltration. All H&E 

images were taken at 100X magnification, and collagen staining images at 200X magnification 

(Scale bar 100 µm). 

5.3.8 Chitosan insulin nano-formulation regulates pro and anti-inflammatory cytokines 

Pro-inflammatory and anti-inflammatory cytokine levels in plasma were evaluated 10 days after 

burn injury. The control and chitosan nano-formulation (ECNP)-treated groups exhibited high levels 

of plasma IL-6 (620.60 ± 41.58 pg/ml and 534.35 ± 27.37 pg/ml) and relatively low levels of plasma 

IL-10 (172.50 ± 31.82 pg/ml and 190.00 ± 14.14 pg/ml). Treatment with insulin and a standard drug 

significantly reduced IL-6 levels (397.50 ± 42.43 pg/ml and 352.50 ± 60.10 pg/ml) while increasing 

plasma IL-10 levels (227.50 ± 31.82 pg/ml and 282.75 ± 18.03 pg/ml). Furthermore, topical 

administration of the chitosan insulin nano-formulation (ICNP) markedly decreased IL-6 levels to 

185.00 ± 7.07 pg/ml, accompanied by an elevated IL-10 plasma content of 389.95 ± 35.28 pg/ml. 

The elevated IL-6 levels observed in the control and ECNP-treated groups indicate an ongoing pro- 

inflammatory response. However, treatment with insulin or the standard drug showed a significant 

reduction in IL-6 levels and an enhanced IL-10, indicating the ability of these interventions to 

suppress excessive inflammation. The changes in mean plasma IL-10 levels for ECNP, Insulin, and 

Silverex groups were not significant, but the ICNP group showed considerable change compared to 

the control group. ICNP showed better efficacy than insulin or the standard drug by significantly 

reducing IL-6 levels and elevating IL-10 levels, showing the best modulation of pro-inflammatory 

and anti-inflammatory cytokine profiles (Figure. 47a). 

Compared to control, which had IL-6 levels of 267 ± 35.7 pg/ml, the ECNP group exhibited a 
slightly lower concentration at 221 ± 29.9 pg/ml. However, it's noteworthy that insulin and the 

standard drug group significantly reduced IL-6 levels, recording values of 139.7 ± 22.4 pg/ml and 

112.3 ± 27.3 pg/ml, respectively. Remarkably, the ICNP-treated group demonstrated the most 

substantial decrease in IL-6 levels, reaching as low as 107.4 ± 25.4 pg/ml. Also, the plasma IL-10, 

the control group, had levels of 152.3 ± 22.6 pg/ml, and the ECNP group showed a similar 

concentration at 145.7 ± 19.3 pg/ml. Once again, both insulin and the standard drug group displayed 

decreased IL-10 levels, measuring 101.1 ± 21.6 pg/ml and 95.4 ± 30.5 pg/ml, respectively. In stark 
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contrast, the ICNP-treated group exhibited the most remarkable drop in IL-10 levels, registering as 

low as 89.8 ± 20.8 pg/ml. 

The observations at day 20 point towards a notable trend in the cytokine levels across all treatment 

groups. The IL-6 levels in the insulin, Silverex, and ECNP groups have decreased to what can be 

considered normal levels, signifying the resolution of the earlier pro-inflammatory response. 

Correspondingly, the levels of IL-10, which had been balancing the pro-inflammatory effects of IL- 

6, have also decreased notably in these groups. Interestingly, the control and ECNP groups still 

exhibit relatively higher IL-6 levels at day 20. However, these elevated IL-6 levels are somewhat 

compensated for by a slight increase in IL-10 levels. This might suggest a normal systemic response 

that occurs independently of any treatment and could be attributed to the ongoing wound-healing 

process. The comparison of plasma IL-6 and IL-10 levels among the treatment groups at day 20 

reveals the efficacy of various interventions (Figure. 48). 

5.3.9 Chitosan insulin nano-formulation regulates Nrf-2 expression 

Immunohistochemical (IHC) staining analysis revealed distinct Nrf-2 expression patterns among 

the treated groups (Figure. 47b). Quantification of positive Nrf-2 staining areas in burn wound 

tissues was performed using ImageJ software. Multiple images were captured at a high-power field 

from each treatment group, and the positive staining areas were calculated. The data were plotted in 

a bar diagram to illustrate the comparative Nrf-2 expression levels among the groups (Figure. 47c). 

In the control and ECNP groups, Nrf-2 expression levels in the IHC staining was very low in 

comparison with other groups. This suggests that the control and ECNP treatments had a limited 

impact on activating the Nrf-2 pathway. In contrast, the insulin and standard drug groups exhibited 

moderate Nrf-2 expression in the IHC staining analysis. The ICNP-treated group displayed a 

significantly higher Nrf-2 expression in the IHC staining than all other groups. This suggests that 

the chitosan insulin nano-formulation, ICNP, effectively upregulates Nrf-2 expression, potentially 

enhancing the cellular defense mechanisms against oxidative stress and countering inflammation. 

Insulin possess anti-inflammatory properties and can modulate the inflammatory response. 

Similarly, Nrf-2 suppresses inflammation by controlling the expression of antioxidant and 

detoxifying enzymes. The increased expression of Nrf-2 in the ICNP-treated group, as demonstrated 

by IHC staining, suggests that ICNP may regulate inflammation by activating Nrf-2. The table for 

checking the statistical significance of IL-6, IL-10, and Nrf-2 data is given in Table 21. 
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Figure. 47. The figure provides information about the regulation of inflammatory cytokines 

during burn wound healing along with Immunohistochemical (IHC) staining of Nrf-2 

expression in 10-day post-burn wound tissue sections (a) Post-burn injury plasma IL-6 and IL- 

10 levels were collected on day 10 to analyze the inflammatory phases. (b) Immunohistochemical 

(IHC) staining of Nrf-2 expression in 10-day post-burn wound tissue sections. Representative 

images show Nrf-2 immunoreactivity in different treatment groups, including control, chitosan 

insulin nano-formulation (ECNP), insulin, standard drug, and chitosan insulin nano-formulation 

(ICNP). The ICNP-treated group displays significantly higher Nrf-2 expression compared to other 

groups. Red arrows indicate positive Nrf-2 staining, (c) Quantitative analysis of positive stained 

areas was performed using ImageJ software for Nrf-2 immunohistochemical staining in burn wound 

tissues. Data represented as mean ± SEM; *p<0.05, **p<0.01, ***p<0.001; * are representing a 

significant variation from the control taken; NS (Nonsignificant); Scale bar 100 µm. 

Table 21. It shows the p values calculated for checking the IL-6 data’s statistical significance for 
IL-6, IL-10, and Nrf-2 % alteration in scratch width following the treatment with ECNP, insulin, 

and ICNP (60 µM), respectively. The statistical significance of data is considered when p < 0.05. 
 

 

P value for checking the statistical significance of data for IL-6, IL-10, and Nrf-2 
 ECNP Insulin ICNP Silverex 

IL-6 0.0678 0.0481 0.000612 0.00457 

IL-10 0.0751 0.0547 0.0081 0.0518 

Nrf-2 0.0524 0.00042 0.000181 0.000524 



107 
 

 
 

 

Figure. 48. The figure shows the post-burn injury plasma IL-6 and IL-10 levels collected on day 

20 to analyze the inflammatory phases. Data are mean ± SEM; n=3/group. 

5.4 Conclusion 

Burn wound healing poses a significant challenge in healthcare due to slow re-epithelialization and 

high susceptibility to microbial infection, ultimately affecting over 10 million people annually, as 

per the WHO report. Addressing this issue is crucial to alleviate the burden on the health sector, and 

protein-based nano-formulations are gaining attention depending on their characteristic features and 

potential to cure injuries. Insulin promotes healing in normal and diabetic conditions, but the 

potential and mechanism behind burn wound healing are yet to be explored. Insulin-based nano- 

formulations outperform conventional insulin due to high stability, enhanced solubility, improved 

bioavailability, high entrapment efficiency, and controlled release. This study highlights a potential 

nano-formulation involving chitosan-insulin nanoparticles as advanced therapeutic agents for burn 

wound healing and tissue regeneration. 

Different techniques were used to monitor insulin and chitosan interactions, followed by their 

biocompatibility and wound healing studies in vitro and in vivo systems. The enhanced cell 

migration observed in ICNP-treated cells suggests their role in promoting cell proliferation, which 

is critical for the recovery of wounds. The combination index calculations affirmed the synergistic 

effect of chitosan and insulin. In the animal burn wound model, the ICNP-treated group exhibited a 

remarkable 29.3% decrease in the wound area when compared to other groups in the initial days of 

treatment, signifying its early efficacy. Subsequently, all treatment groups displayed differential 

wound closure in comparison with control following 10 days of treatment, while the ICNP-treated 

group demonstrated the highest rate of wound contraction of 95.77% after 20 days. Histological 

examinations after 10 and 20 days showed the least inflammatory cell infiltration, the complete 

absence of wound eschar, and significant reepithelization in the treated group. Masson's trichrome 

collagen staining indicated enhanced collagen fiber deposition in the ICNP-treated group, as shown 

by the intensive blue-stained area, indicating its potential in collagen synthesis during wound 

healing. 
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Further, the cytokine analysis on day 10 demonstrated that ICNP effectively suppressed pro- 

inflammatory cytokine IL-6 while elevating anti-inflammatory cytokine IL-10, and this trend 

persisted till day 20, showing its superior modulation of pro-inflammatory and anti-inflammatory 

cytokine profiles, while control and ECNP groups at day 20 indicated an ongoing pro-inflammatory 

response. Immunohistochemical staining revealed that ICNP significantly upregulated Nrf-2 

expression compared to all other groups on day 10 of treatment, suggesting enhanced cellular 

defense against oxidative stress and inflammation. Nrf-2 is pivotal in regulating intracellular redox 

homeostasis by increasing cytoprotective gene expression, and its activation accelerates diabetic 

wound healing by facilitating diabetes-mediated oxidative stress and inflammation [393]. 

Considering that insulin possesses anti-inflammatory properties, the increased Nrf-2 expression in 

the ICNP-treated group indicated that ICNP regulates inflammation through Nrf-2 activation. Few 

studies show the protective roles of Nrf-2 in burn trauma-induced intestinal injury and burn- 

induced cardiac dysfunction [428],[429] as well as the role of topical insulin [34] or insulin 

nanoparticles [37] in burn wound healing, but none has implicated the role of insulin in activation 

of Nrf-2 pathway. Further, different formulations are being developed for burn wound healing, 

including the topical application of simvastatin on the burn wound Wistar rat model, and it was 

found to promote healing by modulating Akt/mTOR signaling pathway along with increased CD31 

VEGF levels. Similarly, when the simvastatin was incorporated with bone marrow-derived 

mesenchymal stem cells, the outcomes showed synergistic effect in enhanced re-epithelialization, 

higher wound closure area, enhanced collagen deposition, and epidermal regeneration and followed 

the same Akt/mTOR pathway for healing burn injuries [374],[399]. 

Our study showed effective modulation of inflammatory phases by activating the Nrf-2 pathway, 

underscoring its promise as a therapeutic intervention in burn care and management. This field holds 

remarkable potential to improve the lives of burn injury sufferers. The excellent drug loading and 

release efficiency and their potential in treating burn wounds in vitro and in vivo hold great value 

and can serve as a catalyst in burn wound healing research. Further, the global market of protein- 

based nanoformulations is rapidly expanding and is projected to double from $14 billion in 2020 to 

$28 billion by 2025, indicating its vast potential in the near future [430]. I firmly believe that the 

injury healing and anti-inflammatory properties of these particles and the key findings of this report 

will have a lasting impact, fostering innovation and ability to inspire future research in the field of 

burn wounds across the research community, ultimately improving and saving the lives of patients 

fighting against burn injuries. 
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Chapter 6: Conclusion and Future Perspectives 
 

6.1 Conclusion 

Protein-based nanoformulations offer a potent combination of biocompatibility, efficiency, and 

precision in targeted drug delivery, thus leading to groundbreaking advancements in the field of 

wound healing. These formulations enhance the protein’s biological activity, ensuring that they 

remain active and effective over extended periods and stabilize the proteins. Additionally, these 

formulations exhibit a sustained release mechanism, which is crucial in accelerating the healing 

process and preventing complications such as infections, which are common in chronic wounds and 

burn injuries. By integrating proteins into distinct delivery formulations—like ointments, dressings, 

scaffolds, hydrogels, and electrospun fibers—these nanoformulations showcase their remarkable 

versatility and ability to address different wound types and healing requirements. The increasing 

demand for protein-functionalized nanomaterials is a testament to their potential to revolutionize 

wound care. However, to fully harness this potential, it is essential to streamline the synthesis 

processes, making them more efficient and scalable. This would not only enhance the applicability 

of these nanoformulations in therapeutic and theranostic fields but also pave the way for their 

widespread use in personalized medicine. Personalized wound care, particularly for chronic 

conditions like diabetic ulcers, could benefit immensely from these advancements. By tailoring the 

nanoformulations to the specific needs of individual patients, healthcare providers can achieve more 

effective and rapid healing, reducing the overall burden of chronic wounds. 

 

The research that I have done in this field has underscored the significant potential of insulin and 

metal-based nanoparticles in the realm of wound healing, especially in managing complex scenarios 

like diabetic and burn wounds. For instance, studies that I have carried forward in this thesis have 

demonstrated that insulin, when combined with metals such as cobalt, nickel, silver, and copper in 

nanoformulations, can work synergistically to promote cellular growth, reduce inflammation, and 

enhance antimicrobial activity. These nanoformulations are particularly effective in targeting 

specific wound sites, thereby improving healing rates and reducing the risk of infection. 

Additionally, their applications extend beyond wound healing to include bioimaging and 

biosensing, offering a multifunctional approach to wound management. The development of novel 

protein-based nanoformulations, including core-shell nanoparticles and bimetallic nanosubclusters, 

has further expanded the possibilities in wound care. These advanced formulations are designed to 

tackle the unique challenges posed by conditions like diabetes, where impaired tissue recovery 

becomes a significant concern. By leveraging the antioxidant, anti-inflammatory, and antimicrobial 

activities of these formulations, I have achieved contamination-free recovery and improved 

healing outcomes. Furthermore, the ability of insulin-loaded chitosan nanoformulations to modulate 

cellular responses through key pathways such as Nrf-2 highlights their potential as therapeutic 

agents that can address not only the symptoms but also the underlying mechanisms of delayed 

wound healing. 

 

In conclusion, protein-based nanoformulations hold immense promise for the future of wound 

healing. Their ability to revolutionize treatment approaches in both medical and commercial 

contexts cannot be overstated. As research and innovation in this field continue to advance, the full 

range of their capabilities will likely be explored, leading to improved outcomes for millions of 

patients worldwide. The expanding global market for these formulations, coupled with the 

encouraging results from recent studies, suggests that protein-based nanoformulations are poised to 

act as vital agents in the field of wound care. These formulations give new hope to patients infected 

with chronic or burn injuries, along side different challenging conditions, potentially transforming 

the landscape of wound management and significantly enhancing the quality of life for those 
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affected. 

 

6.2 Future Perspectives of Protein-based metallic nanoformulations in wound healing 

The future of protein-based nanoformulations in wound healing is poised for significant 

advancements, with several key areas of development likely to shape their impact: 

 

1. With the recent developments in the field of personalized medicine, protein-based 

nanoformulations could be modified as per an individual’s requirement. The need of the 

hour is to customize nanoformulations for promoting the efficiency and speed of wound 

healing by analyzing a patient’s unique wound characteristics and underlying conditions, 

such as diabetes or autoimmune disorders. This individualized approach may lead to more 

precise and effective treatments, reducing healing times and minimizing the risk of 

complications. 

 

2. More research needs to be focused on discovering the in vivo injury healing and anti- 

inflammatory abilities of ICoNPs, ICu-AgNSCs, and INiQCs. in vivo, bioimaging using 

ICoNPs and INiQCs also needs to be explored. 

3. It is also necessary to translate the synthesized four nanoformulations into pre-clinical and 

clinical models. These formulations have a bright future in therapeutic and theranostics, and 

they can be used as promising drug carriers, making the delivery targeted and effective. 

Clinical trials will be crucial in validating the efficacy and safety of protein-based 

nanoformulations. These trials will provide the data necessary to refine formulations, 

determine optimal dosages, and identify any potential long-term effects. The translation of 

research findings into clinical practice will be a key focus, ensuring that the benefits of these 

innovations reach patients as quickly and safely as possible. 

 

4. Future research is expected to focus on refining the drug delivery systems associated with 

protein-based nanoformulations by incorporating new innovations such as stimuli- 

responsive nanoparticles, which release therapeutic agents after getting exposed to some 

external factor like pH, temperature, or some enzymes to significantly improve the 

therapeutic outcomes and decreasing the potential negative aspects through limiting drug 

release at specific targeted site. 

5. Apart from the basic wound healing application, protein-based nanoformulations are likely 

to see expanded applications in bioimaging and biosensing, which could lead to the 

development of multifunctional platforms that not only diagnose and monitor but treat 

wounds simultaneously. For instance, nanoformulations could be designed to change color 

or fluorescence in response to infection, providing real-time feedback to healthcare 

providers and enabling prompt intervention. 

 

6. The intersection of protein-based nanoformulations with regenerative medicine and tissue 

engineering offers exciting possibilities by integrating them with biomaterials like scaffolds 

or matrices used in tissue regeneration, which promotes not only wound healing but also the 

regeneration of damaged tissues which could be of specific interest in case of severe burns 

or chronic ulcers where traditional healing processes are insufficient. 

 

7. The next step is to meet the increased demand for these nanoformulations, for which the 

focus will shift toward making synthesis processes more scalable and cost-effective. 

Advances in manufacturing techniques, including the use of green chemistry and sustainable 
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materials, could drive down costs and make these treatments more accessible to a broader 

range of patients. Also, due to the growing occurrence of chronic wounds and the increasing 

aging population, the global market for protein-based nanoformulations is expected to 

expand rapidly. Future developments will likely see these treatments becoming a standard 

part of wound care protocols worldwide, particularly in regions with high incidences of 

diabetes and other chronic conditions that impair wound healing. 

 

8. As these nanoformulations evolve, researchers will need to address emerging challenges 

such as nanoparticle toxicity, long-term stability, and potential immune responses. Advances 

in nanotechnology and protein engineering will likely results in developing safer and more 

efficient formulations capable of overcoming these hurdles. 

 

6.3 Multiple ways by which nanoformulations can be modified as per the needs of the 

patient. 

1. Selection of metal-ion – The metal-ion can be selected based on the patients need and type of 

wound (chronic, diabetic, or infective wound) as metal ions determine the biological activity of 

formulation. For instance, if the patient is suffering from infection in wounds, silver ion can be 

used. Similarly, copper is useful for promoting angiogenesis and collagen synthesis. Zinc oxide 

enhances epithelialization by promoting cell proliferation and support. 

2. Selection of protein – Proteins can be selected based on an individual's healing deficiencies. 

For instance, insulin can be used in patients suffering from diabetic wounds as it enhances the 

conversion of M1 macrophages to M2 macrophages. Similarly, collagen can be used in old age 

patients who face decreased collagen secretion with age, and collagen itself is critical for 

healing as it acts as a scaffold for cell growth and supports tissue repair. 

3. Size and shape of nanoparticles – The size and shape need to be determined beforehand as 

they influence the bioavailability and cellular interactions. The smaller the particle (less than 

10 nm) size, the better the penetration, the better antibacterial efficacy, and exhibit the rapid 

action; thus, it can be used in acute wounds. On the other hand, particles with large sizes (more 

than 50 nm) are used for sustained drug release for a prolonged period and thus can be used in 

patients suffering from chronic wounds. 

4. Surface Functionalization – The therapeutic efficacy of nanoparticles is enhanced manifolds 

by surface functionalization. The surface can be modified in different manners like 

antimicrobial peptides can be used to coat nanoparticles and make them effective against 

infected wounds by increasing antimicrobial potential. Also, the utilization of polymeric 

coatings like chitosan provides sustained release and helps in moisture retention. The use of 

growth factors to promote cell proliferation and angiogenesis can be helpful in ischemic 

wounds. 

5. Integration with Biomaterials – The synthesized formulations can be integrated into wound 

dressings or scaffolds. Bandages can be coated with nanoparticles to increase wound healing 

and antimicrobial efficacy. Hydrogels can be loaded with nanoparticles to get prolonged drug 

release with moisture retention. 

In summary, the future of protein-based nanoformulations in wound healing is incredibly 

promising, with the potential to revolutionize how wounds are treated. Continued research and 

innovation will be essential in unlocking their full potential, ultimately leading to more 

effective, personalized, and accessible wound care solutions which will improve the life quality 

for patients globally. 
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Appendices 

 

Appendix – I Challenges in the Synthesis and Applications of Protein-templated nano- 

formulations 

The synthesis of protein-templated metal nano-formulations introduces unique challenges due to 

the specific interactions between proteins and metal ions or nanoparticles, which can affect their 

stability, bioavailability, and applications. Thus, addressing these issues is critical to have 

effective and efficient nano-formulations that can be used further in distinct biological 

applications. 

1. Synthesis of monometallic nanoformulations – The synthesis of cobalt based nanoformulations 

was quite difficult. I have tried it with multiple concentrations and as I go on increasing the 

concentration of salt solution, the protein starts precipitating. Thereafter, I went on decreasing the 

salt concentration and used 3 distinct concentrations that is 50 µM, 60 µM and 70 µM and get the 

best results in particles synthesised using metal salt having concentration 60 µM. 

2. Synthesis of Bimetallic nanosubclusters – For synthesising bimetallic nnaosublclusters, I have 

followed different methods. Firstly, I have added both the salt solutions that is silver nitrate and 

copper sulphate together in the insulin protein but no results were obtained. Thereafter, I have 

separately synthesised silver and copper nanoparticles using insulin protein and after 24 hours 

incubated them together for another 24 hours but no particles were obtained. Finally, I have 

separately synthesised silver nanoparticles using quercetin and simultaneously prepared insulin- 

copper quantum clusters using previously reported method and then incubated them together and 

hence obtained the desired bimetallic nano-subclusters. 

3. Protein stability and functionality – Maintaining the stability and functionality of protein is 

essential as proteins are susceptible to denaturation by chemical and physical conditions provided 

during the synthesis of nanoparticles. Further, these conditions can affect or deactivate the 

functional groups or binding sites required for metal ions to bind. To avoid such issues, I used mild 

reaction conditions, which include near-neutral pH (~7.4) and a temperature of 37 ˚C to attain 

enhanced stability. 

4. Aggregation and size control issues – High surface energy of nanoparticles leads to aggregation, 

and even protein-mediated aggregation can compromise the stability of synthesized 

nanoformulations. To prevent this aggregation, the formulations were stored in an inert atmosphere 

or at low temperatures (4 ˚C). Similarly, nucleation and growth can compete, causing 

polydispersity. Thus, to avoid that, I have followed a real-time monitoring technique (UV-Vis 

Spectroscopy) to track nanoparticle growth. 

5. Analytical and characterization challenges – Generally, the difficulty is faced while analyzing 

the protein-nanoparticle interface at the molecular level. Also, tools are limited to examining the 

size, shape, and distribution of nanoparticles in the protein matrix. To overcome this issue, I have 

used high-resolution techniques like TEM (Transmission Electron Microscopy), STEM (Scanning 

Transmission Electron Microscopy), and FE-SEM (Field Emission Scanning Electron 

Microscopy). Further, to determine the protein's structural integrity, I used spectroscopy 

techniques like CD (Circular Dichroism) and FTIR (Fourier Transform Infrared Spectroscopy). 

6. Long-term stability – Metal nanoparticles are prone to oxidation and reduction, and protein may 

also lose functionality over time, primarily based on storage conditions. To prevent that, I have 
freeze dried the samples and stored them at low temperature conditions to increase the shelf-life. 

7. Cell culture – As I need to use cell culture for all the in vitro studies, thus maintaining the cell 

culture without any contamination is itself a task. To ensure a contamination-free environment, I 

have followed all the general guidelines to maintain aseptic conditions in the culture lab and get 

the tests done smoothly. 
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Despite facing multiple challenges in distinct stages of my research, I remained determined to get over 

them and achieve success. The entire journey was full of hardships, yet I was able to get through all 

the hurdles by remaining motivated and determined throughout. The guidance, mentorship, and 

expertise of my supervisor in this field were sufficient to get me through all difficulties and helped me 

ultimately positively complete my Ph.D. work. His contributions significantly uplifted my skills, 

boosted my confidence, and led to my professional and academic development. 
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Insulin–cobalt core–shell nanoparticles for 
receptor-targeted bioimaging and diabetic wound 
healing† 

Deepinder Shardaa and Diptiman Choudhury  *ab 

Diabetic wounds represent a major issue in medical care and need advanced therapeutic and tissue imaging 

systems for better management. The utilization of nano-formulations involving proteins like insulin and 

metal ions plays significant roles in controlling wound outcomes by decreasing inflammation or reducing 

microbial load. This work reports the easy one-pot synthesis of extremely stable, biocompatible, and 

highly fluorescent insulin–cobalt core–shell nanoparticles (ICoNPs) with enhanced quantum yield for 

their highly specific receptor-targeted bioimaging and normal and diabetic wound healing in vitro (HEKa 

cell line). The particles were characterized using physicochemical properties, biocompatibility, and 

wound healing applications. FTIR bands at 670.35 cm−1, 849.79, and 973.73 indicating the Co–O 

bending, CoO–OH bond, and Co–OH bending, respectively, confirm the protein–metal interactions, 

which is further supported by the Raman spectra. In silico studies indicate the presence of cobalt binding 

sites on the insulin chain B at 8 GLY, 9 SER, and 10 HIS positions. The particles exhibit a magnificent 

loading efficiency of 89.48 ± 0.049% and excellent release properties (86.54 ± 2.15% within 24 h). 
Further, based on fluorescent properties, the recovery process can be monitored under an appropriate 

setup, and the binding of ICoNPs to insulin receptors was confirmed by bioimaging. This work helps 

synthesize effective therapeutics with numerous wound-healing promoting and monitoring applications. 

 

1. Introduction 

Wound healing is a complex process involving a sequential 

overlapping cascade of events that comes into action in 

response to some external chemical or physical stimuli and 

eventually causes healing by restoring lost tissue.1 The healing 

process is categorized into four phases, hemostasis, inflam- 

mation, proliferation, and remodeling.2 The hemostasis is 

initiated by clot formation due to platelets' activation, which 

prevents microbial infestation and promotes matrix organiza- 

tion. In proliferation, the accumulation of cells, connective 

tissue, growth factors, and angiogenesis factors across the 

wound occurs. The remodeling involves the resynthesis of the 

extracellular matrix to maintain the balance between the death 

of existing cells and the formation of new cells.3,4 However, the 

progress monitoring of recovery of wounds always remains 

a significant challenge. In some instances, normal healing gets 

disrupted. It gets arrested in one of the phases due to the loss of 

balance in the physiological mechanism of healing due to 

infection, chronic irritation, trauma, the persistence of 

microbes or other foreign bodies, and ischemia, making the 

wound a chronic one5–7 which can be prevented by keeping the 

wound moist, removing the dead tissues, covering the injury to 

avoid bacterial infection, and removing the excess tissue fluid.8 

Apart from these issues, the major problem for delayed 

healing is diabetes mellitus or long-term hyperglycemia, which 

alters the secretion of cytokines, making wound healing 

cumbersome.9 In diabetic conditions, there is the prolonged 

proinflammatory phase due to the persistent release of prote- 

ases, proinflammatory cytokines, and reactive oxygen species 

and the delayed anti-inflammatory phase because of the low 

secretion of anti-inflammatory cytokines.10 Further, the trans- 

port of nutrients to the wound site is prevented by atheroscle- 

rosis caused by diabetes.11 It also results in the dysfunction of 

endothelial cells due to vasodilation induced by pressure12 and 

  disrupts the processes essential for re-epithelialization; the 
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† Electronic supplementary information (ESI) available. See DOI: 

https://doi.org/10.1039/d3ra01473h 

proliferation of keratinocytes and fibroblasts, synthesis of 

proteins, and cell migration.13–15 Further, it impairs the body's 

immune response, making the wounds prone to infection and 

leading to damaged structural components of the extracellular 

matrix.7 It also causes free radical damage due to the reduced 

activity of certain antioxidant enzymes such as glutathione 

peroxidase and superoxide dismutase.16 Various advanced 
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Insulin-infused bimetallic nano-subclusters 
as a multifunctional agent for ROS scavenging, 
antibacterial resilience, and accelerated in vitro 
cell migration† 

Deepinder Shardaa and Diptiman Choudhury  *ab 

 
This is the first report on the synthesis and wound healing application of green synthesized insulin- 

infused bimetallic (copper–silver) nano-subclusters (ICu–AgNSCs) with high stability, aqueous solubility, 

biocompatibility, and target specificity. HRTEM and SAED data confirm octahedral particles (with a dia- 

meter of 9.6 2.2 nm) composed of discrete copper clusters on the periphery and a silver core that are 

further infused with an insulin corona (0.5 0.2 nm), as confirmed by the characteristics of Cu–OH and 

Ag–O stretching bonds and alteration in insulin amide bonds. The ICu–AgNSCs had high insulin loading 

efficiency (93.90 1.05%) and a high drug release rate (92.69 0.90% within 40 h), making them ideal 

for sustained release applications. Wound healing in diabetic conditions gets delayed due to the pro - 

longed proinflammatory phase and microbial infestation, which may lead to clinical amputation. There- 

fore, advanced therapeutics that promote cell growth by reducing inflammation and microbial growth 

are required. ICu–AgNSCs may satisfy all these criteria. Insulin and quercetin have ROS scavenging and 

anti-inflammatory properties. Insulin and copper have cellular growth-promoting activity; additionally, 

silver has antimicrobial properties. ICu–AgNSCs have been shown to accelerate diabetic cell migration 

in vitro, making them an ideal choice for pre-clinical and clinical applications. 

 

1. Introduction 

Wound healing is a significant challenge for the scientific 

community despite all the available treatments, and the global 

expenditure on healing wounds ranges from $28.1 to $96.8 

billion.1 Healing is a complex event involving overlapping 

phases, which work together against the damage and restore 

the lost tissue or organ.2 Healing begins with hemostasis, 

which involves the activation of platelets, clot formation, and 

matrix organization. In proliferation, the accumulation of 

growth factors, connective tissues, and angiogenesis factors 

occurs at the wound site. In the inflammatory phase, the 

proinflammatory cytokines promote vasodilation and activate 

the different signaling pathways. The resynthesis of the extra- 

cellular matrix occurs in the remodeling phase to maintain the 

balance between dead and live cells.3,4 However, certain factors 

disrupt the normal physiological mechanism of wound healing, 

including microbial infection, trauma, ischemia, and diabetes 

mellitus,5,6 which can be avoided by preventing bacterial infes- 

tation, removing the dead tissue and debris, and keeping the 

wound moist.7 In diabetes, there is persistent release of pro- 

teases, proinflammatory cytokines, reactive oxygen species, and 

low secretion of anti-inflammatory cytokines.8 Diabetic 

wounds are more susceptible to infection due to the body’s 

immune response impairment.6 The activity of different anti- 

oxidant enzymes, including glutathione peroxidase and super- 

oxide dismutase, is reduced, which leads to damage by free 

radical generation.9 Diabetes also affects protein synthesis, re- 

epithelialization, cell migration, and proliferation of fibroblasts 

and keratinocytes by preventing the transport of nutrients to 

the wound site.10,11 Reactive oxygen species (ROS) generation 

is also a major issue as their accumulation prevents the 

efficient functioning of macrophages and endogenous stem 

cells. Also, ROS causes endothelial dysfunction and restricts 

  angiogenesis.12 Additionally, ROS generation due to bacterial 
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infection leads to chronic wound infection by damaging 

endothelial cells and blood vessels.13,14 

To promote healing, tremendous research is going on to 

develop novel formulations that are biocompatible, efficient, 

environment-friendly, and cost-effective. Here, the role of nano- 

particles comes into play as they possess massive potential in 
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Protection of lead-induced cytotoxicity using 
paramagnetic nickel–insulin quantum clusters† 

Deepinder Sharda,a Komal Attri,ab Pawandeep Kaura and Diptiman Choudhury  *ab 

 
Pb-toxicity is associated with inflammation which leads to delay in wound healing. Pb2+ utilizes calcium ion 

channels to enter the cell. Therefore, to achieve effective healing in a Pb-poisoned system, capturing Pb2+ 

from the circulatory system would be an effective approach without hampering the activity of the calcium 

ion channel. In this work insulin–nickel fluorescent quantum clusters (INiQCs) have been synthesized and 

used for the specific detection of Pb2+ ions in vitro and in cell-free systems. INiQCs (0.09 mM) can detect 

Pb2+ concentrations as low as 10 pM effectively in a cell-free system using the fluorescence turn-off 

method. In vitro INiQCs (0.45 mM) can detect Pb2+ concentrations as low as 1 mM. INiQCs also promote 

wound healing which can easily be monitored using the bright fluorescence of INiQCs. INiQCs also help 

to overcome the wound recovery inhibitory effect of Pb2+ in vitro using lead nitrate. This work helps to 

generate effective biocompatible therapeutics for wound recovery in Pb2+ poisoned individuals. 

 

1. Introduction 

Lead, a highly toxic, non-biodegradable element found ubiq- 

uitously in nature, causes environmental pollution, affects the 

human body to a large extent, and is among 275 most 

hazardous substances in the list of the Environmental Protec- 

tion Agency (EPA), formulated by the Agency for Toxic 

Substances and Disease Registry (ATSDR).1 Lead affects around 

0.6% of the population globally1 and causes acute and chronic 

toxicity even in minute quantities. Certain heavy metals, 

including Pb2+, Cd2+, and Hg2+, can enter the body through 

food, water, smoking, industrial means, and even the skin 

surface, leading to heavy metal poisoning.2,3 600 ppm of lead is 

suggested as a “safe” level in the soil and would contribute 

under 5 mg dL—1 to total blood lead of children below 12 years.4 

There is no relaxation in the maximum permissible limit for 

lead in water which was set at 0.05 ppm and is the highest 

desirable amount in drinking water in India. According to 

WHO, 1993, 25 mg L—1 lead per kg body weight is the maximum 

tolerable amount weekly.5 The daily exposure to Pb2+ causes its 

deposition in body parts including liver, kidneys, spleen, and 

brain, causing multiple tissue damage by inducing oxidative 

stress. Moreover, long-term exposure to lead causes inflamma- 

tory infiltration, alterations in tissues of testicles, reduction in 
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spermatocytes, necrosis of hepatocytes, degeneration of renal 

tubules, hypertrophy in the renal epithelium and induces 

endoplasmic reticulum stress due to calcium imbalance in the 

liver and kidney.6,7 Kidneys are prone to the oxidative reaction of 

lead as lead intoxication sometimes causes dysfunctioning of 

proximal tubule or irreversible nephropathy depending on 

exposure regimens, thus adversely affecting the health of kidney 

function along with cadmium and mercury8–10 and can be 

excreted through urine and feces.11 It affects central nervous 

system causing several neurological disturbances affects the 

blood–brain barrier and causes edema and loss of neurons. The 

astroglial activation in the brain leads to pathological processes 

causing the death of neuronal cells, which causes the release of 

cytokines and chemokines, causing the inflammatory effect.12 

Also, children exposed to environmental lead are at a higher 

risk of toxicity because of absorption of ingested lead from the 

gastrointestinal tract and nervous system becoming more 

susceptible to neurotoxins.13 Pb2+ has a carcinogenic effect by 

damaging the DNA and disrupting its repair system by gener- 

ating ROS (reactive oxygen species). It can even impair memory 

and learning in the brain by disrupting NMDAR (N-methyl-D- 

aspartate receptors).14 Lead causes damage to epithelial tissues 

causes rashes and get accumulated over the epidermal 

surface.15,16 Lead toxicity is dosage-dependent and include 

cellular traction forces, mechanical stiffness, focal adhesions, 

the shape of the cell, speed of migration, permeability, and 

wound healing efficacy in mammalian cells.17–19 

At the molecular level, lead affects the humoral and cellular 

immune responses through various inflammatory biomarkers20 

including cytokines (IL-8, TNF, etc.), acute phase proteins 

including CRP, haptoglobin, and ceruloplasmin, enzymes 

involved in inflammation such as COX-2 and damages 
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Abstract 
Prolonged inflammation can impede wound healing, which is regulated by several proteins and cytokines, including IL -4, 

IL-10, IL-13, and TGF-β. Concentration-dependent effects of these molecules at the target site have been investigated by 

researchers to develop them as wound-healing agents by regulating signaling strength. Nanotechnology has provided 

a promising approach to achieve tissue-targeted delivery and increased effective concentration by developing protein- 

functionalized nanoparticles with growth factors (EGF, IGF, FGF, PDGF, TGF-β, TNF-α, and VEGF), antidiabetic wound- 

healing agents (insulin), and extracellular proteins (keratin, heparin, and silk fibroin). These molecules play critical roles in 

promoting cell proliferation, migration, ECM production, angiogenesis, and inflammation regulation. Therefore, protein- 

functionalized nanoparticles have emerged as a potential strategy for improving wound healing in delayed or impaired 

healing cases. This review summarizes the preparation and applications of these nanoparticles for normal or diabetic 

wound healing and highlights their potential to enhance wound healing. 

Keywords Wound healing · Nanoformulations · Growth factors · Proteins · Antidiabetic agents 
 

 

Introduction 

Nanomaterials have high drug-loading efficacy, which can be attributed to a high surface area-to-volume ratio. They 

respond quickly to any minute alteration in the surrounding environment, like a magnetic field, pH, and temperature 

[1]. The bionanomaterials like peptides, biomolecules, enzymes, and protein-functionalized formulations have various 

biological applications ranging from bioimaging [2], catalysis [3], fluorescent biolabeling [4, 5] hyperthermia [6, 7] tissue 

engineering [8], gene and drug delivery [9, 10], and so on. Moreover, protein-functionalized and stabilized nanomaterials 

exhibit numerous features such as sensing, biocompatibility, plasmon-enhanced catalysis, targeted nanocarriers, and 

drug delivery [11, 12]. The constituting units of the proteins behave not only as reducing and chelating agents that 

help in developing nanoclusters but also allow crystalline [13, 14] and amorphous [15] growth of the nanostructures of 

different sizes and shapes [16]. The target-specific binding ability of proteins enhances their action efficiency and helps 

to cure the wound [15, 17]. However, the poor permeability through membranes, short half-life, and high enzymatic 

degradation risk pose a serious issue to the targeted delivery of potent therapeutic proteins to the site and thus require 
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Abstract 
Burn injuries are characterized by prolonged inflammatory phases, neurovascular damage, and hypermetabolism, eventu- 

ally causing improper tissue regeneration. Insulin has gained considerable attention in normal and diabetic wound heal- 

ing, yet its role in burn wounds remains poorly understood. In this study, insulin-chitosan nano-formulations (ICNP) were 

synthesized using a simple and robust mechanism and characterized to monitor specific interactions between insulin 

and chitosan, and the particles measuring approximately 30 nm in size exhibited mild alterations in the amide I, II, and 

III bonds of the insulin protein along with impressive insulin loading efficiency of 88.725 ± 0.295% under physiological 

conditions, and significantly improved burn wound healing in vitro (HEKa cells) and in vivo (murine third-degree burn 

model). The underlying mechanism behind superior wound closure and tissue remodeling was attributed to significant 

early phase reduction of pro-inflammatory cytokine IL-6 levels in ICNP-treated mice, while anti-inflammatory cytokine 

IL-10 levels became markedly elevated, resulting in enhanced re-epithelialization and collagen deposition. Furthermore, 

treatment of ICNP was associated with unregulated expression of Nrf-2, a key regulator of oxidative stress and inflam- 

mation, indicating their molecular crosstalk. These findings highlight the potential of ICNP as a promising therapeutic 

formulation for burn wound healing, promoting wound closure by modulating inflammatory phases, making it a valuable 

candidate for further clinical development in burn care. 
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1 Introduction 

Wound healing involves sequential phases, including inflammation, proliferation, and remodeling, to maintain tissue 

integrity [1, 2]. The cost of healing acute and chronic wounds ranges from $28.1 to $96.8 billion, with surgical wounds 

and diabetic ulcers incurring the highest expenses [3]. Burn injuries are particularly debilitating and painful, leading 
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