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INTRODUCTION 

Wound, loss of continuity of tissue structure (such as skin, muscle, nerves, blood vesicles, 

bones, etc)
 
caused due to mechanical (such as friction, pressure, heat or cold), chemical, 

electrical, or radiation force exposure.
1,2

 Wounds have chronic pain or completely painless, 

swelling (redness, heat, swelling, pain, and loss of function), susceptible to infection are the 

signs.
3 

Wounds are either internal or external based on their origin. Internally originated 

wounds also like ingrown toenails or calluses, break the skin and surrounding tissue, create 

an external wound and open wounds; due to environmental exposure is prone to infection.
4
 

The different types of wounds are shown in Figure 1. To prevent infection; initiate a series of 

dynamic events, collectively known as the wound healing process.
5 

But the chronic wound is 

characterized by a persistent rise of pro-inflammatory cytokines and low anti-inflammatory 

cytokines and growth signal and is a major issue for patients undergoing surgery.
6
 Chronic 

wounds result in isolation, pain, anxiety, frustration, discomfort, and also lead to depression 

in patients.
7,8

 All conditions affect the normal life, emotions, behavior, and thought pattern of 

the patient and ruin the quality of life.
9 

 

 
 

Figure 1: Showing the different types of wounds. 
 

The wound healing process riles on activation of a cascade of physiological events such 

as hemostasis, inflammation, proliferation, remodeling.
10 

The inflammation plays an 

important role throughout this process, the fast recovery of the wound depends on the 

transition of pro-inflammatory (M1 macrophages) to anti-inflammatory (M2 macrophages) 

and in chronic wounds, delay in transition in chronic wounds result in a prolonged 

proinflammatory phase leading to delay in wound healing.
11

 In the early phase, macrophage 

functions through the release of cytokines (including IL-6 (interleukin), IL-12, IL-1β, TNF-α 
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(tumor necrosis factor), etc) and activating leucocytes to produce proinflammatory 

response.
12

 Secretion of anti-inflammatory cytokines (including IL-4, IL-10, IL-13, TFG-β, 

etc) is responsible for the closure of the wound and induces angiogenesis and re-

epithelialization.
13 

In  Figure 2 the various phases of wound healing are shown. 

 

Figure 2: Schematic diagram of the wound healing process. 

Diabetes is characterized by the presence of a chronic high free glucose level in the 

body fluid, including blood, urine, sweat, etc.
14

 Among one of the main reasons for the 

occurrence of the diseases is the failure of hormone-mediated metabolic regulation. 

Hormones such as insulin and glucagon play the most important role in maintaining the sugar 

balance in the blood.
15

 Maintaining a steady balance of sugar in the blood is very critical for 

the normal functioning of the body.
16

 The presence of excess glucose in body fluids leads to 

various pathological conditions such as susceptibility to infection, inducing the onset of 

various diseases like cataract, retinopathy, neuropathy, arthritis, hypertension, cardiovascular 

problems, kidney damage, damaged blood vesicles, and a delay in wound healing, etc.
16,17 

About 422 million people are suffering from diabetes worldwide making it the 8
th

 most 

fatal disease (WHO, 2016 report).
18,19

 Estimated 15-25% of diabetic patients will develop 

foot ulcers with more than 6% needing clinical attention among which 15-20% will need 

amputation of lower limb due to worsening of the wound.
20

 This counts for around 50% of all 

traumatic amputations and has a five years postsurgical survival rate of less than 50%.
21,22

 

Wound leads to activation of the pro-inflammatory pathway followed by an anti-

inflammatory cascade, responsible for the healing process. But the chronic diabetic wound is 

characterized by a persistent raise of pro-inflammatory cytokines and low anti-inflammatory 

cytokines and growth signal and is a major issue for patients undergoing surgery.
23

 Numerous 

approaches including various kinds of dressings stem cell-based therapies and use of growth 

factors (epithelial growth factor (EGF), platelet-derived growth factor (PDGF), fibroblast 

growth factor (FGF), transforming growth factor-beta (TGF-β), and insulin-like growth 
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factor-1 (IGF-1) have been targeted to treat diabetic wounds.
24,25

 Despite potential usefulness 

is limited due to limitation including moisture associated delaying (alginates based 

dressings), reduced aeration (hydrocolloid based dressings), low mechanical strength 

(hydrogels based dressing), high cost (stem cell and growth factors based therapies) and 

increase in the economic burden.
26-31

Healing of diabetic wound attained the great attention of 

investigators but promising therapeutic intervention is still awaited. Insulin is one of the most 

common and effective therapeutic choices for the treatment of type-I diabetes. Healing of 

wound attained the great attention of investigators but promising therapeutic intervention is 

still awaited. Insulin is one of the most common and effective therapeutic choices for the 

treatment of diabetes type-I; it acts as an anti-inflammatory agent by activating cytokines 

which can reduce inflammation and promotes glucose uptake by cells thereby helping 

maintenance of blood glucose level.
32

Insulin also works as a cellular growth promotes and 

works through insulin-like growth factor receptor-I (IGFR-I) binding.
33

  

According to the International Diabetes Federation (IDF) data till 2019, 463 million 

people were having diabetes.
34

 IDF estimates that by 2045 the diabetic cases raise from 628 

to 700 million.
34,35 

The patients suffering from diabetes are at 25% risk of developing foot 

ulcers.
36

 More than 6% of diabetic ulcer patients needing clinical attention among which 15-

20% will need amputation of lower limb due to worsening of the wound.
37

 Despite so many 

uses of insulin as anti-diabetic agents, it has rarely been explored for its wound healing 

activities. The total accomplished work in this dissertation has been divided into the 

following chapters: 

Chapter 1: Review of literature 

Chapter 2: Mechanism of wound healing by insulin 

Chapter 3: Insulin capped silver nanoparticles 

Chapter 4: Amorphous insulin zinc quantum clusters 

Chapter 5: Crystalline insulin copper quantum clusters 
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CHAPTER-1 

REVIEW OF LITERATURE 

1.1. Insulin structure 
 

Insulin, a peptide hormone produced by beta cells of the islets of Langerhans of the pancreas. 

The precursor of insulin is proinsulin, a single polypeptide encoded by the INS gene in 

humans, after processing  2 secretory proteins are generated, with one consisting of two 

chains namely A and B (21 and 30 amino acids respectively) that generates mature insulin 

and the second is the C chain of 31 amino acids, commonly known C-peptide.
38,39

 The “A” 

chain is fairly compact and has 2 small α helical regions whereas the B chain has only one of 

such kind. 2 disulfide linkages between A7-B7 and A20-B19 hold the A and B chains 

together, other than the internal disulfide bridge of the A chain (A7-A11). Insulin exists in 

hexameric and monomeric forms and is stored in the pancreas.
40

 Receptor binding depends 

upon several regions present in insulin. These regions are mainly present at the surface; 

mutations in these regions reduce the affinity of binding of insulin.
41

 
 

 

 

Figure 3: Insulin structure (A) monomer (B) hexamer and (C) its binding to the insulin 

receptor.
42,43 

 

The regions are located at GlyA1 (glycine), IleA2 (isoleucine), ValA3 (valine), GluA4 

(glutamine) on the N terminus, and TyrA19 (tyrosine), CysA20 (cysteine), AsnA21 

(asparagine) on the C-terminus of the “A” chain, and at GlyB23(glycine), PheB24 
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(phenylalanine), PheB25, and TyrB26 at the C-terminus of the “B” chain.
44

 Not only present 

in humans, but insulin-like peptides are also found in invertebrates such as molluscs and 

insects. The growth-related function of insulin-like peptides shows that insulin is not only 

involved in glucose metabolism.
45

 

1.2. Insulin as a wound-healing agent 
 

Over the last 25 years, there has been a fourfold increase in cases of diabetes mellitus, 

commonly known as diabetes.
46

 In the year 2016, worldwide 422 million people have been 

reported to have diabetes. According to the World Health Organisation (WHO), diabetes is 

the 8
th

 leading cause of death and was directly associated with 1.5 million deaths worldwide 

in the year 2012.
47

 Due to the association of these diseases with diabetes, the International 

Diabetes Foundation (IDF) estimated the loss of 4.9 million lives, ~1.25% of all diabetic 

patients in 2014, as being directly or indirectly caused due to diabetes.
48

 These diseases are 

associated and affect various organs of the body with different pathologies, however; all these 

pathological conditions are associated with tissue inflammation.
49

 Diabetes induces low-

grade systemic inflammation and promotes disease conditions such as hypertension, arthritis, 

retinopathy, etc.
50 

One of the important aspects of diabetes to inflammation is its association with delayed 

wound healing.
51

 The chronic diabetic wound is characterized by the persistent increment of 

pro-inflammatory cytokines and the absence of growth signal in damaged tissues.
52

 Various 

diabetes treatments help control blood glucose levels and thereby can also delay the 

progression of the diseases associated with diabetes, such as hypertension, arthritis, 

retinopathy, cataract, neuropathy, etc, but very little is known about their effect on the 

recovery of diabetic wounds.
53

 Wounding induces tissue inflammation and induces the 

release of various pro-inflammatory cytokines such as interleukin-1 (IL-1), IL-6, IL-12, IL-

18, interferon-gamma (IFN-γ), and tumor necrosis factors (TNFs).
54,55 

Pro-inflammatory 

cytokines, such as IL-1β, IL-6, secreted from monocytes, and macrophages in wound tissue 

triggers pain responses by stimulating neuronal signaling.
56

 IFN-γ, TNF-α, and IL-1β induce 

tissue apoptosis and pyroptosis mediated by oxidative stress and by activating innate 

immunity.
57

 IFN-γ is a potent activator of tissue macrophages by modulating STAT1 

expression to generate a foreign pathogen defense state in the affected area.
58

 IL-12 

stimulates the production of IFN-γ and TNF-α and reduces IL-4, anti-inflammatory cytokine-

mediated suppression of IFN-γ, IL-4 inhibits IFN-γ through STAT3 signaling.
59

 IL-18 

activates Natural killer (NK) cells and T cells thereby promoting the release of IFN-γ in 
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wound conditions for pathogen defense.
60

 However, the persistence of prolonged 

inflammatory conditions is detrimental and causes tissue damage which eventually delays the 

repair process. IL-1 is a potent activator of TNFs and therefore induces cell damage. 

Overproduction of IL-1β is especially involved in neuronal inflammation and causes the 

damage of neuromuscular junctions, which delays the wound healing procedure. The FDA 

has approved the use of IL-1 blockers as an effective therapeutic approach to fight against 

rheumatoid arthritis.
61

 Macrophages, in response to foreign pathogens, secrete IL-6 which 

infers Toll-like receptor (TLR), especially the TLR-9 response-mediated defense against the 

foreign pathogen by killing it. The TLR-9 pathway is activated by unmethylated DNA which 

is present in prokaryotes and kills the pathogen. But in the case of a wound, spillage of 

mitochondrial DNA takes place, which is essentially unmethylated DNA and triggers a 

similar response in the injured tissue.
62

 IL-12 inhibits the formation of new blood vessels in 

the tissue by IFN-γ-mediated overexpression of Interferon gamma-induced protein 10 (IP-10 

or CXCL-10).
63

 IL-18 suppresses the expression of vascular endothelial growth factor 

(VEGF) which is essential for cell blood vessel development of the wound tissue and it is, 

therefore, essential for growth and repair.
64 

Overcoming the inflammatory response is important to initiate and control the repair 

mechanism. In the normal course, anti-inflammatory cytokines such as IL4, IL-10, IL-11, IL-

13, Interferon-alpha (IFN-α), and transforming growth factor-beta (TGF-β) play crucial roles 

in the wound recovery process.
65

 TLR-9 response at an early phase causes rapid production 

of pro-inflammatory signals such as TNF-α via rapid activation of p38/ mitogen-activated 

protein kinase (MAPK) and the c-Jun N-terminal kinase (JNK) pathway.
66

 In normal 

conditions, the prolonged activation of MAPK results in activation of MAPK phosphatase 

which works as a feedback inhibitor of p38/MAPK and JNK pathways, resulting in the 

downregulation of TNF-α production. Dephosphorylated p38/MAPK results in the 

production of anti-inflammatory cytokines IL-10, homodimeric (35 kDa) cytokine, produced 

by monocytes, macrophages and induce TGF-β signaling which promotes cell division.
67

 

Like IL-10, IL-4 and IL-13 also stimulate the synthesis of fibrinogen and the extracellular 

matrix, especially collagens. IL-4, a 20 kDa cytokine, is secreted from inflamed T cells, mast 

cells, and macrophages and activates Janus kinase/ signal transducer and activator of 

transcription-6 (Jak/STAT6) pathway promoting wound repair.
68

 IL-4 helps in the synthesis 

of the extracellular matrix, especially collagen which provides the physical support for 

wound recovery.
69

 Another cytokine, L-1RA, is secreted by cells including immune cells, 

epithelial cells, and adipocytes, and shows inhibition of the IL-1β pro-inflammatory effect by 
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binding itself to the interleukin-1 receptor (IL-1R). On the other hand, deregulation of IL-1β 

and TNF-α prolongs the inflammatory phase and delays healing.
70

 IL-11, a 23 kDa protein 

released by bone marrow cells shows its anti-inflammatory activity. IL-11 inhibits IL-1 and 

TNF-α synthesis through NFkβ
P50/P65

 inhibition by up-regulating inhibitory NFkβ
P50/P50

 

synthesis in monocytes/macrophages cells.
71

 The dynamics between pro-inflammatory and 

anti-inflammatory cytokines are critically maintained in normal physiological conditions for 

the effective wound recovery process, but in diabetic conditions, the normal dynamics of the 

cytokines get impaired. 

The first line of diabetes treatment for insulin-dependent, type-I diabetes is the 

administration of insulin systematically. Although very few studies have been performed 

involving insulin as a wound-healing agent, S.E. Greenway and his co-workers in 1999 from 

Harbor-UCLA Medical Center, Torrance, California showed almost 25% faster recovery of 

the wound in the case of diabetic patients. They found that the wound of the five diabetic 

subjects healed in 6.6 ± 1.7 days with insulin treatment and 8.8 ± 1.6 days with saline, a 

difference of 2.2 ± 0.6 days. They also found that insulin has wound healing activity even in 

non-diabetic patients. They found that the wounds of the six nondiabetic subjects healed in 

4.8 ± 0.4 days with insulin treatment and 7.3 ± 0.7 days with saline, a difference of 2.5 ± 0.5 

days, which is almost 35% faster than the placebo.
72

 But in spite of the promising result, not 

much follow-up has been done in this respect. In another study in 2012, it was shown that the 

application of insulin topically inhibits the infiltration of neutrophils in wound tissue in 

diabetic mice.
73

 A few other discrete works in 2017 showed that topical insulin is beneficial 

in burn wound healing in diabetic rats.
74

 W. Li and his co-workers in 2019 prepared 

synthesized keratin conjugated hydrogel of insulin to check its wound-healing effect. These 

showed promotion in hemostasis, regulates hydroxyproline (HYP) and transforming growth 

factor β1 (TGF-β1) expression level.
75

  

1.3. Insulin based nanoformulations as a wound-healing agent 

Numerous approaches for developing nanoformulations of insulin have been carried out. In 

2017, X. Li and co-workers synthesized the microparticles of silk fibroin encapsulating 

insulin and showed deposition of collagen, vascularisation, and significant promotion in 

wound healing.
76 

A. Ehterami and other co-workers in 2018 prepared insulin loaded chitosan 

particles by ion gelation method and then coated them on poly (Ɛ-caprolactone) (PCL) which 

showed complete non-diabetic wound healing in 14 days.
77

 In 2018, D.H. Abdelkader and co-

workers synthesized insulin-loaded polyvinyl alcohol borate nanoparticles (insulin-PLGA 
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NP) showed a significant enhancement in wound healing that takes place after treatment.
78

 

M.C. Ribeiro and co-workers in 2020 used chitosan to form insulin loaded nanoparticles and 

the observed reduction in inflammation, enhancement in cell proliferation, and wound 

maturation after treatment in comparison to free insulin.
79 

  

1.4. Conclusions 

Insulin is well known for its antidiabetic activity by regulating blood glucose levels. In 

addition to that insulin is also a potent inflammatory regulator it inhibits pro-inflammatory 

signaling and promotes anti-inflammatory signaling which allows it to promote cellular 

growth. Although in the normal physiologic conditions we do not observe the highly 

efficient would healing effect of insulin due to inadequate availability of the protein in 

soluble form. Nanoformulaion may become an effective solution for increasing the insulin 

concentration at the wound site allowing its enhanced efficacy for healing activity.  
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CHAPTER-2 

MECHANISM OF WOUND HEALING BY INSULIN 

2.1. Abstract 

In diabetic people with chronically increased free body glucose in their body fluids generally 

suffer with various problems including retinopathy, neuropathy, arthritis, damaged blood 

vessels, etc; it also causes a delay in wound healing. Insufficiency of insulin is the main 

reason for diabetes-I and systemic insulin treatment is a remedy. The perspective of the 

potential use of insulin to treat chronic wounds in diabetic conditions is focused on in this 

work (Figure 4).  

 

 
 

Figure 4: At the site of the wound the different physiological events take place i.e. 

inflammation, proliferation, migration, tissue regeneration, and remodeling results in 

contraction and healing of the wound. Insulin plays a role in anti-inflammation and cell 

survival through metabolic and synthesis pathways. In the case of diabetes, the inflammatory 

phase is prolonged and doesn’t allow the wound to heal.  Insulin through the glucose and fats 

metabolism leads to the activation of TNF-ɑ and NFkβ respectively which in turn inactivates 

the inflammatory signaling and helps in cell survival and protein synthesis. 

At the site of the wound, TNF-ɑ, IFN-ϒ, IL-1β, and IL-6 pro-inflammatory cytokines 

cause the generation of free radicals, leading to inflammation which becomes persistent in 
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diabetes. Insulin induces expression of IL-4/ IL-13, IL-10 anti-inflammatory cytokines, etc 

which further down-regulates NFkβ
P50/P65

 assembly. Insulin shifts the equilibrium towards 

NFkβ
P50/P50

 which leads to down-regulation of inflammatory cytokines such as IL-6, IL-10, 

etc through STAT6, STAT3, and c-Maf activation causing nullification of an inflammatory 

condition. Insulin also promotes protein and lipid biosynthesis which indeed promotes wound 

recovery. Here, in this article, the contributions of insulin in controlling wound tissue 

microenvironments and remodulation of tissue have been summarised, which may be helpful 

to develop novel insulin-based formulation(s) for effective treatment of wounds in diabetic 

conditions. 

2.2. Mechanism of wound healing by insulin 

Insulin is a peptide hormone, which can also act as an anti-inflammatory agent by activating 

cytokines which can reduce inflammation and help to recover the wound. Also, through 

metabolism and synthesis activities, it plays an important role in cell differentiation and 

survival. Insulin promotes up-regulation of NFkβ
P50/P50 

by suppression of p65 expression and 

TNF-α. Suppression of NFkβ
P50/P65 

decreases the expression of IL-6, IL-1β, IL-12, and TNF-

α cytokines in the wound site.
80-83

 Inhibition of proinflammatory cytokines drives the 

equilibrium toward the expression of anti-inflammatory cytokines, such as IL-10, IL-4, 

VEGF, etc, which inhibits cellular apoptosis and induces cell proliferation like IGF.
84-86

 In 

the following section the regulation of the dynamics of cytokines under the influence of 

insulin is discussed under the following sections: a) Insulin inactivated NFkβ
p50/p65 

to 

decrease inflammation by inducing glucose uptake, b) Insulin induces fatty acid biosynthesis 

and thereby inactivates the TNF-α mediated inflammatory pathway, c) Insulin induces cell 

growth and differentiation by protein synthesis and inhibits proteolysis through FOXO 

inactivation to promote cell survival, d) Insulin behaves as an IGF growth factor and can 

activate the same signaling pathway to reduce inflammation, and e) Insulin modulates 

inflammation through the reduction of proinflammatory cytokines and inducing anti-

inflammatory cytokines. 

2.2.1. Insulin inactivated NFkβ
p50/p65 

to decrease inflammation by inducing glucose 

uptake 

The presence of excess glucose at the site of a wound allows microbial growth, leading to the 

activation of inflammatory pathways. Insulin is mainly recognized for its anti-glycemic 

activity. With the help of insulin, glucose molecules get internalized by the cells via glucose 
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transporters and get stored as glycogen. In muscle tissue, stored glycogen works as an energy 

source and gets utilized aerobically.
87

 Wounds which result from microcirculatory damage 

mainly in peripheral nerves, the retina, and the renal cortex and, due to increases in oxygen 

consumption by inflammatory cells, leads to the promotion of glycolytic aerobic to anaerobic 

switch.
88

 The direct consequence of this is the release of lactic acid as an end product of 

glycolysis. Additional sources of anaerobic glycolysis are the proliferating cells in wound 

tissues, performing anaerobic respiration in muscles.
88,89

 Lactic acid present in the blood gets 

reused to synthesize glucose in the liver. Lactate dissociates into nicotinamide adenine 

dinucleotide (NADH) and pyruvate; the NADH formed during this acts as the substrate for 

nicotinamide adenine dinucleotide phosphate (NADPH) oxidase, results in the production of 

lactate-induced reactive oxygen species (ROS).
90

 Due to the synthesis of more NADPH, the 

ratio of NADPH to NAD
+
 decreases, leading to the activation of VEGF, and facilitation of 

angiogenesis and pyruvate both together are responsible for the synthesis of collagen and 

angiogenesis by inactivation of prolyl hydroxylase (PHD) hypoxia-inducible factor (HIF).
91,92 

HIF may cause tissue damage and inflammation at the wound site.
93

 Peripheral blood 

vessel damaged responsive hypoxia causes oxidative stress through activation of NADP 

oxidase (NOX) at the wound site which is a key regulating factor in the wound healing 

process and leads to the overexpression of intercellular ROS.
94,95

 High levels of ROS, in turn, 

induces the oxidation of protein and lipid peroxidation leads to cellular apoptosis.
94-97

 Further 

production of ROS induces accumulation of NFkβ
P50/P65

, which inhibits the expression of 

HIF1-α and mTOR. Other than inhibition of HIF1 and mTOR, NFkβ
P50/P65

 induces 

expression of resistin which is responsible for intercellular insulin resistance.
98,99

 Resistin 

activates a vicious cycle by inducing overexpression of p65.
100

 Activation of p65 drives the 

equilibrium of NFκβ from NFkβ
P50/P50

 to NFkβ
P50/P65

 which results in the development of 

insulin resistance.
98-100

 Insulin on the other hand induces HIF1 and mTOR through activation 

of the AKT pathway and inhibits TNF-α.
101

 Activation of HIF1 drives back the NFκβ 

equilibrium from NFkβ
P50/P65

 to NFkβ
P50/P50

. The normalization of blood glucose level with 

the proper functioning of insulin also effectively reduces the NFkβ
P50/P65 

expression level.
102

 

Activation of NFkβ
P50/P50 

inhibits expression of proinflammatory cytokines like IL-6, 

IL1β
103,104

, and induces overexpression of anti-inflammatory cytokines which results in a 

decline in inflammatory conditions and promotes tissue repair.
103-106

 

NADPH and pyruvate inactivate HIF PHDs, through oxidation of Fe (II) and ascorbic 

acid. HIF PHDs are dioxygenase, dependent on Fe (II) and 2-oxoglutarate, requiring ascorbic 

acid. Elsewhere in the presence of lactate, Fe (II) and ascorbic acid are oxidized. As a result 
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of this, lactate acts as an inhibitor of tissue damage and promotes the release of basal 

fibroblast growth factor (bFGF), IL-8, and activation of NFkβ
P50/P50

.
107

 The upregulation of 

NF-kβ
P50/P50 

by lactate through suppression of the generation of NFkβ
P50/P65 

ultimately 

decreases the release of IL-6, IL-1β, IL-12, and TNF-α. This signaling ultimately leads to an 

increase in cell viability.
80

 In addition, ROS-dependent inhibition of IkBɑ and expression of 

VEGF receptors are responsible for collagen synthesis and angiogenesis.
108

 IkBɑ is 

responsible for the translocation of NFkβ to the nucleus and expression of the p65 gene 

which in turn induces inflammation.
109,110

 In addition to this, suppression of expression of 

NFkβ
P50/P65 

takes place by the phosphorylation of ERK through insulin signaling.
111

 In 

contrast to the popular belief on the role of lactate in wound healing, Cheol and his co-

workers suggested that lactate, mainly produced in skeletal muscles, either inhibits glucose 

metabolism by impairing insulin signaling or decreases uptake of glucose by decreasing 

transmembrane glucose gradient.
112

 The insulin signaling for glucose metabolism takes place 

through 6-phosphofructo-1-kinase (PFK-1), which is produced by fructose-2, 6-biphosphate, 

and pyruvate dehydrogenase (PDH) used to convert pyruvate to oxaloacetate. Lactate inhibits 

this insulin signaling by increasing citrate level and decreasing fructose-2, 6-biphosphate 

which inhibit and promote PFK-1 respectively. Inhibition of PDH by increasing NADH to 

NAD ratio ultimately inhibits the transformation of pyruvate to oxaloacetate.
112,113

 This 

shows that lactate acts as an inhibitor of glycolysis increasing glucose concentration in 

blood.
114

 A high concentration of glucose in the blood, in turn, leads to prolonged 

inflammation at the site of the wound. 

2.2.2. Insulin induces fatty acid biosynthesis and thereby inactivates the TNF-α 

mediated inflammatory pathway 

Insulin also has several other functions. It stimulates lipogenesis and protein synthesis, as 

well as cell growth and differentiation.
115

 Lipogenesis is a process of synthesizing fatty acid 

from acetyl-CoA that eventually gets converted to triglycerides.
116

 Insulin stimulates 

lipogenesis by activating two types of enzymes, PDH (pyruvate dehydrogenase) which allows 

the conversion of pyruvate to acetyl CoA, and acetyl CoA carboxylase which converts acetyl 

CoA to malonyl CoA. Malonyl CoA provides the 2-carbon building blocks that are used to 

synthesize the larger fatty acids in the cytoplasm.
117

 The transportation of acetyl CoA from 

the mitochondria to the cytoplasm takes place using the enzyme tricarboxylate translocase, 

after its conversion to citrate by the reaction with oxaloacetate. Glucose plays an important 

role in the stimulation of the release of both insulin and citrate.
118,119 
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Fatty acids, mainly polyunsaturated ones, play a role in the production of the cell 

membrane. The composition of the membrane of the cell affects the absorption of the 

enzymes responsible for the functioning of the cell’s phosphatidylinositol 4-kinase (PI4K), a 

membrane-associated phosphatidylinositol kinase, which plays a central role in cell 

signaling.
120-122

 The products of fat metabolism activate PI4K which regulates the functioning 

of Protein Kinase C (PKC) which controls the signaling of TNF-ɑ the proinflammatory 

cytokines.
123

 PKC induces inflammation by increasing the expression of p38MAPK and 

NFkβ. In the presence of PI4K, the activity of PKC inhibited ultimately reduces the release of 

proinflammatory cytokine TNF-ɑ.
124

 The free fatty acid components thus play the role in 

wound healing. 

2.2.3. Insulin induces cell growth and differentiation by protein synthesis and inhibits 

proteolysis through FOXO inactivation to promote cell survival  

The role of insulin in protein synthesis is not very clear. Insulin can stimulate protein 

synthesis in many types of cells and tissues in various animals including humans. In muscle 

tissue, insulin induces changes in blood flow and induces increased delivery and uptake of 

amino acids by muscle tissues which help in muscle anabolism.
125,126

 Though, many times it 

has been found that patient with diabetes-I undergoing systemic insulin uptake loses muscle 

volume which happens mainly as systemic insulin infusion results in a decrease in the 

concentration of free amino acids in the blood, which are essential for muscle anabolism.
127

 

This phenomenon can be overcome by applying exogenous amino acids systematically.
128

 

Insulin stimulates essential protein synthesis in tissues by increasing the RNA contents and 

translocation of mRNA mainly through the phosphoinositide-3-kinase (PI3K) pathway of the 

insulin signaling pathway.
129

 In the PI3K pathway, Akt inhibits tuberous sclerosis protein ½ 

(TSC1/2) that acts as an inhibitor of the mechanistic target of rapamycin (mTOR) which 

ultimately activates eukaryotic initiation factor (eIF4B) through the phosphorylation of 4E 

Binding protein (4EBP1). eIF4B binds with the eukaryotic secondary structured mRNA 

5’end. During protein synthesis, eIF4B binds to eIF4G and eIF4A, which are further linked 

with the 40S ribosome and have RNA helicase activity respectively. If insulin is insufficient 

as in diabetic condition, phosphorylation of 4EBP1 is limited or absent resulting in impaired 

protein synthesis. Also, the activation of mTOR inhibits proteolysis through MAPox 

activation.
130-132

 Hyperinsulinemia in the muscle also inhibits degradation of protein which 

results in expansion of the muscle tissue.
133,134

 Insulin decreases the concentration of free 

amino acids in the blood due to inhibition of overall protein degradation in the body.
135

 These 
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roles of insulin in the regulation of amino acid metabolism suggest that insulin can play a 

very important role in wound recovery in case of diabetic condition where patients are 

undergoing systemic insulin treatment.  

2.2.4. Insulin behaves as an IGF growth factor and can activate the same signaling 

pathway to reduce inflammation  

Insulin-like growth factors (IGFs) are proteins comprised of IGF ligand (IGF-I and IGF-II) 

that regulate growth and development during embryogenesis, differentiation in adult tissues 

and has an anti-inflammatory effect. Insulin shows an anti-inflammatory effect via 

stimulating the release of IL-4/13 and IL-10 (more significantly 100-150%) chemokines and 

decreasing the release of IFN-ϒ proinflammatory cytokine.
84,135

 IGFs bind to the IGF-1 

receptor, insulin receptor (IR), insulin-related receptor, IGF-2 receptor, and other receptors. 

Most functions of both IGF-I and IGF-II are mediated through IGF-Insulin receptor (IGF-

IR).
136

 IGF-I is an important growth factor produced by fibroblast cells, keratinocytes, 

macrophages, and platelets. It promotes the migration of endothelial cells into the wound. It 

also induces the proliferation or mitosis of fibroblast cells for the formation of extracellular 

matrix and angiogenesis by activating the protein kinase B signaling pathway. In addition, 

IGF also induces protein synthesis and blocks muscle atrophy to catalyze skeletal 

hypertrophy.
137 

Upon receptor binding, IGF-I activates insulin receptor substrate 1 (IRS1) which 

phosphorylates protein kinase B (Akt) via phosphatidylinositol-4, 5-bisphosphate 3-kinase 

(PI3K). Phosphorylated Akt then activates mTOR, PI3K related kinase which controls 

cellular proliferation.
138,139

 Again IGF-I promotes cellular growth by activating extracellular 

signal-regulated kinase/mitogen-activated protein kinase/ERK/MAPK pathway via 

phosphorylation of RAS/RAF kinase.
140

 Also, receptor binding of IGF-I leads to the secretion 

of anti-inflammatory cytokine interleukin-10 (IL-10) which can again activate Akt through 

AMPK signaling.
81

 Similarly, like IL-10, IL-4 also can bind to Akt and helps in the 

infiltration of M2 macrophages at the wound site.
82,83

  

2.2.5. Insulin modulates inflammation through the reduction of proinflammatory 

cytokines and inducing anti-inflammatory cytokines  

Decreased insulin action, either due to insulin resistance or insufficient release of insulin, 

leads to diabetes. Insulin decreases either due to loss of functions of β-cells, malfunctioning 

of insulin receptors, or disease in the kidney.
141

 Systemic insulin treatment is taken regularly 
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by 6 million Americans to control hyperglycemic conditions. Hyperglycemia can lead to 

damage of tissue through oxidative stress by increasing the flux of glucose and other sugars 

through the polyol pathway, it increases the expression of advanced glycation end products 

and its activating ligand-receptor, the over activation of hexosamine pathway, and activation 

of protein kinase. These mechanisms mainly take place through mitochondrial ROS 

overproduction.
142

 In the polyol pathway, more redox stress appears as NADPH consumption 

in glucose transport remains insufficient to form ROS scavengers i.e. reduced GSH. 

Formation of the precursors of advanced glycinate product modifies the plasma proteins that 

bind to the advanced glycination product receptors present on vascular endothelial cells, 

macrophages, and smooth cells. This activates transcription factor NFkβ, which activates 

HIF-ɑ to lead to the production of hypoxia stimulated chemokines through the production of 

ROS.
143

 Hyperactivity of protein kinase, in the presence of high glucose, stimulates the eNOS 

expression in cells of smooth muscles and leads to tissue destruction. Increased ROS 

production shows the activation of a number of pro-inflammatory pathways and generates 

epigenetic changes that lead to the persistent expression of proinflammatory genes during 

wounds. Excessive production of matrix metalloproteinase (MMP-2, 4) impairs wound 

healing leading to the breakdown of extracellular matrix proteins like fibronectin and 

vitronectin.
144-146 

In a normal wound, the healing process relies on the activation of a cascade of 

physiological events such as inflammation, proliferation, epithelisation, vascularisation, 

maturation, and remodeling at the scar site.
145-147

 Macrophages play an important role 

throughout the whole process. In the early wound healing phase, macrophages function 

through the release of cytokines and activating leucocytes to produce inflammatory 

response.
148

 Macrophage infiltration takes place into the wound site due to chemotaxis 

induced by factors such as PDGF, LPS (Lipopolysaccharide), PAMP (Pathogen-associated 

molecular patterns), Toll-like receptor (TLR) ligand and IFN-gamma (IFN-ϒ).
149,150

 M1 are 

responsible for the secretion of high levels of IFN-β/TNF-α and STAT1. Insulin via PI3/Akt 

pathway activates STAT3 which inhibits STAT1 synthesis and induces class switching of M1 

to M2 macrophages repair macrophages that function in the constructive process like in tissue 

repair and wound healing. M2 macrophages also produce polyamines and ornithine through 

the arginase pathway and anti-inflammatory IL-4, IL-10, and IL-13 cytokines.
151,152

 Insulin 

together with M2 macrophages induced anti-inflammatory activates IP3K/Akt pathway to 

induce protein and fatty acid biosynthesis, cell division, cell migration, and angiogenesis to 

promote wound recovery.
86,87,150,151

 In diabetes with insulin resistance there are consistently 



16 

 

elevated levels of TNFα and IL-6, the proinflammatory cytokines have been shown. In 

normal glycemic conditions, the adipocytes produce cytokines, like IL-13, that promotes the 

activation of alternative or M2 macrophages. M2 or activated macrophages are responsible 

for the secretion of anti-inflammatory cytokines like IL-10 and may secrete insulin-

sensitizing factors, PPAR-ϒ (Peroxisome Proliferator-Activated Receptor Gamma), which 

generates a vicious circle for insulin activity.
152,153

 PPAR-ϒ can also activate the anti-

inflammatory cytokine IL-10.
154 

In the diabetic condition, there is the prolonged-expression 

of the pro-inflammatory macrophage phenotype sustained by IL-1β and TNF-α, and wound 

healing gets impaired. Overexpression of IL-1β, TNF-α, or IL-17 cytokines decreases the 

expression of inflammatory cytokines, upregulates wound healing related genes, and 

accelerates the healing of wounds.
154-158

 Furthermore, adipose tissue and the blood have 

elevated TNFα cytokines, and TNF-α neutralization improves the sensitivity of insulin in the 

animals. Diabetes induces changes in gene expression and metabolism in adipocytes and 

results in increased lipolysis and production of free fatty acids (FFAs) and pro-inflammatory 

factors that recruit and induce activation of macrophages, such as monocytes chemotactic 

protein-1 (MCP-1) and tumor necrosis factor α (TNF-α). Activation of M1 macrophages 

produces a huge concentration of inflammatory cytokines, like IL-1β, resistin, and TNF-α 

that acts on adipocyte cells to make them insulin resistant. This signaling forms a kind of 

feedback loop that increases inflammation and resistance to insulin.
159 

TNF-α, an 

inflammatory cytokine, plays an important role in the normal healing process, but its 

activation for a long period leads to an increase in protease activity. In non-healing wounds of 

humans, MMPs were detected at very high concentrations. In chronic or inflamed wounds, 

there is an imbalance in pro-inflammatory cytokines and their inhibitors, proteases, and their 

anti-proteases expression.
160-163 

The transition of macrophages gets delayed in the 

hyperglycemic condition due to oxidative stress of IL-6, IL-1β, MMPs and ROS, etc 

cytokines (Figure 5).  

This delay in transition is responsible for the prolonged inflammatory phase in the case 

of diabetic wounds and leads to a delay in the wound healing process.
164

 The role of insulin in 

the transition from inflammatory (TNF-α, STAT1, and NFkβ
P50/P65

, etc) to anti-inflammatory 

(IL-10, like PKC, HIF-α, STAT3, and NFkβ
P50/P50

, etc) state is shown in Figure 6. The 

molecular pathway for the transition of M1 macrophages to M2 macrophages in the presence 

of insulin is depicted in Figure 7.
165,166

 The transition of M1 macrophages to M2 

macrophages is necessary for the healing of the wound.
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Figure 5: M1 macrophages, like IL-10, IL-1β, IL-12, TNF-α, STAT1, and NFkβ
P50/P65

, are 

responsible for inflammation at the wound site. M2 macrophages, like PKC, HIF-α, STAT3, 

NFkβ
P50/P50

, etc, help in wound recovery by reducing the inflammation.  

 

Figure 6: Effect of insulin of M1 to M2 macrophages transition. In the presence of insulin the 

expression of M2 macrophages Akt, PI3K, AMPK, PKC, HIF-α, STAT3, NFkβ
P50/P50

, and 

ERK increases lead to anti-inflammatory response and help in wound recovery. 
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Figure 7: Molecular pathway for the transition of macrophages i.e. from the M1 to M2 

phase. IFN-ϒ and TNF-ɑ generation in wounds activates NFkβ, IRF-3, STAT1 which helps in 

secretion of IL-10, IL-1β, IL-12, TNF-α, STAT1, and NFkβ
P50/P65

, responsible for 

inflammation. The transition of M1 to M2 macrophages is necessary for wound healing. IL-4, 

IL-13, IL-10, IGF, VEGF, and insulin can activate PKC, HIF-α, STAT3, NFkβ
P50/P50

,
 
etc 

cytokines to produce an anti-inflammatory effect. 

2.2.6. A similar role of C-peptide  

C-peptide is a short 31 amino acid peptide, has glycine-rich regions, and acts as a linker 

between the A and B peptides of proinsulin. C-peptide shows angiogenesis through the 

ERK1/2 and Akt phosphorylation pathways. This signaling pathway of angiogenesis is 

similar to the VEGF pathway and ultimately results in the production of NO through eNOS 

activation. It plays an important role in mitogenesis like insulin, through the same signaling 

pathway as insulin.
167

 C-peptide can bind to the insulin receptor, resulting in the 

phosphorylation of the intracellular substrate in the Ras/MAPK and the PI3K/Akt signaling 
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pathways leading to cell division or mitogenesis. In addition to these two functions, C-

peptide also shows an anti-inflammatory effect. It shows this activity through the inhibition 

of the expression of IL-6, IL-8, MIP-1ɑ, and MIP-1β proinflammatory cytokines.
168

 C-

peptide, like insulin, also prevents complications related to diabetes, like neuropathy, 

nephropathy, and vascular inflammation, in case of diabetes especially type 1 diabetes 

mellitus.
169

 The blood level of C-peptide also increases during type 2 diabetes, which is due 

to insulin resistance.
170 

During this, endothelial dysfunction gets initiated followed by 

deposition of C-peptide in the intima of the vessel wall, and leads to increased inflammation 

in vessels of the aortic arch and atherosclerotic lesions. C-peptide shows this inflammation 

effect due to its chemotactic behavior towards inflammatory macrophages. Macrophages/T-

lymphocytes/monocytes migrate through the vessel wall and release proinflammatory 

cytokines, IL-6, TNF-ɑ, etc, chemokines and nitric oxide, and activate the intracellular 

signaling pathway.
171 

2.3. Conclusions  
 

Insulin is a peptide hormone that plays multiple functions in our body such as the control of 

inflammation, increase in cell differentiation, lipid and protein biosynthesis, etc, in addition 

to controlling glucose levels in the blood through glucose metabolism. During glucose 

metabolism, IL-8 and NFkβ
P50/P50

 get activated causing inactivation of the pro-inflammatory 

cytokines TNF-α, IFN- ϒ, IL-1β, IL-6 NFkβ
P50/P65

, NOX, and resistin. Fat metabolism by 

insulin also inactivates proinflammatory cytokines by inactivating the TNF-α mediated 

inflammatory pathway. Protein synthesis also gets induced by insulin through the PI3K, Akt 

pathway which helps in cell survival through the formation of 4EBPI, ribosomal protein S6 

(rpS6). This shows that along with anti glycemic activity insulin also exhibits anti-

inflammatory action, although the mechanistic aspects of the anti-inflammatory role of 

insulin remain to be well understood and elucidated. Other than metabolism and biosynthesis 

pathways,  insulin has structural similarities with IGF-I, it can bind to the IGF receptor and 

show anti-inflammatory activity through PI3K, Akt, etc signaling pathways. Due to structural 

similarity insulin can bind the IGF receptors and activate the same pathway as GF/IGF-I, 

necessitating further studies on insulin, IGFs and their role in anti-inflammatory responses 

(Figure 8) About 5% of the world population is diabetic and are at risk of slow 

recovery/nonrecoverable wound formation. Insulin can promote wound recovery by 

modulating inflammatory dynamics, therefore novel formulations based on insulin or insulin-

like inflammatory modulators (such as IGF) would have a huge potential for the various types 
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of clinical application including diabetic care, and should be explored for beneficiary 

purposes.  

 

 Figure 8: Insulin plays a role in anti-inflammation and cell survival through metabolic and 

synthesis pathways. Metabolism of glucose and fats leads to the activation of TNF-ɑ and 

NFk-β respectively which inactivates the inflammatory signaling. This signaling helps in cell 

survival and protein synthesis. In addition, insulin can activate the Akt pathway and increase 

the expression of eNOS, MMPs, mTOR leading to angiogenesis in addition to the anti-

inflammatory response. Insulin can also reduce the expression of NFkβ
P50/P65 

through the 

MEK and ERK pathways such as the glucose uptake pathway.   
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CHAPTER 3 

INSULIN CAPPED SILVER NANOPARTICLES 

3.1. Abstract 

The capability of the insulin as a wound healer in normal as well as diabetic condition is 

merely reported in the literature. In this chapter, we report specific interaction of silver 

nanoparticles (AgNPs) with insulin by making a ~ 2 nm thick coat around the AgNPs and its 

potent wound healing efficacy (Figure 9). Characterization of the interaction of human 

insulin with silver nanoparticles showed confirmed alteration of amide-I in insulin whereas 

amide-II and III remained unaltered. Further, Nanoparticles protein interaction kinetics 

showed spontaneous interaction at physiological temperature with ΔG, ΔS, Ea, and Ka values 

-7.48, 0.076, 3.84 Kcal mole
-1

, and 6 x 10
5
 s

-1
 respectively. Insulin loaded AgNPs (IAgNPs) 

showed significant improvement in healing activity in vitro (HEKa cells) and in vivo (Wister 

Rats) in comparison with the control in both normal and diabetic conditions. The underlying 

mechanism was attributed to a regulation of the balance between pro (IL-6, TNF-α) and anti-

inflammatory cytokines (IL-10) at the wound site to promote faster wound remodeling.  

 

Figure 9: Schematic representation of insulin silver nanoparticle synthesis (IAgNPs). 

3.2. Introduction 

During wound healing inflammation, proliferation and remodeling take place in an 

orchestrated fashion.
172

 Diabetes mellitus, a metabolic disorder, is characterized by loss of 

insulin functionality that leads to delay in wound healing, a complicated process impeded by 

various systemic and non-systemic factors.
173,174

 Numerous activated dressings have been 

used to treat the wounds.
18-31

 Healing of diabetic wound attained the great attention of 

investigators but promising therapeutic intervention is still awaited. Insulin is one of the most 

common and effective therapeutic choices for the treatment of Type-I diabetes. But no report 

of insulin or other anti-diabetic drugs that either stimulate insulin sensitivity or increase 

pancreatic insulin release has been reported for their wound healing potential in diabetic 

conditions.
175-177

 A recent report revealed that nanoparticles based insulin delivery enhanced 

selectivity and sensitivity in comparison to free insulin.
75-78

 Present work has emphasized and 
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investigated the structural changes in human insulin interaction with loosely protected silver 

nanoparticles (AgNPs). Furthermore, the efficacy of this novel nano-formulation was 

investigated in vitro and in vivo for normal and diabetic wound healing activity. The 

mechanisms of this formulation with respect to inflammatory regulation and wound 

remodeling were further investigated in laboratory animals. 

3.3. Material and methods 

3.3.1. Materials 

Bovine Serum Albumin (BSA), and molecular biology grade chemicals such as 

Formaldehyde, Glucose, DMEM-F12 (AL149A (low glucose) and AL219A (high glucose)), 

100 X Penicillin-streptomycin mixtures, silver nitrate, Sodium hydroxide, Lead acetate, New 

born calf serum (RM10437), Phosphate buffered saline pH 7.4 (PBS, TL1099), Ketamine/ 

Xylazine were purchased from Himedia, India. Rat chows were procured from Ashirwad 

Industries, Mohali, India. Human recombinant insulin (Huminsulin) was purchased from Eli 

Lilly and Company Pvt. Ltd., India. Ocimum tenuiflorum (Tulsi) leaves were cultivated and 

harvested from the research field of Thapar University. Human epithelial keratinocyte (HEKa 

cells, PCS-200-011; ATCC), normal cells were used for in vitro studies. 

3.3.2. Preparation of silver nanoparticles and insulin protected AgNPs 

Aqueous Tulsi (Ocimum tenuiflorum) leaf extract (ATE) was prepared by boiling 3 g tulsi 

leaves in 100 ml water for 2h. After cooling and filtration pH of the solution was adjusted to 

7.4 and preserved at 4°C for further experiments. Synthesis of AgNPs was carried out by 

using ATE as a capping and reducing agent. 240 μM AgNO3 was added in 5000 μl of ATE 

and was kept under sunlight for 10 min. The color of the solution changed from faint light 

yellow to brown under the sunlight. After this, AgNPs were incubated with insulin at 

physiological temperature (37°C) in an incubator for an hour to form insulin protected 

AgNPs (IAgNPs). 

3.3.3. Instrumentation 

Surface plasmon of nanoparticles with or without protein was monitored using a UV-Visible 

spectrophotometer, (JASCO V-630, USA) equipped with Peltier, operated between 600 to 

280 nm wavelength ranges at room temperature. Hydrodynamic diameter and stability of bio 

reduced AgNPs, IAgNPs, and AgNPs + BSA and also IAgNPs + BSA was monitored using 

Nano book 90 plus, Brookhaven, USA and Malvern v2.3 Zeta potential analyzer, USA. 

Thermodynamic binding parameters using protein internal fluorescence was studied using 
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Perkin Elmer PTP-1 LS55 Spectro-fluorometer, and Photon Technology International 

Fluorescence Spectrophotometer (PTI-FS), equipped with Peltier, USA. To determine the 

binding affinity of insulin and AgNPs; various particle concentrations of AgNPs (6.2 to 31 

pM) were incubated with insulin (5 μM) at different temperatures (37°C, 32°C, and 27°C) 

and change of Tyrosine intrinsic fluorescence. The inner filter effect was corrected by using 

equation (i). 

Fcorr = Fmax antilog [(Aex + Aem) /2]............. (i) 

Aex is the absorbance of excitation wavelength (280 nm) and Aem is the absorbance at 

emission wavelength (285 to 350 nm).
178 

At different temperatures, Van't Hoff plot, for the 

analysis of thermodynamic parameters of binding of insulin with AgNPs, ΔG, ΔH, TΔS, and 

ΔS. The slope of plot ln (Ka) versus 1/Temperature (at 27°C, 32°C, and 37°C) gives ΔH value 

using Van't Hoff equation (ii). 

ln (Ka) = + (ΔS/R) – (ΔH/R)............. (ii) 

From this plot, −ΔH/R is the slop and ΔS/R is the intercept of the linear fit, from the 

intercept the enthalpy of the reaction is easily obtained and from equations. (iii) and (iv), 

Gibbs free energy and entropy were calculated respectively. 

ΔG = − RT ln (Ka)............. (iii)   

ΔS = (ΔH–ΔG)/T............. (iv)                          

R is the ideal gas constant. Reaction order and activation energy were determined using 

the Arrhenius equation (v) by plotting ln Ka versus 1/temperature. 

ln K = −Ea/R(1/T) + ln A............. (v) 

Where Ea is the activation energy, K is the rate constant and A is the Arrhenius 

constant.
179

 

Structural changes in insulin protein were observed using Surface-Enhanced Raman 

Scattering (SERS) spectra (1900-200 cm
-1

) equipped with laser 785 nm, RamanSys-

785Research India. At 37°C thin film of samples ATE control, insulin, AgNPs and IAgNPs 

were prepared on a glass slide and air-dried. Raman analysis (1900-200 cm
-1

) was done to 

check the functional groups and structural motifs involved in interactions. Fourier Transform 

Infra-Red spectroscopy, 4000-500 cm
-1 

(Cary 680, Agilent, USA) studies were performed 

using the same samples. The sample pellets were prepared by mixing dried samples with 
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potassium bromide (KBr). Far Ultra Violet Circular dichroism (Far UV CD) measurements 

were carried out between the wavelength range from 260 to 200 nm using (model J-815, CD 

Spectrometer), Jasco, USA performed to identify changes in secondary structures of insulin 

due to interaction. All the morphological studies like the size of particle and size distribution 

of the biosynthesized AgNPs and IAgNPs were studied by placing the solution of samples on 

carbon-coated TEM grids (400 mesh) by using Transmission Electron Microscope (JEOL 

2100 TEM), USA. Sodium phosphor tungstate 1% aqueous solution of pH 6 was used for 

preparing the grids.  

3.3.4. Stoichiometry ratio of AgNPs: insulin binding 

The stoichiometry ratio was determined by the Bradford protein assay in comparison with 

BSA standard curve. A different concentration (150 μM to 15 mM) of insulin was incubated 

at the physiological condition with AgNPs 1.25 nM. After incubation, the samples were 

centrifuged at 12,000 × g for 10 min, thereafter samples both pellet (bound) and supernatant 

(unbound) were estimated with Bradford reagent using equation (vi) and (vii).  

Amount of total bound protein = OD of control (Y) - OD supernatant (Z) ............. (vi) 

Number of protein bound to a single AgNP = Average number of bound proteins per ml 

                                                                           The average number of AgNPs per ml           

......(vii) 

3.3.5. In vitro studies 

3.3.5.1. Effect of IAgNPs on wound recovery  

Microscopy of the biological sample carried by inverted microscope (Cosmo laboratory 

equipment, Ambala, India). The absorbance of immunological samples was measured by 

Erba Lisa Scan EM, Transasia Bio-Medicals Ltd. India. Human epidermal keratinocyte cells 

(HEKa) were cultured at 37°C and 5% CO2 in DMEM F12 with 10% serum in presence of 

various glucose concentrations (100, 180, and 360 mg/dl). After 90%-95% confluence, 

wounds were generated by the scratch method and supplemented with 0 pM, 3 pM, and 60 

pM of IAgNPs. Wound diameters were measured at 0h, 12h, and 24h. 

3.3.6. In vivo studies 

An in vivo experiment was performed by using Wistar rats and wound healing, anti-

inflammatory, and histological changes were observed after treatment with IAgNPs. 

3.3.6.1. Animal maintenance and induction of diabetes mellitus  
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10 week old male Wistar rats (200-220 g) were obtained from the animal house Department 

of Pharmacy, Amity University, Noida for the study. Animals were cared for and studied as 

per the standards of CPCSEA, New Delhi, Govt of India and approved protocol of 

institutional animal ethical committee (Approval Number: CPCSEA/IAEC/AIP/2016/04/13). 

During the protocol, animals were maintained on a normal day and night cycle in an 

institutional animal house (temp 20 ± 2°C, relative humidity 60% ± 10%). All animals were 

provided with food and water adlibitum. Diabetes mellitus was induced by a single 

intraperitoneal injection of Streptozotocin (STZ, 55 mg/kg/once/i.p) dissolved in freshly 

prepared citrate buffer (pH 4.5).
180 

3.3.6.2. Full-thickness dermal excisional wound formation  

First Animals were anesthetized by intraperitoneal administration of ketamine and xylazine 

(80 mg/kg, 10 mg/kg).
181

 Thereafter dorsal area of rats was shaved and rinsed with 10% 

povidone-iodine solution. Aseptically a round wound of 15 mm diameter was created in the 

interscapular region of the dorsal part of each animal. Epilated wound areas were then 

exposed with semi-occlusive nonwoven polyester dressing with a splint.  

3.3.6.3. Experimental design of animal experiment 

Animals were randomly divided into two groups namely nondiabetic (Group-1) and diabetic 

(Group-2). Each group was further divided into 4 sub-groups including control, AgNPs, 

ATE-Insulin, and IAgNPs treatment (A-D), with 6 rats in each. Thereafter animals were 

treated with topical application of different nano-formulations in combination with Carbapol-

980 based gel. Subgroup A received 50 μl saline with Carbapol-980 gel (0.5 mg) topically at 

the wound site. Subgroup B, C, and D received topical application of Carbapol-980 gel (0.5 

mg) along with AgNPs, ATE-Insulin, IAgNPs (50 μl) respectively. Biochemical and 

histological assays were performed on the 5
th

 and 11
th

 day respectively. The elaborate design 

of the experiment is presented in Figure 10. 

Estimation of the epithelization period (EP) Wound diameter of all animals was 

measured using Vernier caliper on alternate days until complete healing of wound for all sets 

of animals. EP was measured by calculating the rate of wound contraction. The percentage of 

wound contraction is expressed as below in equation (viii). 

%Wound contraction = (Initial wound area - wound area at specific day) X 100............. (viii) 

               Initial wound area 
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Figure 10: Male Wistar Rats were divided into two groups including non-diabetic and 

diabetic rats. These two groups were further divided into 4 sub-groups having control, 

AgNPs, ATE-insulin, and IAgNPs treatment. 

3.3.6.3.1. Preparation of carbopol 940 loaded nano gel  

Carbopol 940 (1.5 g) was soaked overnight with distilled water (25 g) in the refrigerator. 

Polyethylene glycol (PEG) 400 (2.5 g) was added and mixed. Methylparaben (MP) 0.15 g, 

propylparaben (PP) 0.03 g, and menthol (2 g) was dissolved in propylene glycol (PG) 2.01 

and added to the mixture. Finally, the drug was dispersed in remaining distilled water and 

added to the gel mixture. Volume was makeup to 50 g and few drops of triethanolamine were 

added to increase the pH and viscosity of the gel. 

3.3.6.3.2. DSC (Differential Scanning Calorimetry) 

The required amount of sample (ATE-insulin, IAgNPs, and IAgNPs + Carbopol 940) were 

taken and placed in a DSC aluminum pan. The prepared samples were evaluated by heating 

within the range of 40 to 400°C at the rate of 10°C with nitrogen at 2 bar pressure. 

3.3.6.3.3. Visual evaluation of nano gel 

The physical appearance of nano-formulation containing gel was checked.  

3.3.6.3.4. pH determination 
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The pH of all the nano-gel formulation was also checked. 

3.3.6.3.5. Viscosity study 

The viscosity of nano gel was determined by using a Brookfield viscometer. 1gm of nano gel 

was taken in a tube; 10ml of distilled water was added to it and stored overnight. The 

resulting gel mixture was mixed to an obtained homogenous mixture. The viscosity of 

nanogel was determined by Brookfield viscometer (model LV DV-II + Pro) using spindle 

number S64 at 0.5, 1, 2.5, 5, 10, 20, 30, 50, 60, and 100 rpm with increasing then decreasing 

rpm. Viscosity was measured at 27.7°C. Flow index and Consistency index is determined by 

using the equation (ix): 

  =     
............. (ix) 

Taking log on both sides 

     =      +       ............. (x) 

Where “ ” is shear stress; “r” is the shear rate; “K” is consistency index; “n” is flow index in 

equation (x). 

3.3.6.3.6. Spreadability test 

Nanogel (0.5 g) was placed within a circle of 1 cm diameter on a glass plate over which a 

second glass plate was placed. A weight of 500 g was allowed to rest on the upper glass plate.  

3.3.6.3.7. Histological assessment 

Three rats from each group were sacrificed on the 5
th

 and 11
th

 day and wound skin was used 

for histological studies. Sections were screened for hematoxylin and eosin staining; re-

epithelisation, polymorphonuclear leucocytes (PMNL), fibroblasts, and collagen formation in 

wound skin samples were assessed under a light microscope.
182

  

3.3.6.3.8. Estimation of inflammatory cytokines 

At the site balance of pro and anti-inflammatory cytokines determines the wound recovery 

rate. Pro-inflammatory (IL-6, and TNF-ɑ) and anti-inflammatory (IL-10) cytokines were 

estimated from rat serum samples on the 5
th

 and 11
th

 day by enzyme-linked immunosorbent 

assay (sandwiched ELISA kit, Ray Biotech, USA) following manufacturer's protocol. 

3.4. Statistical analysis 
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Data were presented as the mean ± SD of at least three independent experiments. By using 

one-way ANOVA analysis of data was carried out. Then the corresponding P-value was 

measured to check the statistical significance of the data. 

3.5. Structural changes in nanoscale due to insulin - AgNP interaction  

Sharp absorption single surface plasmon resonance peak at 352 nm (Figure 11A) was 

observed due to the reduction of silver nitrate using ATE under sunlight.  

 

 

Figure 11: Study of specificity of interaction of insulin and AgNPs using UV-Visible 

Absorption spectra of (A) AgNPs, IAgNPs, and control protein i.e. BSA, DLS spectra 

showing the hydrodynamic radius of (B) AgNPs, IAgNPs, AgNPs with BSA and AgNPs with 

BSA and Insulin. TEM of (C) AgNPs and IAgNPs show AgNP is of size around 22 ± 2 nm and 

with insulin protein the coating is approximately 1.96 ± 0.1 nm. Scale bar 50 nm. 

Upon incubation, with insulin 3 nm blue shift with almost double the intensity was 

observed and λmax was obtained at 349 nm (Figure 11A) due to the formation of mono-

dispersed IAgNPs. No significant changes in SPR were observed after incubation of AgNPs 

with BSA, as control (Figure 11A). Even no further changes in SPR have been observed in 
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the case of BSA incubated with preformed IAgNPs suggesting specificity of interaction of 

insulin and AgNPs (Figure 11A). The hypothesis of interaction specificity was further 

supported by DLS (Figure 11B). The hydrodynamic diameter approximately 22 ± 2 nm and 

42 ± 2 nm was observed for bio-reduced AgNPs and IAgNPs respectively (Figure 11B). 

Whereas there are no significant changes in hydrodynamic diameter was observed due to 

incubation of AgNPs or IAgNPs with BSA (Figure 11B). The zeta potential studies showed 

an increase in potential value from -12.4 mV to -15.1 mV due to the formation of IAgNPs 

from AgNPs. The shape, size, and diameter of the insulin capping on AgNP was further 

confirmed by TEM studies. TEM micrographs suggest that both AgNPs and IAgNPs are 

spherical. AgNPs have size ranges between 20 ± 4 nm, further it received a cap of 2 ± 0.5 nm 

when coated with insulin (IAgNPs) (Figure 11C). The Bradford assay shows that the average 

475 ± 15 insulin proteins bind with a single AgNP. 

3.6. Conformational changes at the protein level due to insulin-AgNPs interaction  

To determine the structural changes in protein level spectroscopic studies involving CD, 

FTIR and Raman were performed. In CD studies around 13% increase in ellipticity was 

observed in the between case 205 to 215 nm of insulin due to interaction with AgNPs (Figure 

12A) whereas no significant changes were observed in the case of control serum proteins 

(BSA) suggesting specificity of insulin-AgNPs interaction (Figure 12B).
180

 The 

conformational changes also observed using FTIR and Raman spectroscopy. 

 

Figure 12: UV-CD spectra of (A) Insulin with AgNPs & (B) BSA with AgNPs (20-minute 

incubation) show secondary structure changes.  

FTIR spectra of IAgNPs showed a shift in prominent transmission peak of insulin form 

2939 cm
-1 

to 2886 cm
-1

, responsible for amide-B stretching (Aliphatic C-H stretch) (Figure 
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13A).
183,184

 Amide-I due to C-O stretch shifts in insulin from higher wave number 1658 cm
-1 

to 1653 cm
-1 

 in IAgNPs.
185

 In insulin amide-II at 1539 cm
-1 

appears at 1546 cm
-1 

in IAgNPs 

due to the changes in N-H bending and C-N stretching, and the most prominent peak of an 

amide-III functional group at 1236 cm
-1

, which differ from control insulin at 1228 cm
-1

,
 
and 

also C-N weak stretch broadband present in insulin but show peaks at 1111 in AgNPs.
185-187

 

Amide-A broadband at 3397 cm
-1 

is present only in IAgNPs and AgNPs at 3428 cm
-1 

which is 

absent in insulin.
188

 Similarly, Prominent peaks of C=S at 550 cm
-1 

and C-S at 682 cm
-1 

in 

IAgNPs and unlike broadband in insulin indicates its involvement in insulin AgNP 

interaction.
189

 Vibrational changes between AgNPs and IAgNPs observed during FTIR 

studies are also compared and is represented in (Figure 13A). In comparison with AgNPs, 

the peak of amide-A appears at 3428 cm
-1 

which is at 3397 cm
-1 

higher wavelength in IAgNPs 

but absent in case of insulin.
188

 Peaks of C-H stretch are at 2909 cm
-1 

in AgNPs but in 

IAgNPs at 2939 cm
-1

.
183,184

 Other shift observed during FTIR studies were from 1458 cm
-1 

of 

insulin to 1049 cm
-1 

in IAgNPs other 2844 cm
-1 

in AgNPs to 2886 cm
-1 

in IAgNPs.  

Raman spectral analysis showed in Figure 13B-E. In insulin amide-I, C-H (bend), C-S, 

and S-S bond. C-O-C peak position shifts from 357 to 361 cm
-1 

in IAgNPs.
190

 Amide-I peak 

of insulin at 1655 cm
-1 

shift towards higher wavelength 1666 cm
-1 

after binding of insulin 

with AgNPs.
191

 Peaks at 1516 and 1519 cm
-1 

of insulin due to C-C stretch clubbed together at 

1508 cm
-1

.
190

 Further C-H bend shows slight changes from 1359 similarly peak at 1310 cm
-1 

responsible amide-III (random coils) in insulin shows a slight shift to 1331 cm
-1 

in insulin to 

1316 cm
-1 

after interaction with AgNPs.
192

 The peaks responsible for amide-III (α-helix) bond 

at 1256 cm
-1 

in insulin showed a stokes shift towards lower wave number 1254 cm
-1 

due to 

interaction with AgNPs.
190

 The peak of C-S (stretch) shifts at 725 cm
-1 

in IAgNPs. A similar 

shift of peak position was observed in the case of S-S from 538 cm
-1 

(in free insulin) to 541 

cm
-1 

in IAgNPs.
190

 The peaks at 1710, 1449, 936, and 763 cm
-1 

responsible for C=O (stretch), 

amide-II, C-O-C, and O-C-N (bend) functional group vibrations remain unaltered.
193

 The 

stoke shift towards lower wave number of insulin peak at 1529 cm
-1 

to 1525 cm
-1 

after AgNPs 

addition responsible for C-C (stretch). Formation of the sharp peak at 294 cm
-1 

responsible 

for Ag-S interaction was observed suggesting a strong interaction of insulin with AgNPs.
194

 

C–C (bending) peaks shifted from 226 cm
-1 

of insulin to 223 cm
-1 

after its interaction with 

AgNPs.
191

 Also Peaks of C-O-C at 357 cm
-1 

in AgNPs but 361 cm
-1 

in IAgNPs.
189

 Similarly, 

IAgNPs shows vibrational peak shifts in comparison to AgNPs, C-C bend at 223 cm
-1 

in 

IAgNPs but at 220 cm
-1 

in AgNPs.
191

 Some vibrational peaks are present in IAgNPs but not 

in AgNP, IAgNPs show some vibrational peaks of the C-S bond at 711 and 718 cm
-1 

but 
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absent in AgNPs.
192 

The spectral changes data after the interaction of insulin with AgNPs are 

represented in tabular form in Table 1. 

 

 

Figure 13: AgNPs and insulin show different functional group are involved in adsorption on 

insulin on silver nanoparticles. FTIR spectra (A) 4000-450 cm
-1

and Raman spectra of (B) 

200–1800 cm
-1

, (C) 170-370 cm
-1

, (D) 630-830 cm
-1

, and (E) 1500-1720 cm
-1

. 
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Table 1: Comparative table of Raman and FTIR spectra of IAgNPs and insulin showing 

changes in the Raman shift and wavenumber (cm
-1

) after insulin interaction with AgNPs. 

Raman shift (cm
-1

) Wavenumber (cm
-1

) 

Functional  

groups 

IAgNPs Insulin Functional 

groups 

IAgNPs Insulin 

C=O (stretch) 1710 1710 Amide - A 3397 - 

Amide - I 1602 1605 Amide – B (C-H 

stretch) 

2939 2886 

C-C (stretch) 1509 

1525 

1528 Nitrile (stretch) - 2355 

Amide - II 1449 1449 Amide - I 1653 1658 

C-H (bend) 1359 1360 Amide - II 1546 1539 

Amide – III 

(random coils) 

1316 1331 Amide - III 1236 1228 

Amide – III (α – 

helix) 

1256 1254 C-N (weak 

stretch) 

1111 - 

C-O-C 936 936 C-S (stretch) Broad 

band 

592 

O-C-N (bend) 763 763 C-S (stretch) ,, 550 

C-S (stretch) 725 - Other peaks 1458 1412 

1399 

1049 

S-S (stretch) 538 541    

Ag-S 294 -    

C-C (bending) 226 223    

Other peaks 1610, 1610 

1386, 1395 

1293 

668, 672, 

642,357,318 

1607, 

1614 

1380, 

1390 

1294 

663, 648 

361, 308 

223, 243 
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The internal fluorescence of insulin was monitored from 300 nm to 400 nm after 

excitation at 280 nm. Almost 20% decrease of intrinsic fluorescence was observed which 

came to saturation within 20 minutes of incubation. Detailed procedure and obtained 

Scatchard plot at various temperatures are presented in Figure 14A, B, C, D, E, and F. At 

27°C (Figure 14D), 32°C (Figure 14E) and 37°C (Figure 14F) temperatures the calculated 

association rate constant was (Ka) 33.1126, 68.0272 and 70.4225 μM and dissociation rate 

constant (Kd) were 0.0302, 0.0147 and 0.0142 μM respectively. These results indicate that the 

stability of interaction increases with an increase in temperature.  
 

 

 
 

Figure 14: Tyrosine internal fluorescence quenching studies to determine the binding 

parameters. Van’t Hoff plot at different temperatures (A) 27°C,  (B) 32°C, and (C) 37°C to 

calculate thermodynamic parameters. Scattered Plots of quenching of fluorescence of 
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tyrosine amino acid present in insulin, (D) at 27°C, & (E) at 32°C, (F) 37°C and to find out 

Fmax, Ka, and Kd (R = Binding sites occupied by Ligand and Lf = Free ligand). (G) & (H) 

Arrhenius plot to find Activation energy.  

The plot of ln Ka versus 1/T gives ΔH value is 16.08 kcal mole-1 (ΔH>0) shows that 

the net enthalpy change is positive and insulin-AgNPs interaction is endothermic. Calculated 

ΔG values were -6.72, -6.98, and -7.48 kcal mole
-1

 at 27°C, 32°C, and 37°C temperatures 

respectively which indicates the forward reaction was favorable and at the physiological 

temperature, it attends the highest affinity (Figure 14G). The calculated ΔS value was 0.076 

kcal mole
-1 

K
-1 

showed that the reaction was entropically driven and a positive value indicates 

that the solvation entropy was favorable. The time-dependent insulin fluorescence quenching 

indicated the reactions were of first order with rate constant 604500, 576000, and 492000 s
-1

 

at 37°C, 32°C, and 27°C respectively and the Ea was 3.84 kcal mole
-1

 (Figure 14H) showed 

the reaction was endothermic as shown by the ΔH value. The tabular form of the 

thermodynamic values is represented in Table 2. 

Table 2: Tabulation of the thermodynamic parameters at different temperatures (37°C, 32°C, 

and 27°C) was observed using the van’t Hoff and Arrhenius plot. 

Temp 

(°C) 

Fmax 

(10
4
) 

Ka 

(µM) 

Kd 

(µM) 

∆G 

 (Kcal/mol) 

T∆S 

 (Kcal/mol) 

∆S 

(Kcal/mol. K) 

∆H 

(Kcal/mol) 

27 5 33.1126 0.0302 -7.48 23.56 0.076 16.08 

32 5 68.0272 0.0147 -6.98 23.1 0.076  16.08 

37 10 70.4225 0.0142 -6.72 22.8 0.0759 16.08 

 
3.7. In vitro cell migration assay 

IAgNPs induced higher HEKa cell migration in comparison to control in experimental sets 

containing glucose concentration 100, 180, and 360 mg/dl. The extent of migration increased 

with the increase of time and IAgNPs concentration (Figure 15A). After 24h, IAgNPs treated 

HEKa cells (Figure 15B) for normal glycemic (100 mg/dl) and moderate hyperglycaemic 

conditions (180 mg/dl) showed an increased migration of almost 25% and 27% respectively 

(Figure 15C) whereas 360 mg/dl glucose concentration (Figure 15C) showed almost 31% 

faster cell migration compared to vehicle-treated control, indicating higher wound healing 
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activity in higher hyperglycaemic condition. The statistical significance of the data shown 

with “*”: ** P<0.001, ** P<0.01, and * P<0.05. 

 

Figure 15: HEKa epithelial cell migration (A) after 12h & (B) 24h and Bar graphs (C) 

showing cell migration (in cm) at 12h and 24h with different Glucose and IAgNPs 

concentration (G = Glucose in mg/dl and I = Molar Concentration of IAgNPs in pM). The 

statistical significance of the data shown with “*”: *** P<0.001, ** P<0.01, and * P<0.05. 

3.8. DSC (Differential Scanning Calorimetry) 

The DSC thermogram of ATE-Insulin shows the peak in the region of 50-70°C. For sample 

B, the DSC thermogram shows three distinct peaks in the region of 50-70°C and 100-150°C. 

In thermogram B the first peak from the left corresponds to the peak of insulin. The rest of 

the two peaks were obtained due to the formation of IAgNPs. In DSC thermogram C there 

was no new peaks were found that indicate that sample consisting of a mixture of IAgNPs 

and Carbopol-940 is a mixture only and no new compound was formed (Figure 16).   
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Figure 16: The DSC thermogram of the (A) formulation A (ATE-insulin), (B) IAgNPs and 

(C) IAgNPs + Carbapol -940. 

3.9. Visual evaluation of nano gel 

The physical appearance of nano-formulation containing gel was reddish-brown. The 

homogeneously dispersed mixture of the sample showed uniform consistency and smooth 

texture. 

3.10. pH determination 

The pH of all the nano-gel formulation was found to be 6.5. 

3.11. Viscosity study 

The viscosity of nanogel was determined by using a Brookfield viscometer. At 30 rpm, the 

maximum value of viscosity was 20,056 centipoises at 100%. However, when rpm was 

increased the viscosity and % torque also increased. Flow index and consistency index of 

optimized nano gel formulation were determined from the log plot of shear stress v/s log of 

shear rate (Figure 17A), the slope of the plot representing flow index, and antilog of the y-

intercept indicating consistency index was calculated. The consistency index of the 

formulation was found to be 15.11. The flow index n represents the measure of the deviation 

of a system from Newtonian behavior (n = 1). A value of n<1 indicates pseudoplastic flow or 

shear-thinning while n>1 indicates dilatant or shear-thickening flow. The gel showed a flow 

index of 0.3177, indicating pseudoplastic flow behavior. Flow index confers an idea of the 

flowability of the formulation from the container. Generally, the thicker the base, the lower is 
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the flow index. The rheogram of nano gel was obtained by the plot of shearing stress versus 

the rate of shear which confers the thixotropic behavior as a hysteresis loop was obtained 

(Figure 17B). 

 

Figure 17: (A) Plot for Flow index and Consistency index and (B) Rheogram of 

Formulation. 

3.12. Spreadability test 

The increase in the diameter due to the spreading of the nanogel was noted. Spread ability of 

Nano-gel was in the range of 4.9 cm/sec. The values of spreadability indicate that the gel was 

easily spreadable by the small amount of shear. 

3.13. Assessment of wound recovery in vivo 

Full-thickness excision wound of diameter 15 mm was created initially in all animals (Figure 

18A) and treated non-diabetic and diabetic animals showed significant variation in initiation 

and completion of wound closure in comparison with control. Early and later phases of 

healing on the 5
th

 and 11
th

 days respectively, indicating important phases of healing, were 

chosen to measure further biochemical and histological parameters simultaneously. 

The % closure of the wound, measured until the full closure of wound obtained, in 

treated diabetic and non-diabetic groups along with vehicle-treated control groups is 

expressed graphically in Figure 18B which indicate the accelerated rate of wound healing in 

different treatment groups both in nondiabetic as well as diabetic condition compared to 

respective control groups. Precisely, on the 5
th

 day, the percentages of wound healing in non-

diabetic and diabetic rats were significantly improved (20% and 12% respectively) by topical 

application of IAgNPs treatment in comparison to normal and diabetic control groups 

(3.33%) (Figure 18C). A slightly higher wound healing was observed with AgNPs treatment 
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(6.67% and 8.67% in normal and diabetic groups) or insulin-ATE treatment (4.67% and 

7.27% in normal and diabetic groups) in comparison to control (3.33%) (Figure 18C). No 

significant difference was observed between healing in non-diabetic and diabetic control 

group animals on the 5
th

 day. A similar pattern was observed on the 11
th

 day of treatment 

(Figure 18D). IAgNPs showed significantly higher wound closure in both normal and 

diabetic rats (73.33% and 60.0% respectively) in comparison to normal and diabetic controls 

(40% and 33.33% respectively). AgNPs showed sub-moderate (46.67% and 40.0% in normal 

and diabetic groups) and Insulin-ATE showed moderately better (53.33% and 46.67% in 

normal and diabetic groups) wound healing efficacy compared to respective control groups 

(Figure 18D). 

 

 

Figure 18: Healing rate of the wound by AgNPs, ATE-insulin, and IAgNPs treatment in both 

diabetic and non-diabetic animals on the 5
th 

and 11
th

 day. (A) Physical observation of wound 

contraction in various groups of treatment and control (B) % wound closure in different 

treatment groups (AgNPs, ATE-Insulin, and IAgNPs) and respective controls in diabetic and 

non-diabetic animals. (C) Represents the % wound contraction on the 5
th

 day (D) on the 11
th
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day in all four subgroups of diabetic and nondiabetic animals. All values are represented by 

an average ± SD of 6 rats in the group. The statistical significance of the data shown with 

“*”: *** P<0.001, ** P<0.01, and * P<0.05. 

3.14. Evaluation of histology and assessment of inflammatory cytokines 

The histological section of non-diabetic animals on the 5
th

 day showed a significantly 

increased level of lymphocytes cells and initiation of collagen deposition near the excision 

line of the wound. Exudates formation is responsible for leukocyte infiltration which slows 

down the healing of the wound. The demarcation line represents the complete separation of 

exudates and re-epithelization was completely absent in 5
th 

day non-diabetic controls. The 

histological section of diabetic animals showed a higher accumulation of exudates as 

compared to non-diabetic animals which confirm the initiation of inflammatory events 

(Figure 19A). Commencement of collagen deposition significantly favors strengthening of 

surrounding muscles to fast closure of the wound, a featured that was found delayed in 

diabetic groups (Figure 19A). On the 5
th

 day, the re-epithelization was insignificant in all 

groups of diabetic animals compared to non-diabetic ones. Although, AgNPs, ATE-Insulin, 

and IAgNPs treatment in both groups caused a significant reduction of exudates accumulation 

compared to saline-treated controls (Figure 19A). Photomicrographs of the 11
th

 day showed 

complete re-epithelization in non-diabetic animals whereas partial re-epithelization was 

observed in diabetic animals (Figure 19B). However, the treatment of IAgNPs in diabetic 

animals showed complete re-epithelization that was similar to the non-diabetic control group 

(Figure 19B). Additionally, individual treatment of AgNPs, ATE-Insulin, and IAgNPs has 

shown substantial improvement in collagen deposition in both groups in comparison with 

corresponding matched controls (Figure 19B). Histological data showing good remodeling in 

treated groups prompted us to evaluate different pro-inflammatory and anti-inflammatory 

cytokines in the wound milieu. Following IAgNPs treatment quantification of serum IL-6, 

TNF-ɑ, IL-10 levels were performed in all groups of animals (Figure 19C, D, and E). On the 

5
th

 day, a 25% higher level of serum IL-6 (Figure 19C) and 2-fold higher levels of serum 

TNF-α (Figure 19D) concentration were evaluated in diabetic rats compared to non-diabetic 

control. IAgNPs treatment showed 50% inhibition in both groups (Figure 19C and D). 

Treatment with AgNPs and insulin-ATE also showed moderate to high reduction in these 

pro-inflammatory cytokines levels in both groups of animals (Figure 19C and D). 

Furthermore, the increase of concentration of the anti-inflammatory cytokine IL-10 increased 

by 70% and 50% in normal and diabetic animals respectively by IAgNPs treatment on the 5
th
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day (Figure 19E). AgNPs showed only a slight increase in serum IL-10 level whereas 

insulin-ATE also showed almost 45% and 30% increased anti-inflammatory cytokine 

concentration as compared with normal and diabetic controls (Figure 19E).  

 

 

Figure 19: Histological evaluation at the wound site of different groups (40X) on the 5
th 

(A)
 

and (B) 11
th

 day of post-treatment; Leukocyte infiltration, collagen deposition, and exudates 

formation are denoted by red, white and yellow arrows respectively. C, D, and E represent 

the concentration of pro-inflammatory (IL-6 and TNF-ɑ) and anti-inflammatory cytokines 

(IL-10) in all subgroups of diabetic and nondiabetic animals on the 5
th

 and 11
th 

day. Results 

show a significant reduction of proinflammatory cytokines (IL-6 and TNF-ɑ) and increased 

level of anti-inflammatory cytokines (IL-10) by IAgNPs treatment as compared to control and 
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AgNPs and ATE-Insulin treated animals of both sets on 5
th

 and 11
th

 day respectively. All 

values are represented by an average ± SD of 6 rats in the group. The statistical significance 

of the data shown with “*”: *** P<0.001, ** P<0.01, and * P<0.05. 

Even on the 11
th

 day of treatment, diabetic control animals had a higher level of IL-6 

and TNF-ɑ (30% and 50% respectively) as compared to non-diabetic controls. However, the 

treatment of IAgNPs significantly reduces their level (about 45% of IL-6 and 45% of TNF-ɑ) 

in both sets of diabetic and non-diabetic. Additionally, a moderate reduction in both pro-

inflammatory cytokines was observed in diabetic and non-diabetic animals by individual 

treatment of AgNPs (IL-6, 10% and TNF-ɑ, 10%) and ATE-Insulin (IL-6, 40%, and TNF-ɑ, 

30% respectively). Both individual treatment (AgNPs and ATE-Insulin) also increased anti-

inflammatory cytokines (IL-10) by about 45% and 50% respectively in diabetic and non-

diabetic animals. However, the treatment of IAgNPs showed a higher potential to upsurge the 

level of IL-10 in both sets of non-diabetic and diabetic animals (65% and 50% respectively). 

Overall, pro-inflammatory and anti-inflammatory cytokines decreased in the case of all 

animals on the 11
th 

day showing the neutralization of the inflammatory stage. A faster 

neutralization was observed with IAgNPs in comparison with respective control groups 

(Figure 19C, D, and E).  

3.15. Conclusions 

Immediately after homeostasis of normal wound injury, the inflammatory phase sets in the 

injured tissue resulting in the release of growth factors, cytokines, and chemoattractants and 

attracting neutrophils, macrophages, and lymphocytes to the wound site. Growth factors 

promote the migration of fibroblasts that proliferate along with endothelial cells. Fibroblasts 

secrete collagen, glycosaminoglycans, and proteoglycans to build up extracellular matrix 

(ECM). This re-epithelialization phase is a long-term process that gets extended with the 

physiology of the individual. Features of chronic wound include prolonged inflammatory 

phase with overabundant leukocyte infiltration with impaired function, high susceptibility to 

infections, and decreased fibroblast proliferation and signalling.
195-197

In diabetic wounds; the 

early inflammatory stage is highly extended resulting in delayed recovery. Modulating the 

balance of pro and anti-inflammatory cytokines is the key to accelerate the inflammatory 

phase that further determines the rate of remodeling phase characterized by fibroblast 

accumulation, collagen deposition, and formation of granulation tissue.
198

 In the present 

work, we formulated novel insulin nanoformulation IAgNPs and evaluated wound healing 

efficacy with respect to their modulation of inflammatory phase and resultant remodeling in 
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diabetic wounds. Our results showed insulin at physiological condition specifically interacted 

with AgNPs which induced moderate structural changes at amide-I regions in the protein. In 

vitro, the wound-healing assay showed enhanced cell migration in both non-diabetic and 

diabetic conditions compared to controls. Further significantly faster wound healing was 

observed in normal and diabetic animals with topical application of these formulations, 

IAgNPs showing the best result among all formulations. In both controls, the persistent 

higher level of IL-6 and TNF-α was observed on both the 5
th

 and 11
th

 day. A slow increment 

in serumIL-10 was observed in respective control groups. In contrast, a rapid decrease of pro-

inflammatory cytokines and an increase in anti-inflammatory cytokines were observed in 

IAgNPs treated animals.
199

 Figure 20 shows the synthesis of IAgNPs its anti-inflammatory 

and wound healing activity. 

 

Figure 20: Shows the mechanism of wound healing by nano-insulin formulation (IAgNPs). 

IAgNPs accelerated wound healing in diabetic conditions by inhibiting pro-inflammatory 

cytokines and activating anti-inflammatory cytokines. 

Histological evaluations on the 5
th

 and 11
th

 day showed a significant decrease in the 

level of leukocytes infiltration by IAgNPs treatment compared to controls and other treatment 

groups. Also in IAgNPs treated groups, faster deposition of collagens and rapid re-

epithelization were observed in comparison with other sub-groups or controls.
200

 AgNPs have 

proven efficacy to reduce contamination load, thereby helping in faster wound recovery. 



43 

 

Insulin-ATE showed moderately higher wound healing in comparison to control by 

regulating inflammation. Therefore, accelerated wound healing potency of IAgNPs may be 

attributed to a synergistic effect of both of these phenomena as indicated by increased 

localized availability of insulin, effective decontamination, and modulation of cytokines 

resulting in the faster re-epithelialization process both in diabetic as well as in normal 

animals. As about 5% of the world population is diabetic, therefore this novel and effective 

formulation has huge potential for future clinical application in diabetic wound healing. 

Moreover, plausible derivatives of this formulation hold strong promise to be explored in 

different chronic non-healing wounds including burn, fractured, and radiation-induced 

wounds in near future.  
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CHAPTER 4 

AMORPHOUS INSULIN ZINC QUANTUM CLUSTERS 

4.1. Abstract 

Quantum clusters with target specificity are suitable for tissue-specific imaging. In the 

present work, amorphous zinc insulin quantum clusters (IZnQCs) had been synthesized to 

promote and monitor wound recovery (Figure 21). Easy synthesis, biocompatibility, stability, 

enhanced quantum yield, and solubility made the cluster suitable for preclinical/clinical 

exploration. Zn
2+

 is known for its binding to insulin hexamer. Here we report the reformation 

of the structure in a quantum cluster form in the presence of Zn
2+

. The formation of IZnQCs 

was confirmed by the change in zeta potential from -25.6 mV to -17.9 mV and also the 

formation of protein metal interaction was confirmed in FTIR bands at 450, 480, and 613 cm
-

1
 for Zn-O, Zn-N, and Zn-S, respectively. HRTEM-EDS and SAED data analysis showed an 

amorphous nature of the cluster. The binding of IZnQCs to the cells has been confirmed 

using confocal microscopy. IZnQCs showed a synergistic effect in wound recovery than 

insulin or Zn
2+

 alone. Further due to high fluorescence this recovery process can be 

monitored under an appropriate setup. Wound healing promotional activity, target specificity, 

and fluorescence properties make the IZnQCs ideal to use for bioimaging along with 

promoting and monitoring of wound recovery agent.  

 

Figure 21: Schematic presentation of the formation of amorphous insulin zinc quantum 

clusters (IZnQCs). 

4.2. Introduction 

Progress monitoring of recovery of internal injuries like surgical wounds always remained a 

matter of challenge. Some of the technologies that are used for this purpose include a near-

infrared optical scanner (NIROS), diffuse reflectance spectroscopy (DRS), multispectral 

imaging (MSI), laser speckle imaging (LSI), laser Doppler imaging (LDI), hyperspectral 

imaging (HSI), and spatial frequency domain imaging (SFDI), etc.
201,202

 But some of the 

major challenges that remained associated with these technologies include technical 
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complexity, low detection level, low penetration depth, detection depth, and expense.
203-210

 

Other than these techniques metal-organic frameworks (MOFs) or bioMOFs showing 

luminescence properties can be used for bioimaging purposes.
211-213

 Recently metal (Cu, Ag, 

and Au) protein quantum cluster has caught the attention of the researchers for targeted 

delivery and efficient bioimaging.
214-215

 Quantum clusters (QCs) are luminescent (fluorescent 

or phosphorescent) clusters that may associate with crystalline quantum dots (QDs) of 1-10 

nm size or amorphous hetero atoms.
216

 Quantum clusters have high emission rates, large 

Stokes shift, and photo-stability.
217,218

 The QCs can be synthesized by using any reducing 

agent such as NaBH4, alkyl thiol, or glutathione or can be prepared by using proteins, 

peptides, amino acids, DNA, and dendrimers, etc.
219-221

 At basic pH the aromatic groups of 

amino acids of the protein start donating electrons helps in reducing the metal and disulfide 

bonds present in protein can stabilize the nucleated cluster.
219,222 

Further, the use of nano-clusters and a variety of quantum dots for bioimaging and 

wound recovery activities have been reported by many groups, for example, Das NK and co-

workers in 2015 prepared glutathione-Cu nanoclusters having nontoxic behavior and bind 

particularly with the nuclear membrane and emit blue fluorescence and tested its bio-imaging 

properties against human cell lines.
223

 Researchers have also developed quantum dots on the 

insulin platform and used those for various biological activities like bio-imaging and wound 

healing. In 2011, Liu CL and co-workers have synthesized biocompatible and bioactive 

fluorescent Insulin-Au quantum clusters and then used that formulation for bio-imaging on 

brain cells and C2C12 myoblast cell lines. They also showed its’ utility to maintain the blood 

glucose level in vivo.
224

 Amorphous fluorescent particles have recently caught the eye of 

researchers for their excellent, biocompatibility, solubility, and stability, for example, 

amorphous luminescent bovine serum protected gold clusters hosted on nanofibres prepared 

by Subramanian V and co-workers in 2017 and explored for the detection of trinitrotoluene in 

trace amount.
225

 In 2018, Amorphous carbon dots self-passivated in bulk quantity synthesized 

by Siddique AB and co-workers and used to detect 2,4,6-trinitrophenol (TNP), an explosive 

in trace amounts.
226

 Polymorphic crystalline copper iodide clusters with bright green 

emission were prepared by Benito Q and co-workers (2014) and studied their mechano-

chromic luminescence properties in which Cu4I4 shows Cu-Cu intermolecular distance 

shortening through the disruption in crystal packing.
227

 Yang H and co-workers (2017) 

synthesized heterojunctions of iron oxyhydroxide/g-C3N4 amorphous nanosheets for 

enhanced photocatalytic activity.
228

 Wang G and co-workers (2020) synthesized metastable 

crystalline dual phased ZnSb-based films and explored their Insulator-metal transition (IMT) 
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properties.
229

 Amorphous (ZnS) nanoparticles conjugated with BSA synthesized by Cao Y 

and co-workers (2011) to check its inhibition effect on the growth of tumor cells.
230

 Xie J and 

co-workers used Amorphous and crystalline protein metal clusters for the bioimaging 

purpose of the brain cells.
231

 In the case of an amorphous arrangement, metal protein clusters 

constitute atoms that do not have the ordered or regular pattern means the arrangement of the 

constituents i.e. atoms in such cases has only short-range or over a short distance.
232 

The insulin receptor (IR) exists on the membrane of all mammalian cells.
233

 The 

number of receptors varies from 40 for erythrocytes to 200~300 X 10
3
 for adipocytes and 

hepatocytes and in cancerous cells; the content of IR is much higher than normal cells.
234-237

 

The target-specific binding of insulin to IR or IGFR-I plays an important role in the wound 

repair or regeneration and works through the transition of M1 pro-inflammatory cytokines 

(IL-6, IL-1β, IL-12, TNF-α, STAT-1, and NFkβ
P50/P65

)
 
to (Akt, STAT-3, IL-10, IL-4, IL-13, 

and NFkβ
P50/P50

) anti-inflammatory M2 cytokines. The nanoforms of insulin such as insulin 

Ag (silver) nanoparticles (IAgNPs) showed promising wound recovery in diabetic as well as 

in nondiabetic rat models through changes in proinflammatory cytokine level and a 

significant decrease in the infiltration of leukocyte, faster collagen deposition, and re-

epithelization with IAgNPs and insulin in comparison to the respective controls.
238

 Similar to 

insulin metals also act as wound healing agents like Zn (Zinc) can enhance cell division, 

control inflammation, enhance proliferation, angiogenesis, remodeling of tissue, and 

formation of the scar.
239

 It shows mitogenic pathways through the release of different growth 

hormones responsible for cell growth and differentiation such as GH (Growth Hormone) and 

IGF-1 (Insulin-like Growth Factor-1) by influencing their gene expression through 

transcription factors.
240,241

 Zn supplements alone have been given to diabetic patients for 

treating diabetes.
242

 The presence of Zn insulin undergoes conformational changes and it 

leads to enhancement of insulin binding with the insulin receptor and helps insulin in 

performing its activity.
243-245

 It has also been reported that Zn, in the absence of insulin, can 

cause phosphorylation of tyrosine present on IR (insulin receptor) upon prolonged exposure 

and plays a similar role as insulin.
246

 Due to this effect binding effect of Zn, it can also 

activate a similar wound recovery pathway as insulin and can control pro-inflammatory 

cytokine activity, enhances the anti-inflammatory cytokine level and various other GFs, and 

helps in the recovery of the wound.
247,248

 Batool M and co-workers have synthesized Zinc 

oxide particles and Han B and co-workers prepared Zinc sulphide for skin regeneration or 

wound healing.
249-251 
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In this work, we are reporting the application of novel amorphous metal-protein 

quantum clusters for their receptor-targeted in vitro wound healing activity for the first time. 

Here, novel amorphous insulin zinc quantum clusters (IZnQCs) have been synthesized using 

the one-pot synthesis technique. This study also shows the unprecedented synergistic effect 

of insulin and zinc for wound recovery when applied in the IZnQCs form. Internal wounds 

after invasive surgery are very delicate and proper healing is needed to maintain the life 

quality of the patient. Due to the unavailability of the internal wound recovery monitoring 

system, many times surgical wounds need to be reopened for the treatment purpose which 

increases the health care cost and compromises the life quality of the patient. Since the newly 

developed system has a dual property for wound recovery and targeted fluorescent bio-

imaging, these findings will open a new opportunity for better wound management. Further 

intervention is needed to monitor the recovery of the post-surgical internal wounds in 

laboratory-based small animal models.  

4.3. Material and methods 

4.3.1. Chemicals and Cell line 

Formaldehyde (Sigma Aldrich, USA), Hydrochloric acid (HCl, SD fine chem. Limited, 

Mumbai), Human recombinant insulin (Huminsulin obtained from Elli Lilly and company 

Pvt., Ltd., India), Sodium hydroxide (NaOH, Avantor performance Materials India limited, 

Gujarat India) and Zinc sulfate solution (ZnSO4, Sigma Aldrich, USA). Molecular biology 

grade chemicals like Formaldehyde,  DMEM-F12 media (AL219A), New born calf serum 

(RM10437), and Phosphate buffered saline pH 7.4 (PBS, TL1099), 100 X Penicillin-

streptomycin mixture, were purchased from Himedia, India. HEKa cells (PCS-200-030; 

ATCC) were cultured at 5% CO2 and 37°C in an incubator.  

4.3.2. Preparation of Zinc Insulin Quantum Clusters 

The synthesis of Insulin metal quantum clusters synthesis was performed by using insulin and 

ZnSO4 salt solution of 1.82 µM concentration in an aqueous medium. The insulin pH was 

adjusted to basic (10.5) using NaOH solution which makes SOLUTION A and placed in the 

dark. In another tube 18.2 µM solution of ZnSO4 (SOLUTION B) was taken. After preparing 

both the solutions, the insulin was added to the metal salt solution in 1:1 volume, after mixing 

both the solutions the pH was adjusted to 7.4 (physiological pH) by using the HCl (0.1 N) and 

then dialyzed. The resulting solution of metal insulin was kept in an incubator at 37°C for 12h 

at slow stirring (240 rpm).
224,232,252
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4.3.3. Instrumentation 

UV absorption spectra of prepared insulin linked Zn metal quantum clusters (ZnSO4) was 

performed by using UV-2600 Shimadzu spectrophotometer and operated between the ranges 

from 200 nm to 800 nm. The absorption spectra of the ZnSO4 salt and insulin were measured 

to check the interactions between Zn metal and insulin protein. 

The fluorescence spectrophotometer (Perkin Elmer LS55, USA) was to detect the 

binding of protein insulin with metal quantum clusters using the IZnQCs sample in 

comparison with the control insulin. The fluorescence spectroscopy was performed by using 

a 272 nm excitation wavelength, coupled with excitation and emission slit of 10 mm and 

observed at emission scan from 280-800 nm. The percentage increase in the intrinsic 

fluorescence; the fluorescence intensities of IZnQCs and insulin were compared using the 

following equation (xi)  

                               = F.I. (IZnQCs) - F.I. (insulin) × 100%   ............. (xi)                                                                  

F.I. (insulin)                                                             

The quantum yield of human recombinant insulin and insulin protected quantum 

clusters of IZnQCs was evaluated using the standard tyrosine fluorescence quantum yield by 

the following equation (xii).   

Q.Y.(S) = Q.Y.(Tyr)×I(S)×1-10
-Al

(Tyr)×n
2
(S)

 

                                              I (Tyr) × 1-10
-Al

 (S) × η
2
 (Tyr)          ............. (xii) 

Here, Q.Y. is Quantum Yield, I is Integrated Emission Intensity, η is 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.
253

 
 

High-resolution transmission electron microscopy (HR TEM) Talos F200S G2, Thermo 

Scientifics, and selected area electron diffraction (SAED) were used to find out the 

arrangement or distribution pattern of different elements present in the IZnQCs. To perform 

HRTEM, the sample was centrifuged at low rpm around 240 rpm for 10 to15 min, after that 

the sample was washed for removing the impurities. The electron dispersive X-ray 

spectroscopy (EDAX) after dialysis of pH 7.4 and 10.4 insulin and IZnQCs were performed, 

analyze the percentage of zinc metal in different samples. FTIR Spectrophotometer (Agilent 

Cary 600 series) was performed for the detection of different functional groups present in 

IZnQCs. Before doing FTIR the sample was washed for removing the impurities and a scan 

was performed between 4000 cm
-1 

to 400 cm
-1

. 

 

4.3.4. In vitro studies 
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The biocompatibility, effect of IZnQCs on cell viability and cell migration was determined by 

using the HEKa cell line. 

4.3.4.1. Cell viability 

The viability of the cells was checked out on HEKa (Normal human epidermal keratinocyte) 

by using MTT (3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide) assay. HEKa 

of density 1 X 10
4
 (per well density) has been seeded in 96 well plates and was allowed to 

70-75% confluent. The cells after that were incubated with different percentages (1.5, 7.5, 30, 

and 60 μM) of IZnQCs, insulin, Zn salt, and the mixture of insulin and Zn salt. After treating 

the cells were incubated at 37°C in the incubator for 24h. After 24h the MTT (2 mg/ml in 5% 

ethanol) was added for 3h. After 3h the MTT along with media was removed and 200 μl 

dimethyl sulphoxide (DMSO) was
 
added to dissolve the formazan crystals. The absorbance 

was checked at 570 nm. The inhibition % was calculated by using the following equation xiii. 

% inhibition = [1 – (At/As) x 100] %  ............. (xiii) 

At is the test substance absorbance and As control solvent absorbance. For every three 

independent readings were taken
 254,255

 

4.3.4.2. Confocal bioimaging 

IR is present on the cell surface, and therefore, to perform receptor-targeted cellular imaging 

confocal microscopic studies had been carried out. To achieve that HEKa cells were treated 

with IZnQCs (18.2 nM; protein) along with control insulin (18.2 nM) for 2h at physiological 

conditions in DMEM medium supplemented with 10% fetal bovine serum respectively. After 

the incubation cells were washed twice with 1 X PBS and fixed and permeabilized with 

methanol (95%) for 5 mins. Thereafter, the fixed cells were treated with 10 μg/ml RNase A at 

37°C for 3h for removal of the RNA present inside the cell. After that to stain the cellular 

nucleus 1 μg/ml propidium iodide (PI) was added and incubated for 30 mins. The cells were 

imaged under the Zeiss LSM 510 Meta confocal microscope
 25-258

 

4.3.4.3. Effect of IZnQCs on Wound Recovery using phase contrast and fluorescence 

imaging 

IZnQCs induced more cell migration in the HEKa cell line. The cells were cultured in high 

glucose DMEM-F12 FBS free medium with 5% CO2 at 37°C. After the cells get 80-85% 

confluent, a wound was generated by a cell scratch method and treated with different 

concentrations (1.5, 7.5, 30, and 60 µM) of IZnQCs, insulin, Zn salt, and the mixture of 
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insulin and Zn salt (I + Zn). Time-lapse images were taken and changes in the width of the 

scratch were measured at 6h, 12h, and 24h using after respective treatment. Further, time-

lapse images were also taken for cellular fluorescence for monitoring wound recovery. All 

the images were taken using a Dewinter fluorescence inverted microscope. 

4.3.4.4. Determination of combination index (CI) of Zinc-insulin 

A combination index (CI) is a quantitative measure that provides the effect of the dose of a 

single drug and combined drug treatment. A combination effect can be less than 1 (CI <1) 

when different drugs are administrated together may work together for the enhancement of 

each other’s activity called a synergistic effect. CI equal to1 (CI=1) may do not get in the way 

of each other effective response or more than 1 (CI >1) called additive effect in which may 

inhibit each other activity called antagonistic effects. For calculating the CI the migration of 

the treated Heka cells was determined and then CI calculated using the equation xiv. 

    CI  =  (D)1/(Dx)1 +  (D)2/(Dx)2    ............. (xiv) 

 Where Dx  =  Dm [fa/fu]
1/m  

............. (xv)  

D1 and D2 are the Zn salt and insulin dose respectively. (Dx)1 and (Dx)2 are the single 

drug concentrations giving the same effect; determined using the median effect equation (xv) 

and fa and fu represent the affected and unaffected cell fractions are the median dose and 

equal to 10
(-y-intercept)/m

, m is the slope median in the median effect plot of log (D) vs log 

(fa/fu).
257,259 

4.4. Statistical analysis 

All data were presented as the mean ± SD of at least three independent experiments. By 

performing one-way ANOVA the corresponding P-value was measured to check the 

statistical significance of the data. 

4.5. Absorbance spectra and fluorescence spectra 

A sharp single Sharp resonance peak of insulin and after 48h incubation of insulin with Zn 

metal salt the peak found at 272 nm (Figure 22A) was observed due to the formation of 

metal protein quantum clusters. The fluorescence or emission spectra were obtained between 

280 nm to 550 nm with an emission maximum at 303 nm and 385-527 nm (inset is showing a 

trailing of fluorescent from 385 nm onwards) after excitation at 272 nm. 66.7 ± 13.6% 

increases in intrinsic fluorescence of insulin take place after incubation with ZnSO4 after 48h 
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incubation at standardized conditions (Figure 22B). The quantum yield of insulin was found 

to be 0.021 and that of IZnQCs comes out to be 0.112. 

 

 

Figure 22: Physical characterization of IZnQCs. In physical interaction studies (A) 

absorption spectra show the peak of insulin and after insulin incubation, with Zinc (IZnQCs) 

at 272 nm. Emission spectra of IZnQCs (B) after excitation at 272 nm. The emission peak 

was observed at 303 nm. Inset is showing a trailing of fluorescent from 385 nm onwards.  

66.7±13.6% increases in the intrinsic fluorescence of insulin due to the formation of IZnQCs. 

 

4.6. Structure and composition of metal insulin clusters 

The DLS average size of the clusters is 154 ± 43 nm and the zeta potential of insulin changes 

from -25.6 mV to -17.9 mV after cluster formation. The arrangement of Zinc quantum 

clusters in images HRTEM Figure 23A on a 20 nm scale and Figure 23B 100 nm showed 

the dark spots indicate the formation of localized clusters of Zinc.  

 

Figure 23: A micrographic study using HRTEM (A) on a 20 nm scale and (B) 100nm showed 

the distribution of Zn atom in IZnQCs. (C) Selected Area electron diffraction studies showed 

the amorphous nature of the materials with the presence of Zn. Inlet is showing the Selected 

Area Electron Diffraction (SAED) pattern. 
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Figure 23C shown as a top inset, selected area electron diffraction (SAED)  pattern, 

shows a diffused halo devoid of rings, which is mainly in the case of the amorphous sample. 

In this arrangement cluster constituting atoms does not have the ordered or regular pattern 

means the arrangement of the constituents i.e. atoms in such cases have only short-range or 

over a short distance. These amorphous zinc clusters are nearly spherical. HRTEM-SAED 

showed the presence of a 1.24 ± 0.03 atomic percentage of Zn metal in protein quantum 

clusters. 

4.7. FTIR spectra 

The comparative spectrum of FTIR measurement of ZnSO4, insulin, and IZnQCs was carried.  
 

  

Figure 24: FTIR spectroscopic studies to coin the interactions between zinc metal and 

insulin. Spectroscopic interaction studies (A) FTIR spectra between ZnSO4, insulin, and 

IZnQCs show comparative studies between the ranges of 1250 to 400 cm
-1

showing the 

formation of Zn-O, Zn-N, and Zn-S new bonds in IZnQCs, (B) spectra range from 4000 to 

400 cm
-1

 indicates the involvement of different functional groups in interaction with Zn. 

The interactions involved in the binding of metal with protein ranges from 1200 to 400 

cm
-1

and is represented in Figure 24A. Due to the intermolecular interactions between insulin 

and metal salt, the peak appears at 450 cm
-1 

for the Zn-O
258

 bond, Zn-N at 480 cm
-1

.
260

 No S-

S bond peaks were found in insulin but IZnQCs the peaks of S-S stretching vibrations at 537, 

556 and 583 cm
-1 

indicate some
 
linkage between metal and protein.

261
 NH2 bend peak at 780, 

801, and 863 cm
-1 

in insulin but 850 and 873 cm
-1 

in IZnQCs show some linkage between 

metal and insulin.
262

 Further the peak position of Zn-S at 613 cm
-1 

same for both ZnSO4 and 

IZnQCs but broad in the case of quantum clusters.
263

 C-S bond shows the shift from 675 cm
-1 
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in insulin to 666 cm
-1 

in IZnQCs.
217

 Similarly, C-O stretching peak in insulin at 923 cm
-1 

shifts to 927 cm
-1 

in IZnQCs.
263

 There is no change in C-N and S=O bond (1049 and 1049 

cm
-1 

respectively) found after the formation of quantum clusters of protein.
263,264

 

Furthermore, conformational changes in insulin protein structure due to the interaction of 

ZnDs were represented in FTIR from 400-4000 cm
-1

 in Figure 24B.   

Table 3: Comparative table showing the FTIR peak position of different functional groups 

present in ZnSO4, insulin, and IZnQCs showing the formation of Zn. 

 

Wavenumber (cm
-1

) 

Functional  Groups  Insulin  IZnQCs ZnSO4 

Zn-O stretch  ----  450  ----  

Zn-S stretch  ----  480 ----  

S-S stretch  ----  556 

583  

----  

Zn-S
 
stretch 613  613  ---- 

C-S stretch  675  666  ----  

NH2  bend  780 

863 

850 

873 

---- 

C-O stretch  923  927  ----  

C-N stretch  1049  1049 ----  

S=O stretch ----  1113  1113  

C-OH stretch 1418  1418   

Amide C=O stretch 1539  1577 

1654  

----  

CH3  symmetric stretch 2876 2876 ---- 

CH3  asymmetric stretch 2937  2937  ----  

Amine N-H stretch 3361  3361  ----  

 

4.8. In vitro studies 

4.8.1. Cell viability 

The MTT result for cell viability depends upon the cell's mitochondrial activity. Cell division 

activity or viability on HEKa (Figure 25) using 1.5, 7.5, 30, and 60 µM different amounts of 
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controls (Zn salt, insulin, I + Zn) and IZnQCs. Zn + I treated cells shows 1.5 µM (107.31 ± 

7.29%), 7.5 µM (116.849 ± 5.98%), 30 µM (131.466 ± 22.05%), and 60 µM (148.762 ± 

24.66%) cell viability. Insulin shows 1.5 µM (102.38 ± 12.8%), 7.5 µM (129.19 ± 3.94%), 30 

µM (133.05 ± 6.65%), 60 µM (148.11 ± 3.32%). The cells exposed to Zn salt also showed 

more cell viability in 1.5 µM (104.08 ± 13.49%), 7.5 µM (123.18 ± 8.88%), 30 µM (126.71 ± 

8.67%) and 60 µM (131.51 ± 1.811%). Cell division after IZnQCs treatment showed the 

more significant changes in 1.5 µM treatment (132.24 ± 7.29%), 7.5 µM (175.94 ± 5.64%), 

30 µM (186.07 ± 22.81%) and 60 µM (188.71 ± 16.95%) in comparison to treated and 

untreated controls. The results (Table 4) suggested that these quantum clusters have the 

potential to enhance cell division and can help in wound healing. The IZnQCs shows 32.26 ± 

7.29% more division in 1.5 µM concentration, in 7.5 µM, 30 µM and 60 µM 75.92 ± 5.64%, 

in 86.07 ± 22.81% and 88.71 ± 16.94% respectively more division in comparison to control. 

The measurements were statistically significant. 

 

 

Figure 25:  MTT assay on HEKa using controls (Zn salt, insulin, I + Zn) and IZnQCs shows 

that the cell viability increases after treatment (1.5, 7.5, 30, and 60 µM) in comparison to 

untreated cells. The significant changes in cell division are observed in the case of 7.5, 30, 

and 60 µM of IZnQCs in comparison to untreated and treated controls. The statistical 

significance of the data shown with “*”: *** P<0.001, ** P<0.01, and * P<0.05.  
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Table 4: MTT assay to determine cellular metabolism rate of HEKa cells were treated with 

1.5 - 60 µM concentration of controls (Zn salt, insulin, I + Zn) and IZnQCs for 24h and data 

were plotted as mean value ± SD of three independent experiments.  

% of the change in mitochondrial reductase activity 

Dose IZnQCs Zn + I Insulin ZnSO4 

1.5 µM 132.24 ± 5.52% 107.31 ± 7.29% 102.38 ± 12.8% 104.08 ± 13.49% 

7.5 µM 175.94 ± 5.64% 116.849 ± 5.98% 129.19 ± 3.94% 123.18 ± 8.88% 

30 µM 186.07 ±  22.81% 131.466 ± 22.05% 133.05 ± 6.65% 126.71 ± 8.67% 

60 µM 188.71 ± 16.95% 148.762 ± 24.66% 148.11 ± 3.32% 131.51 ± 1.811% 

4.8.2. Confocal bioimaging 

Confocal imaging was performed to confirm the cellular imaging application of insulin metal 

quantum clusters. In HEKa cell lines, the IZnQCs treated cells showed fluorescence of bright 

blue color due to the binding of IZnQCs with the insulin receptors present on the surface of 

cells. Insulin and IZnQCs treated HEKa cells (Figure 26A-H) are showing bright blue 

fluorescence in Figure 26E due to IZnQCs whereas in Figure 26B no fluorescence was 

observed due to the non-binding of insulin. Figure 26B and F are showing PI nuclear 

staining for the HEKa cell lines. Phase images of the cells shown in Figure 26C and G and 

merged images in Figure 26D and H of the insulin control and IZnQCs treated HEKa.  

 

Figure 26: Confocal bioimaging of HEKa cells using IZnQCs. HEKa cells (A-D) were 

treated with insulin and (E-H) with IZnQCs. (E) Showing blue fluorescence of IZnQCs in BP 

360/51 channel whereas only insulin (A) did not show any signal. (B, F) showed a stained 

nucleus with Propidium iodide. (C, G) showed phase images of the treated cells and (D, H) 

showed all channel merge images. 
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Cells showed blue fluorescence on the cell surface which suggests that IZnQCs binds to 

the cell membrane. As, the quantum yield 0.021 and 0.112 for insulin and IZnQCs 

respectively, a bright blue fluorescence was observed in the IZnQCs cells which makes it 

ideal for exploring as receptor-targeted bio-imaging material. 

4.8.3. Cell migration assay 

IZnQCs induced HEKa cell migration in comparison to treated (Zn salt, insulin, I + Zn) and 

untreated controls. The extent of cell division and migration increased with the increase in 

concentration and time.  
 

 

Figure 27: Promotion and monitoring of wound healing in under phase contrast and 

fluorescence microscopy using IZnQCs. HEKa treatment using 1.5, 7.5, 30, and 60 µM 

different concentrations of IZnQCs show the decrease in wound diameter at different hours 6, 

12, and 24h with respect to control. At 1.5µM concentration, after 6, 12, and 24h the changes 

in wound diameter are less in comparison to control but more significant changes are 

observed in 7.5, 30, and 60 µM concentration. 

Cells treated with IZnQCs for 6, 12 and 24h shows 39.49 ± 1.29%, 27.58 ± 3.72% and 

43.02 ± 1.62% at 1.5 µM Figure 27D-F and 52.88 ± 0.83%, 46.86 ± 1.46% and 67.81 ± 

0.83% for 60 µM Figure 27G-J cell migration respectively in comparison to untreated 
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control scratch diameter Figure 27A-C. The fluorescence imaging using Dewinter was 

performed shows fluorescence on the cells as performed by using a confocal microscope. In 

addition to these concentrations, the cells were also treated with 7.5 µM and 30 µM 

concentrations of IZnQCs. Cells show 42.03 ± 3.04%, 34.08 ± 1.57% and 46.51 ± 3.38% 

migration after treatment with 7.5 µM IZnQCs and  45.25 ± 2.14%, 36.32± 1.63% and 58.60 

± 0.72% at 30 µM concentrations of IZnQCs at 6, 12 and 24h respectively (Figure 27). 

Along with IZnQCs treatment; the cells also treated with Zn salt, insulin, I + Zn, show 

significant migration in comparison to control. With 1.5 µM Zn salt addition to cells, 21.18 ± 

3.72%, 0.224 ± 0.030% and 18.60 ± 2.49% migration, at 7.5 µM Zn salt 22.88 ± 1.27%, 

12.11 ± 0.59% and 35.58 ± 0.76% enhancement in cell growth, with 30 µM 45.25 ± 2.56%, 

26.01 ± 3.49% and 39.07 ± 2.86% wound closure and after 60 µM treatment 49.97 ± 4.69%, 

33.86 ± 1.96% and 45.81 ± 5.09% more cell migration at 6, 12 and 24h respectively in 

relation to control (Figure 28).  
 

 

Figure 28: Changes in wound diameter after Zn + I treatment on HEKa using1.5, 7.5, 30, 

and 60 µM different concentrations of Zn + I at 6, 12, and 24h with respect to control shows 

at 60µM concentration significant changes in wound diameter takes place in comparison to 

1.5, 7.5 and 30 µM concentration. 
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Similarly, cells treated with insulin, 1.5 µM insulin treatment, 39.49 ± 1.6%, 20.18 ± 

1.29% and 29.30 ± 1.28% and migration, with 7.5 µM insulin concentration 42.03 ± 1.35%, 

24.89 ± 5.17%, and 41.26 ± 2.03% cell growth enhancement, with 30 µM 45.25 ± 2.50%, 

32.51 ± 0.38% and 51.39 ± 3.22%, closure of the wound and after 60 µM treatment 52.88 ± 

0.83%, 45.067 ± 7.07% and 63.72 ± 1.66% more migration of cell at 6, 12 and 24h 

respectively in relation to untreated control (Figure 28).  

 

Figure 29: Insulin treatment for different hours 6, 12, and 24h on HEKa using different 

concentrations 1.5, 7.5, 30, and 60 µM. The results show that the maximum decrease in 

wound diameter takes place at the highest concentration (60 µM) of insulin in comparison to 

the other concentrations.   

With only Zn + I treatment, 1.5 µM concentration treatment, 40.3 ± 1.04%, 26 ± 3.5% 

and 29.3 ± 3.8% migration, with 7.5 µM Zn + I concentration 44.3 ± 0.74%, 33 ± 0.39% and 

43.3 ± 4.83% cell growth enhancement, with 30 µM 46.8 ± 1.1%, 35.9 ± 2.42% and 51.4 ± 

2.21% closure of the wound and after 60 µM treatment 48.5 ± 0.76%, 45.1 ± 2.36% and 65.6 

± 1.52% more cell growth enhancement at 6, 12 and 24h respectively in relation to untreated 

control (Figure 30).  
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Figure 30: The wound diameter changes after treatment with Zn salt (7.5, 30, and 60 µM 

concentrations and 6, 12, and 24h) shows that the Zn salt behaves as a growth factor and 

helps in enhancing the cell division and maximum decrease in wound diameter takes place at 

higher concentration of salt. 

At 6h insignificant significant differences were observed in cell migration at any 

concentrations of IZnQCs in comparison with controls (insulin and Zn) and I + Zn 

combination. With an increase in time, the effect of migration became more prominent and at 

24h a faster wound recovery rates were prominent. At lower concentrations, the difference in 

wound recovery in comparison with various controls (insulin, zinc, and Insulin + Zn) was 

distinguished significantly. At 1.5 µM concentrations of IZnQCs about 14% faster healing of 

the wound was obtained in comparison with insulin or zinc alone or a combination. Insulin, I 

+ Zn combination, and Zn. At 7.5 µM 5% better wound recovery in comparison to insulin 

and 3% in insulin in combination with Zn were obtained. Similarly, at 30 µM 5% faster 

recovery and takes place in comparison to insulin whereas no significant change was 

observed in comparison with I +Zn. At 60 µM IZnQCs treatment 4% firster recovery took 

place in comparison to insulin and 2% in comparison to I + Zn in combination. The reason 

for the reduced difference at higher concentrations may lie in the fact that both insulin and 
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Zinc work through the same pathway and supplement each-others work and therefore, at 

higher concentrations the cellular signaling strength and recovery rate might have reached 

saturation. The results are shown in Figure 31 and Table 5. 

 

Figure 31: The wound diameter changes after treatment with Zn salt, Insulin, Zn+I, and 

IZnQCs (7.5, 30, and 60 µM concentrations and 6, 12, and 24h). The statistical significance 

of the data shown with “*”: *** P<0.001, ** P<0.01, and * P<0.05. 

Both insulin and zinc are known for their wound healing activity by altering the 

inflammatory dynamic. Insulin binding to IR and phosphorylate the tyrosine kinase receptor 

for its activity. Zinc is also known to work through the same pathway and in the absence of 

insulin, the prolonged exposure of Zn leads to the tyrosine phosphorylation present on IR and 

plays a similar role as insulin. Since both works through IR phosphorylation, a synergistic 

effect in presence of Zinc in combination with insulin and IZnQCs has been obtained, which 

leads to faster wound healing.  

Table 5: In vitro time-dependent cell migration/wound recovery assay. After 70-80%, 

confluence wounds were created in cultured HEKa cells and thereafter were treated with 
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IZnQCs along with Zn and insulin control alone or in combinations for 24h, and wound 

diameter change was calculated from microscopic images. The data represented as mean 

value ± SD of change in cell migration/wound recovery of three independent experiments.  

% of the change in cell migration/wound recovery 
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4.8.4. Fluorescence imaging 

The fluorescence imaging using Dewinter was performed shows fluorescence on the cells as 

performed by using a confocal microscope (Figure 32).   

 

Figure 32: Promotion and monitoring of wound healing in under phase contrast and 

fluorescence microscopy using IZnQCs (60 µM).  
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4.8.5. Combination index (CI) 

To calculate CI; Dm is calculated using m and y from Figure 33.  

 

Figure 33: Median plots of (A) Zn salt, (B) insulin at 6h, (C) Zn salt, (D) insulin at 12h and 

(E) Zn salt, (F) insulin at 24h for finding y-intercept and m values to calculate Dm. 

As the results of cell viability and cell migration show the faster wound healing by 

IZnQCs, the calculated CI values of different combinations of insulin and Zn salt are also less 

than 1 which shows that both behave synergism in which two drugs (insulin and Zn) work 

together and helps each other in enhancing their activity shown in Table 6.  



63 

 

Table 6: Combination Index (CI) values for cell migration for the different combinations of 

insulin and Zn salt. The values are less than 1 which shows that both behave synergism in 

which two drugs work together and helps each other in enhancing their activity.  

 The concentration of 

Zn salt and insulin 

(Dx)1 (Zn salt) 

= Dm[fa/fu]
1/m

 

(Dx)2 (insulin) 

= Dm[fa/fu]
1/m

 

CI = (D)1/(Dx)1 + 

(D)2/(Dx)2 

6
 h

o
u

rs
 

1.5 µM 509.4143 -55394 0.002917 

7.5 µM 430.4253 -39647.8 0.017235 

30 µM 154.0116 -27411.7 0.193696 

60 µM 139.6461 -13706.9 0.42528 

1
2

 h
o

u
r
s 

1.5 µM 3.54E+20 1005.052 0.001492 

7.5 µM 22316.58 591.5453 0.013015 

30 µM 392.042 349.0659 0.162466 

60 µM 117.3233 217.0042 0.614857 

2
4

 h
o

u
r
s 

1.5 µM 3.54E+20 1005.052 0.001492 

7.5 µM 22316.58 591.5453 0.013015 

30 µM 392.042 349.0659 0.162466 

60 µM 117.3233 217.0042 0.614857 

 

4.9. Conclusions 

In the case of complicacy in recovery, the surgeon needs to reopen the surgical wounds to 

monitor the condition which decreases the life quality and increases the healthcare expense. 

Therefore, the development of a suitable tool is necessary which will selectively bind to the 

wound site and will help to monitor the progress of wound recovery. Insulin not only reduces 

blood glucose concentration but also modulates inflammation and thereby promotes cellular 

growth. Therefore, a significant increment of insulin-like growth factor-1 receptor (IGFR-1) 

is has been observed at the various wound sites.
268,269

 This allows specific targeting of the 

insulin-like growth factor or insulin or their formulations to the wound site.
270

 Recently the 

Zinc oxide nanoparticles (ZnONPs) and metal quantum dots have gained attention for their 

easy synthesis procedure, biocompatibility, stability, and wide range of applications including 

antibacterial and rapid wound healing activities.
271,272

 This work demonstrates the role of Zn-

insulin quantum clusters in the promotion of recovery of the wound and allows monitoring of 

the same as well. In IZnQCs both insulin and zinc showed a synergistic effect through 



64 

 

targeting IR and phosphorylating the same. Although, at all concentrations, the synergism is 

present the most prominent effect was observed at 1.5 µM, IZnQCs dose. The phenomenon 

perhaps may explain by the fact that prolonged exposure of Zn, in the absence of insulin, can 

cause phosphorylation of tyrosine present on IR (insulin receptor) and plays a similar role as 

insulin (Figure 34). Therefore, at low dose influence of IZnQCs are much larger than insulin 

or zinc alone or in combination but at higher doses both insulin as well Zn alone may 

generate a response for healing up to saturation. Wound healing promotional activity, target 

specificity, and fluorescence properties make the IZnQCs (Figure 34) ideal to use as wound 

recovery promoting as well as a monitoring tool. Further, the investigation is needed to 

translate this formulation into pre-clinical and clinical models. 

 

Figure 34: Shows the binding of insulin zinc quantum (IZnQCs) with the insulin receptors 

present on the cell membrane. IZnQCs accelerate cell migration, helps in wound healing, and 

also monitoring the migration of the cells. 
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CHAPTER 5 

CRYSTALLINE INSULIN COPPER QUANTUM CLUSTERS 

5.1. Abstract 

Protein embedded fluorescence quantum clusters (QCs) have received a great amount of 

interest among researchers because of their high aqueous solubility, stability, cost efficiency, 

and target specificity. Considerable advancement has happened in making functional 

quantum clusters with target specificity. This work reports the simple synthesis of insulin 

protected copper quantum clusters (ICuQCs) and their receptor-targeted bioimaging 

applications (Figure 35). The preparation of copper quantum clusters (CuQCs) was done 

simply by a one-pot synthesis method by changing the pH of the insulin protein firstly to 10.5 

basic pH than physiological pH. At physiological pH, the mixture incubated in oven 37C at 

240 rpm has been developed to process initially polydisperse, non-fluorescent, and unstable 

CuDs into monodispersed (~2 nm), highly fluorescent, and extremely stable ICuQCs in the 

same phase (aqueous) using insulin as protein. HRTEM images show a uniform distribution 

of CuDs within the protein matrix. Metal ion binding site prediction and docking server 

(MIB) results show that chain B of insulin contains 3 templates contains 5 amino acid 

residues which bind with Cu
2+

 metal ion. Groove 1 contains GLY8 and HIS10 bind has the 

highest binding potential towards Cu metal ions. Because of the protein protection, coupled 

with direct synthesis and easy functionalization, this hybrid QC protein system is expected to 

have numerous optical and bioimaging applications in the future. 

 

Figure 35: Schematic presentation of the formation of crystalline insulin copper quantum 

clusters (ICuQCs). 

5.2. Introduction 

Metal quantum clusters have attracted research interest for their one of a kind part in 

connecting the “missing gap” amongst nuclear and nanoparticle conduct in metal.
273,274

 These 

QCs are comprised of just a couple to a few many atoms with a size littler than 1−10 nm, 
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have risen as an intriguing sort of luminescent nanomaterials.
275,276

 Contingent on the number 

of atoms present in the QCs when their sizes wind up practically identical to the Fermi 

wavelength they show optical, electric, charge properties, and tunable fluorescence 

wavelength.
277,278

 The QCs have enhanced photo-stability; large Stokes shift, as well as high 

emission rates, and strong luminescence.
279,280

 The QCs may be synthesized by using a 

reducing agent like NaBH4 and by changing the pH at basic pH the amino acids having 

aromatic groups donate electrons for the reduction of metal and the disulfide bonds play 

important role in stabilizing the nucleated cluster.
281,282

  

Different metal quantum clusters have been prepared using various proteins (e.g. egg 

white, Human serum albumin, Trypsin, insulin, etc) and metal (e.g. Au, Ag, Fe, Pt, Cu, etc) 

and been explored for their applications such as ion sensing and quantification, redox 

sensing, bioimaging, etc.
283-298

 H. Wei and coworkers, H. Kawasaki and coworkers, and J.M. 

Liu and coworkers have used various proteins (such as Lysozyme, Pepsin, Trypsin, Bovine 

Serum Albumin) to prepare metallic quantum clusters showed the use of gold-protein 

quantum clusters of Au for the sensing of Hg
2+

, Cu
2+

, Pb
2+

.
283-286

 D. Joseph and coworkers, 

H. Shi and coworkers, Y. Chen and coworkers and P.L. Xavier and coworkers have used 

proteins like ovalbumin, papain to prepare protein-metal quantum clusters to sense metal ions 

like Hg
2+

, cupric ions respectively and egg white used for making quantum clusters.
 288-290

 

Lactotransferrin @ AuQCs has been used for metal ions such as Cu
2+

, Ag
+
, Ca

2+
, Ni

2+
, Co

3+
, 

Fe
3+

 and Zn
2+

.
291

 Horseradish peroxide-Au quantum cluster has been used for H2O2 

sensing.
292

 Human Serum Albumin-Au quantum cluster has been used for Nitric Oxide (NO) 

sensing.
293

 Bovine Serum Albumin (BSA) in combination with various metal ions such as 

Ag, Au, and Cu has been used for bioimaging applications both in vitro and in-vivo 

imaging.
294,295

 Insulin gold quantum clusters were prepared to find the increased in the 

number of receptors when myoblast cells transformed from undifferentiated to differentiated 

myoblast cells.
296,297

 Nanoclusters of gold Insulin were prepared and used for super-

resolution microscopy, to detect the fluorescence and stimulated emission depletion 

properties of gold nanoclusters.
298

  

One of the most attractive features is its great biocompatibility and amazing 

photostability, combined with low toxicity levels. Due to lower levels of harmfulness and 

excellent photostability, the QDs become attractive in bio-imaging testing. Here in this 

chapter, we synthesized ICuQCs using the simplest method
299

 to check the binding of Cu @ 

insulin QCs with the insulin receptor. The procedure was performed by blending the metal 

particle antecedent with insulin and changing it to soluble pH. It is accounted for those 
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fragrant amino acids that give electrons to diminish metal particles of Cu while broken 

disulfide bonds assume a real part in balancing out the nucleated bunch. Utilizing this simple 

synthesis we can process polydisperse Copper sulfate (CuSO4) into great degree fluorescent 

metal quantum-clusters, stable in aqueous medium connected with insulin as layout.
300

 

Colloidal stability was determined by analyzing the Zeta potential of the system. The 

interactions between Cu and insulin have been was determined by FTIR studied and modeled 

using the bioinformatics tool. The interactions of the protein with metals largely depend on 

the structure and the sequence (available interacting groups) of the protein. Also, the 

interactions may modulate the physiological activity of the protein it binds to. Hence, there is 

a requirement to predict the site of interaction of metal ions in a protein to determine the 

ultimate possible role in the protein function. Metal ion binding site prediction and docking 

server (MIB) is an online docking server tool that is used to predict the binding site of various 

transition metal ions.
301

 It is based on the principle of fragment transformation method and 

focuses on aligning the target protein with various templates containing metal ion binding 

sites in the database and hence assigning the docking score to each amino acid of the protein 

as well as the different grooves for metal ion binding.
302

 The alignment of the target protein 

with different templates is compared using the similarity between the structures and their 

sequences. The structural similarity between them is determined by the BLOSUM62 

Substitution matrix and the sequence similarity is determined using the root mean square 

deviation of the C-alpha of the two structures.
303

 This online tool provides an approach with 

much accuracy of 94.9 % and a sensitivity of 85.6% for Cu
2+

.
301

 In case the binding score is 

more than the threshold, then that particular residue is known to the binding site for the metal 

ion. Hence, the binding site of the metal ion was determined. 

5.3. Material and methods 

5.3.1. Materials 

Human recombinant insulin was purchased from Elli Lilly 70/30 human insulin, France. 

Molecular Biology grade Copper Sulphate was purchased from Sigma Aldrich, USA. Ham's 

F12 (AL106A), DMEM-F12 media (AL219A), New born calf serum (RM10437), and 

Phosphate buffered saline pH 7.4 (PBS, TL1099), 100 X Penicillin-streptomycin mixture, 

were purchased from Himedia Lab, India. All the other chemicals including Sodium 

hydroxide, Hydrochloric acid, Sodium bicarbonate, etc were of molecular biology grade and 

were purchased from, Loba Chemie, India. Human cervical carcinoma cell line (HeLa; 
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ATCC CCL-2) and human lung non-small epithelial carcinoma (A549; ATCC CCL-185) 

were purchased from ATCC and used for in vitro studies. 

5.3.2. Preparation of insulin quantum clusters with the copper metal  

For Insulin copper quantum cluster preparation, 3.47 M fresh insulin was taken and then 

converted to 1.82 μM and the pH was adjusted to 10.5 using Sodium Hydroxide (SOLUTION 

A). The Copper Sulphate salt solution of similar molarity (1.82 μM) was prepared 

(SOLUTION B) and then these two solutions were mixed and the pH was adjusted to 

physiological pH 7.4 using 0.1 N Hydrochloric Acid. The resulting solution was kept for 

incubation in a hot air oven at 37°C and 240 rpm for 12h.
304-306 

5.3.3. Instrumentations 

After synthesis of insulin linked metal quantum clusters (CuSO4), UV–visible absorbance 

was measured using (UV 2600 spectrophotometer, Shimadzu) and 4000 μl quartz cuvette 

with 1 cm path length; it was operated from 200 to 1100 nm. Measurements were observed 

for a salt solution (CuSO4); insulin metal quantum clusters with incubation and insulin metal 

quantum clusters without incubation were measured to study the interactions between Insulin 

and metal quantum clusters. HRTEM (Talos F200S G2, Thermo Scientific) was used for 

finding the morphology and elemental analysis was performed to detect the elements present 

in the sample. It was performed by centrifuging the samples at 240 rpm for 10−15 min, later 

the pellet was thoroughly washed to remove any kind of impurities or unbound metal salt 

associated with the sample. The pellet was investigated to analyze the elemental constituents 

in the samples. In addition to HRTEM Electron Dynamic Scattering (HRTEM-EDS) was 

performed to analyze the percentage of different elements present in the samples. FTIR 

Spectrophotometer (Agilent Cary 600 series, Australia) was exploited for analyzing the 

functional groups of the CuQCs. The sample was washed before use and was air-dried onto a 

glass slide at 37°C. The pellets were formed by mixing the samples with Potassium bromide 

(KBr). The scan was observed from 4000 cm
−1

 to 400 cm
−1

.  

Fluorescence spectrophotometer Shimadzu RF-6000, Spectro-fluorometer was 

exploited to determine the binding of insulin to the metal quantum clusters using the CuQCs 

sample. The fluorescence intensity was measured at an excitation wavelength of 272 nm, 

coupled with an emission scan from 260 to 520 nm with an excitation and emission slit of 5 

mm. The percentage increase in the intrinsic fluorescence; the fluorescence intensities of 
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ICuQCs and Insulin were compared using the procedure as mentioned in 4.2.3. section of 

chapter 4. 

5.3.4. In vitro assay 

The biocompatibility, effect of ICuQCs on cell viability and cell migration was determined 

by using the HeLa cell line. 

5.3.4.1. Cell viability 

The viability of the cells was checked out on HeLa by using MTT (3-(4, 5-dimethylthiazol-2-

yl)-2, 5-diphenyltetrazolium bromide) assay. HeLa of density 1 X 10
4
 (per well density) has 

been seeded in 96 well plates and was allowed to 70-75% confluent. The cells after that were 

incubated with different percentages (1.5, 7.5, 30, and 60 μM) of ICuQCs, insulin, Cu salt, 

and the mixture of insulin and Cu salt. After treating the cells were incubated at 37°C in the 

incubator for 24h. After 24h the MTT (2 mg/ml in 5% ethanol) was added for 3h. After 3h 

the MTT along with media was removed and 200 μl dimethyl sulphoxide (DMSO) was
 
added 

to dissolve the formazan crystals. The absorbance was checked at 570 nm. The inhibition % 

was calculated by using the formula (xvi). 

% inhibition = [1 – (At/As) x 100] %............. (xvi) 

At is the test substance absorbance and As control solvent absorbance. For every three 

independent readings were taken
 254,255

 

5.3.4.2. Bioimaging studies  

Laser confocal images were visualized under a (Zeiss LSM 510 Meta, Germany) confocal 

microscope. To confirm the application of insulin-based quantum cluster for cellular imaging 

confocal microscopy was performed. Insulin specifically interacts with its cell surface 

receptor; therefore ICuQCs should also interact with the same cell surface receptor. To 

confirm that confocal imaging was performed using A549 human lung non-small epithelial 

carcinoma cell line (CCL-185, ATCC, USA) and HeLa, human cervical cancer cell lines 

(CCL-2, ATCC, USA). Both A549 and HeLa cells were cultured and maintained Ham's F12 

and DMEM media respectively supplemented with 10% serum and antibiotics. After 

achieving 60–70% confluence the cells were inculcated with 1% ICuQCs or Insulin (in 

control) for 2h in normal culture conditions. After incubation cells were thoroughly washed 

with 1X PBS and fixed with methanol. Thereafter cells were treated with RNase A for 3h at 

37°C. Thereafter cells were incubated with 1 μg/ml of propidium iodide (PI) before imaging. 
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Dewinter fluorescence microscope. For taking the images, the A549 (Lung cancer cell line) 

cells were treated with ICuQCs and fixed with 2% formaldehyde. The cells were examined in 

white light and fluorescent light. 

5.3.4.3. Statistical analysis 

By using one-way ANOVA statistical analysis of data was carried out using MS Excel. Then 

the corresponding P-value was measured to check the statistical significance of the data. Data 

were presented as the mean ± SD of at least three independent experiments.  

5.3.5. Bioinformatics 

MIB is an online docking server tool that is used to predict the residues of binding sites in 

various transition metal ions using the fragment transformation method. In the fragment 

transformation method, the metal ion-containing template protein structure (T) of length m 

extracted from the protein data bank (PDB) and query protein (S) of length n residues were 

aligned, based on this alignment the metal ion binding template can be transformed into the 

query protein structure. For these protein structures, some parameters were applied. The 

important parameter was template must contain residues bound with Mg
2+

, Ca
2+

, Mn
2+

, Zn
2+

, 

and Fe
3+

 metal ions. Secondly, the protein structures which did not possess polypeptide are 

excluded and the length of the polypeptide chain must be 50 residues.
307

 The residues of 

query template and metal ion binding triplets can be represented by N-Cα-C backbone atoms 

and are given by (xN, xCα, xC) and (yN, yCα, yC); x and y are the coordinates of PDB. In 

terms of triplets, S and T can be represented as (τ1, τ2.. τm) and (σ1, σ2..σm). For the m x n 

dimensions of S and T, residues matrix was constructed forms a transformed matrix Mij 

means σi = τj or Mijσi = τj. Different Mij has three translations and rotations along the x, y, 

and z Cartesian axes. The third parameter is that the distance between the metal center and 

PDB coordinates was within 3.5°A and the template must contain at least two metal ion 

binding residues. The Cartesian distance between the S and T (τl and Mij.σk respectively) 

was represented by Dkl ij which provides the similarity in the orientation of S and T residues. 

If the distance between two triplets (σi, τj) and (σk, τl) is less than Do (3.5°A) only then 

alignment was possible.
308

 The other parameter was the binding score of the residue denoted 

by Ci must be higher than the specified threshold value, the binding score is assigned to all 

the residues of the target protein-based based on structural conservation of the protein as well 

as the sequence of the target protein with the help of root mean square deviation of C-alpha 

carbons of structural local alignment as well as BLOSUM62 substitution matrix. If the 
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binding score is more than the threshold, then that particular residue is known to the binding 

site for the metal ion.
302,309 

Hence, the binding site of the metal ion was determined using the 

bioinformatics tool. This user-friendly online tool provides an approach with much accuracy 

of 94.9% and a sensitivity of 85.6% for Cu
2+

 based on the fragment transformation approach. 

Human Insulin protein was extracted from the PDB database (PDB ID: 4EWW). This 

polypeptide contains 2 chains. In this tool, the Cu
2+

 metal ion was docked with both the 

chains of human insulin independently. Different metal ion binding templates are compared 

with the target protein. Different metal ion-binding templates are compared with the target 

protein.
303

  

5.4. Absorbance spectra and fluorescence spectra 

Single Sharp resonance peak of insulin appears at 284.7 nm without CuSO4 having 

absorption maxima 0.0926. After 48h of incubation of insulin with a metal salt, the 

absorption peak at 285.7 nm with absorption maxima 0.1985 (Figure 36A) was observed due 

to the formation of quantum clusters of Cu-metal. Further different characterizations were 

performed to confirm the synthesis of ICuQCs.
310

 The changes in internal fluorescence of 

insulin were monitored by using Shimadzu RF-6000, Spectro-fluorometer, at 272 nm 

excitation wavelength. The spectral changes were monitored from wavelength 260-520 nm. 

Approximately 250.4% increase in intrinsic fluorescence of insulin takes place after 

incubation with CuSO4 after 12h incubation at standardized conditions shown in Figure 36B. 

 

 

Figure 36: Absorption spectra show the broader peak of insulin at 272 but after incubation 

(A) ICuQCs show absorption spectra with a maximum at 272 nm. (B) Shows the fluorescence 

spectra after excitation of Insulin, CuSO4, and ICuQCs wavelength 272 nm and emission 

spectra after excitation at 272 nm show fluorescence intensity at 300 nm. 
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5.5. Structure and composition of metal insulin clusters 

The DLS sizes show the hydrodynamic diameter of insulin capped quantum clusters 

(ICuQCs), which is 146.5±100 nm. Transmission electron microscopic images of ICuQDs 

show the formation of CuDs which are spherical and the selected area electron diffraction 

(SAED) confirming the presence of copper in the ICuQDs Figure 37. 

 

Figure 37: (A) TEM micrograph indicating the formation of Cu-insulin quantum clusters, 

(B) HRTEM images on 10 nm scale showed the ~2 nm size of ICuQCs, (C) HRTEM-EDS 

indicates the presence of Cu in the quantum clusters and the selected area electron 

diffraction (SAED) confirming the presence of copper in the ICuQDs, (D) shows the area 

used for elemental analysis, (E–H) showed the presence of different elements in the sample. 

Figure 37A. Although the CuDs are distributed all over the protein matrix they are 

arranged in small clusters. In some of the CuDs are marked in red circles. High-Resolution 

Transmission electron microscopic images (HRTEM) of the same sample show the cluster 

size of ~2−3 nm Figure 37B. HRTEM-EDS indicate the presence of a significant amount of 

Cu in the quantum clusters (Figure 37C). The diffraction pattern in the selected area electron 

diffraction (SAED) confirmed the presence of Cu in the ICuQDs (Figure 37C). Elemental 

mapping of area (Figure 37D) showed the presence of different elements like Cu, O, N, and 

S in Figure 37E-H. Figure 37B is showing low-resolution images of the ICuQDs whereas 

the inset is showing the EDS spectral pattern of the sample. Figure 37E-H Elemental 

mapping of the cluster showed even distribution Cu in the sample and association of the 

protein as well. 
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5.6. FTIR spectra 

An FTIR measurement of CuSO4, control insulin, and ICuQCs was carried out to find out 

interactions involved in metal-protein. The comparative plot is represented in Figure 38A.  

  

Figure 38: Comparative FTIR peaks between CuSO4, insulin, and ICuQCs (A) in the range 

of 1250-400 cm
-1

 showed the formation of Cu-N, Cu-O, and Cu-OH bonds in ICuQCs after 

the formation of quantum clusters. (B) Comparative spectra between insulin and ICuQCs.  

Here the peaks due to intermolecular interaction between Cu with insulin the peaks 

appeared at 619 cm
−1

 and 859 cm
−1

 for Cu-O and Cu-OH respectively.
311

 In addition to these 

two peaks formation of 556 cm
−1

 peaks confirmed interactions of Cu-N in ICuQCs.
312,313

 

Further for both insulin and ICuQCs band appeared at 674 cm
−1

 for C-S stretch.
315

 C-O 

appeared at 924 cm
−1

 for insulin and at 920 cm
−1

 for ICuQCs. The amide C=O showed peaks 

of 1653 cm
-1

 ICuQCs is similar to insulin.
314

 Furthermore, conformational changes in insulin 

protein structure due to the interaction of CuDs were monitored using FTIR from 400−4000 

cm
−1

 and represented in Figure 38B. The peak at 1425 cm
-1

 and 1420 cm
-1 

appeared due to 

CH3 bending and at 1541 cm
−1 

and 1551 cm
−1

 because of aromatic C-C bending in insulin 

and ICuQCs respectively.
316

 No shift in peak position was observed at 2355 cm
−1

 for nitrile 

stretch.
317

 Carboxyl O-H stretch peaks formed at 2918 cm
−1 

and 2877.6 cm
−1 

in insulin got 

shifted to 2918 cm
−1 

and 2887.6 cm
−1 

in ICuQCs. No shift of amine N-H stretch (3389.7 

cm
−1

) was observed in both in both ICuQCs and insulin.
316

 The C-N stretch peak at 1049 

cm
−1 

is common in both ICuQCs and insulin and similarly, CuSO4 salt solution and ICuQCs 

show the common peak of S-O stretch at 1110 cm
−1 

shown in Figure 38A.
318 

The 

comparative wave number values are represented in Table 7. 
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Table 7: Comparative table showing the peak position of different functional groups present 

in CuSO4, insulin, and ICuQCs. 

Wavenumber (cm
-1

) 

Functional  Groups Insulin ICuQCs CuSO4 

Cu-N stretch  ----  556  ----  

Cu-O stretch  ----  619  ----  

C-S stretch  674  674  ----  

Cu-O-H stretch  ----  859  ----  

C-O stretch  924  925  ----  

C-N stretch  1049  1049  ----  

S=O stretch  -----  1110  1110  

Amide C=O stretch  1653 

1541  

1653  

1551  

----  

Nitrile stretch  2357  2357  ----  

CH3  symmetric stretch 2877.6  2887.6  ----  

CH3  asymmetric stretch 2918  2918  ----  

Amine N-H stretch  3389.7  3389.7  ----  

5.7. Metal ion binding residue templates 

The metal ion binding site was determined using the Metal Ion-Binding site prediction and 

docking server. The server generates templates that contain residues that bind with metal-ion. 

In the case of chain A insulin receptor, no templates were generated which signifies that the 

chain does not contain the copper-binding site. On the other hand, chain B contains 3 

templates containing 5 amino acid residues which bind with Cu
2+

 metal ion. Figure 39 shows 

various local structures that contain residues binding with metal ions within a radius of 3.5Ǻ 

from the center of the metal ion. Groove 1 contains metal ion binding with GLY8 (glycine) 

and HIS10 (histidine). Groove contains metal ion binding with HIS5 and HIS10, Groove 3 

contains metal ion binding with HIS5, CYS7 (Figure 39A-C). These different grooves have 

different binding potential with groove 1 showing more binding potential, groove 2 having 

the intermediate binding potential, and groove 3 having the lower binding potential among all 

(Figure 39D, E and F). In addition to this, the difference in the binding potential was found 

to be closely related to the distance between the amino acid residue in the groove and the 

metal ion. In groove 1, the distance between the metal ion and GLY8 and HIS10 was 2.64 Ǻ 

and 2.07 Ǻ respectively. In groove 2, the distance between the metal ion and ASN3 and HIS5 

was found to be 6.38 Ǻ and 5.31 Ǻ respectively. In groove 3, the distance of metal ion from 
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amino acid residues HIS5 and CYS7 were found to be 4.78 Ǻ and 5.77 Ǻ respectively 

(Figure 39E-G).  

 

Figure 39: Metal ion binding residues depicts different binding sites of Cu in insulin chain B 

along with the amino acid residues within 3.55 Ǻ diameter (A) in Groove 1, (B) Groove 2, 

and (C) Groove 3, and (D) Binding potential of each groove with the Cu-ion. (E-G) Showed 

the distance of Cu-ion from each functional group of amino acid residue. (H) and (I) shows 

amino acid binding score more than the threshold value in chain A and chain B of insulin 

respectively. 

5.8. In vitro studies 

5.8.1.  Cell viability and fluorescence imaging 
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Figure 40 shows the non-toxic behavior of Insulin Copper Quantum clusters (ICuQCs). The 

insulin behaves as a growth factor and helps in cell proliferation. Similarly, Cu promotes cell 

growth helps in cell division. 5% concentration of ICuQCs showed an almost double increase 

in the growth of cells in 24h when these were compared to control (blank, insulin and 

insulin+Cu salt) indicates the cell growth-promoting effect of ICuQCs  

 

Figure 40: HeLa cell viability/ proliferation in the presence of Cu salt, insulin, insulin Cu 

salt, and ICuQCs shows the nontoxic effect of all samples. Further insulin is known for 

growth-promoting activity which is true for Cu as well. Therefore, in the presence of insulin, 

Cu or combination showed higher cell proliferation. The statistical significance of the data 

shown with “*”: *** P<0.001, ** P<0.01, and * P<0.05. 

Figure 41 showing the images are for fluorescence imaging using the A549 cell line. 

To check the fluorescence of ICuQC cells were treated as before. After treatment, the cells 

were washed with 1X PBS buffer and fixed using 2% formaldehyde. After fixing the cells 

were observed under the Dewinter inverted fluorescence microscope. Figure 41 is showing 

blue fluorescence only on the cell surface which suggests the specificity of the ICuQCs for 

the cell surface receptor. The picture was taken by keeping the focus only on the cell 

membranes. Figure 41B is showing the same field focusing on the whole cells.  



77 

 

 

Figure 41: Fluorescence images on A549 cell line 100X magnification (A) show phase image 

and (B) show the presence of fluorescence only the cell membrane.  

5.8.2.  Confocal imaging 

To confirm the application of insulin-based quantum cluster for cellular imaging confocal 

microscopy was performed using A549 and HeLa cells.  

 

Figure 42:  A549 cells (A) treated with CuSO4, (B) nucleus stained with PI, (C) Phase image 

of the cell, (D) merged imaged of CuSO4 treated and non treated cells, (E) treated with 

ICuQCs, (F) nucleus stained with PI, (G) Phase image of the cell, (H) merged imaged of 
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ICuQCs treated and non treated cells and HeLa cells (I) treated with CuSO4, (J) nucleus 

stained with PI, (K) Phase image of the cell, (L) merged imaged of CuSO4 treated and non 

treated cells, (M) treated with ICuQCs, (N) nucleus stained with PI, (O) Phase image of the 

cell, and, (P) merged imaged of ICuQCs treated and non treated cells. 

ICuQCs treated both cells showed bright blue fluorescence was observed as a result of 

the binding of the ICuQCs with the insulin receptors present on the cell surface. Figure 42A-

H is showing CuSO4 and ICuQCs treated A549 cells. Figure 42E is showing the bright blue 

fluorescence of ICuQCs whereas in Figure 42A no fluorescence observed was for the same. 

Figure 42A and F are showing the nuclear staining of PI for A549 cells. Figure 42C and G 

are showing phase images of the cells and Figure 42D and h are showing merged images of 

the control and treated A549 cells. Similar experiments were performed using HeLa cells. 

Figure 42I-P are showing CuSO4 and ICuQCs treated HeLa cells. Figure 42M-P is showing 

the Blue fluorescence of CuQCs, red of PI, phase and merged images ICuQCs treated HeLa 

cells respectively. Figure 42I-L is showing that of control HeLa cells respectively. 

5.9. Conclusions 

In this chapter, we synthesized fluorescent ICuQCs. The synthesis was confirmed by 

performing various studies. The interaction of Cu-metal with insulin protein was confirmed 

by using TEM micrography, elemental analysis, FTIR, and Metal ion binding site prediction 

and docking server (MIB). FTIR showed peaks at 556 cm
−1

, 619 cm
−1 

and 859 cm
−1

 for Cu-

N, Cu-O, and Cu-OH respectively indicate the intermolecular interaction between Cu and 

insulin. Metal protein binding studies show the highest binding potential towards chain B of 

insulin protein and also has the highest binding potential with Groove 1having GLY8 and 

HIS10. It was seen that chain A does not show any significant binding with the metal ion 

whereas the metal ion binds at more than one site in Chain B. In addition to this, the amino 

acid HIS10 shows the most active and prominent binding with the metal ion in chain B of the 

Insulin protein. On the other hand, HIS5 in combination with different amino acids forms 

different binding sites with different levels of binding. It has also been seen through this 

study that Histidine shows the strongest binding affinity for the metal ion. The reason is that 

the metal ion binds near HIS in the grooves. Unlike other metal protein quantum clusters, 

ICuQCs are target specific quantum clusters. Due to the use of insulin in synthesizing the Cu-

metal quantum clusters, these ICuQCs showed the property of binding with insulin receptors 

present on the surface of the cell (Figure 43). This target-specific property of these particles 
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makes these particles different from other quantum clusters. The ICuQCs showed enhanced 

fluorescence (blue fluorescence) in comparison to control insulin protein due to this enhanced 

fluorescent property binding of these particles with insulin receptors that can be easily 

detected by using confocal and fluorescence microscopy (Figure 43). 

 

Figure 43: Shows the binding of insulin copper quantum (ICuQCs) with the insulin receptors 

present on the cell membrane. 
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SUMMARY 

Wound, loss of continuity of tissue structure (such as skin, muscle, nerves, blood vesicles, 

bones, etc)
 
caused due to mechanical (such as friction, pressure, heat or cold), chemical, 

electrical, or radiation force exposure.
1,2

 Wounds have chronic pain or completely painless, 

swelling (redness, heat, swelling, pain, and loss of function), susceptible to infection are the 

signs.
3
 Wounds are either internal or external based on their origin. Internally originated 

wounds also like ingrown toenails or calluses, break the skin and surrounding tissue, create 

an external wound and open wounds; due to environmental exposure is prone to infection.
4
 

To prevent infection; initiate a series of dynamic events, collectively known as the wound 

healing process.
5 

But the chronic wound is characterized by a persistent rise of pro-

inflammatory cytokines and low anti-inflammatory cytokines and growth signal and is a 

major issue for patients undergoing surgery.
6
 Chronic wounds result in isolation, pain, 

anxiety, frustration, discomfort, and also lead to depression in patients.
7,8

 All conditions 

affect the normal life, emotions, behavior, and thought pattern of the patient and ruin the 

quality of life.
9
 

The wound healing process riles on activation of a cascade of physiological events such 

as hemostasis, inflammation, proliferation, and remodeling.
10 

The inflammation plays an 

important role throughout this process, the fast recovery of the wound depends on the 

transition of pro-inflammatory (M1 macrophages) to anti-inflammatory (M2 macrophages) 

and in chronic wounds, delay in transition in chronic wounds result in a prolonged 

proinflammatory phase leading to delay in wound healing.
11

 In the early phase, macrophage 

functions through the release of cytokines (including IL-6, IL-12, IL-1β, and TNF-α, etc) and 

activating leucocytes to produce proinflammatory response.
12 

Secretion of anti-inflammatory 

cytokines (including IL-4, IL-10, IL-13, and TFG-β, etc) is responsible for the closure of the 

wound and induces angiogenesis and re-epithelialisation.
13 

Numerous approaches including various kinds of dressings stem cell-based therapies 

and the use of growth factors (epithelial growth factor, platelet-derived growth factor, 

fibroblast growth factor, transforming growth factor-beta, and insulin-like growth factor-1) 

have been targeted to treat chronic wounds.
14

 Despite potential usefulness is limited due to 

limitation including moisture associated delaying (alginates based dressings),
 

reduced 

aeration (hydrocolloid based dressings), low mechanical strength (hydrogels based dressing), 

the high cost (stem cell and growth factors based therapies), and increase in the economic 

burden.
15-20

 Healing of wound attained the great attention of investigators but promising 
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therapeutic intervention is still awaited. Insulin is one of the most common and effective 

therapeutic choices for the treatment of diabetes type-I; it acts as an anti-inflammatory agent 

by activating cytokines which can reduce inflammation and promotes glucose uptake by cells 

thereby helping maintenance of blood glucose level.
21

 Insulin also works as a cellular growth 

promotes and works through insulin-like growth factor receptor-I (IGFR-I) binding.
22

 

According to the International Diabetes Federation (IDF) data till 2019, 463 million 

people were having diabetes.
23 

IDF estimates that by 2045 the diabetic cases raise from 628 

to 700 million.
23,24 

The patients suffering from diabetes are at 25% risk of developing foot 

ulcers.
25

 More than 6% of diabetic ulcer patients needing clinical attention among which 15-

20% will need amputation of lower limb due to worsening of the wound.
26

 Despite so many 

uses of insulin as anti-diabetic agents, it has rarely been explored for its wound healing 

activities.  

Keeping the above points in view, the following objectives have been designed 

1. Development of different insulin based nanoformulations and their characterization. 

2. In vitro cell migration assay using different insulin nanoformulations. 

3. Evaluation of selected nanoformulations for wound healing activity in the diabetic 

condition. 

In the present work, the wound healing mechanism of insulin had been proposed and 

three different formulations of protein i.e. insulin capped silver nanoparticles (IAgNPs), 

amorphous insulin zinc quantum clusters (IZnQCs), and crystalline insulin copper quantum 

clusters (ICuQCs) had been prepared. Further, these formulations were been investigated for 

their in vitro wound healing activity using Human cell lines (HEKa, A549, and HeLa). In 

addition to this IAgNPs were further used for in vivo wound healing activity testing on Wister 

rat models. 

Chapter 2: Mechanism of wound healing by insulin 

2.1. Mechanism of wound healing by insulin 

Insulin is a peptide hormone, helps in controlling diabetes. It can also act as an anti-

inflammatory agent by activating cytokines which can reduce inflammation and help to 

recover the wound. Also, through metabolism and synthesis activities, it plays an important 

role in cell differentiation and survival. Insulin promotes up-regulation of NFkβ
P50/P50

 by 

suppression of p65 expression and TNF-α. Suppression of NFkβ
P50/P65

 decreases the 

expression of IL-6, IL-1β, IL-12, and TNF-α cytokines in the wound site. Inhibition of 

proinflammatory cytokines drives the equilibrium toward the expression of anti-inflammatory 
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cytokines, such as IL-10, IL-4, VEGF, etc, which inhibits cellular apoptosis and induces cell 

proliferation like IGF. In the following section the regulation of the dynamics of cytokines 

under the influence of insulin a) inactivated NFkβ
P50/P65 

to decrease inflammation by inducing 

glucose uptake, b) induces fatty acid biosynthesis and thereby inactivates the TNF-α 

mediated inflammatory pathway, c) induces cell growth and differentiation by protein 

synthesis and inhibits proteolysis through FOXO inactivation to promote cell survival, d) 

behaves as an IGF growth factor and can activate the same signaling pathway to reduce 

inflammation, and e) modulates inflammation through the reduction of proinflammatory 

cytokines and inducing anti-inflammatory cytokines. 

2.2. Insulin modulates inflammation through the reduction of proinflammatory 

cytokines and inducing anti-inflammatory cytokines  

In a normal wound, the healing process relies on the activation of a cascade of physiological 

events such as inflammation, proliferation, epithelisation, vascularisation, maturation, and 

remodeling at the scar site. Macrophages play an important role throughout the whole 

process. In the early wound healing phase, macrophages function through the release of 

cytokines and activating leucocytes to produce an inflammatory response. 

Macrophage infiltration takes place into the wound site due to chemotaxis induced by 

factors such as PDGF, LPS (Lipopolysaccharide), PAMP (Pathogen-associated molecular 

patterns), Toll-like receptor (TLR) ligand, and IFN-gamma (IFN-ϒ). M1 is responsible for 

the secretion of high levels of IFN-β/TNF-α, and STAT1. Insulin via PI3/Akt pathway 

activates STAT3 which inhibits STAT1 synthesis and induces class switching of M1 to M2 

macrophages repair macrophages that function in the constructive process like in tissue repair 

and wound healing. M2 macrophages also produce polyamines and ornithine through the 

arginase pathway and anti-inflammatory IL-4, IL-10, and IL-13 cytokines. Insulin together 

with M2 macrophages induced anti-inflammatory activates PI3K/Akt pathway to induce 

protein and fatty acid biosynthesis, cell division, cell migration, and angiogenesis to promote 

wound recovery. In diabetes with insulin resistance, there are consistently elevated levels of 

TNFα and IL-6, the proinflammatory cytokines have been shown. In normal glycemic 

conditions, the adipocytes produce cytokines, like IL-13, that promotes the activation of 

alternative or M2 macrophages. M2 or activated macrophages are responsible for the 

secretion of anti-inflammatory cytokines like IL-10 and may secrete insulin-sensitizing 

factors, PPAR-ϒ (Peroxisome Proliferator-Activated Receptor Gamma), which generates a 
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vicious circle for insulin activity. PPAR-ϒ can also activate the anti-inflammatory cytokine 

IL-10 (Figure 1). 

 

Figure 1: Molecular pathway for the transition of macrophages i.e. from the M1 to M2 

phase. IFN-ϒ and TNF-ɑ generation in wounds activates NFkβ, IRF-3, STAT1 which helps 

in secretion of IL-10, IL-1β, IL-12, TNF-α, STAT1 and NFkβ
P50/P65

, responsible for 

inflammation. The transition of M1 to M2 macrophages is necessary for wound healing. IL-4, 

IL-13, IL-10, IGF, VEGF, and insulin can activate PKC, HIF-α, STAT3, and NFkβ
P50/P50

, etc 

cytokines to produce an anti-inflammatory effect. 

In the diabetic condition, there is a prolonged-expression of the pro-inflammatory 

macrophage phenotype sustained by IL-1β and TNF-α, and wound healing gets impaired. 

Overexpression of IL-1β, TNF-α, or IL-17 cytokines decrease the expression of inflammatory 

cytokines, upregulates wound healing related genes, and accelerates the healing of wounds. 

Furthermore, adipose tissue and the blood have elevated TNF-α cytokines, and TNF-α 

neutralization improves the sensitivity of insulin in the animals. Diabetes induces changes in 

gene expression and metabolism in adipocytes and results in increased lipolysis and 

production of free fatty acids (FFAs) and pro-inflammatory factors that recruit and induce 

activation of macrophages, such as monocytes chemotactic protein-1 (MCP-1) and tumor 
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necrosis factor α (TNF-α). Activation of M1 macrophages produces a huge concentration of 

inflammatory cytokines, like IL-1β, resistin, and TNF-α that acts on adipocyte cells to make 

them insulin resistant. This signaling forms a kind of feedback loop that increases 

inflammation and resistance to insulin. TNF-α, an inflammatory cytokine, plays an important 

role in the normal healing process, but its activation for a long period leads to an increase in 

protease activity. In non-healing wounds of humans, MMPs were detected at very high 

concentrations. In chronic or inflamed wounds, there is an imbalance in pro-inflammatory 

cytokines and their inhibitors, proteases, and their anti-proteases expression. The role of 

insulin in the transition from inflammatory to anti-inflammatory state and M1 and M2 

macrophages transition is depicted in Figure 1. 

Chapter 3: Synthesis, characterization, in vitro wound healing activity, in vivo wound 

contraction assay and anti-inflammatory effect of insulin capped silver nanoparticles 

(IAgNPs)  

3.1. Synthesis  

Aqueous Tulsi (Ocimum tenuiflorum) leaf extract (ATE) was prepared by boiling 3 g tulsi 

leaves in 100 ml water for 2h. After cooling and filtration pH of the solution was adjusted to 

7.4 and preserved at 4°C. Synthesis of AgNPs was carried out by using ATE as a capping and 

reducing agent. 240 μM AgNO3 was added in 5000 μl of ATE and was kept under sunlight 

for 10 min. The color of the solution changed from faint light yellow to reddish-brown under 

the sunlight. After this, AgNPs were incubated with insulin at physiological temperature 

(37°C) in an incubator for an hour to produce insulin protected AgNPs (IAgNPs) shown in 

Figure 2. 

 

Figure 2: Schematic presentation of the formation of nano-insulin formulation (IAgNPs). 

3.2. Characterization 

The nanoparticles' surface plasmon resonance, hydrodynamic diameter and stability, and 

thermodynamic binding parameters using protein internal fluorescence were determined. 

Using Surface-Enhanced Raman Scattering (SERS) and FTIR spectra structural changes in 
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insulin protein were observed. Far Ultra Violet Circular dichroism (Far UV CD) 

measurements were carried out to identify changes in secondary structures of insulin due to 

interaction. The morphological studies like the size of particle and size distribution of the 

biosynthesized AgNPs and IAgNPs were studied by placing the solution of samples on 

carbon-coated TEM grids (400 meshes) by using Transmission Electron Microscope. The 

number of the protein binds to a single AgNP was determined by the Bradford protein assay. 

3.3. In vitro wound healing 

IAgNPs induced higher HEKa cell migration in comparison to control in experimental sets 

containing glucose concentration 100, 180, and 360 mg/dl. The extent of migration increased 

with the increase of time and IAgNPs concentration (Figure 3A). After 24h, IAgNPs treated 

HEKa cells (Figure 3B) for normal glycemic (100 mg/dl) and moderate hyperglycaemic 

conditions (180 mg/dl) showed an increased migration of almost 25% and 27% respectively 

(Figure 3C) whereas 360 mg/dl glucose concentration (Figure 3C) showed almost 31% 

faster cell migration compared to vehicle-treated control, indicating the higher wound healing 

activity in higher hyperglycaemic conditions. 

 

Figure 3: HEKa epithelial cell migration (A) after 12h & (B) 24h and Bar graphs (C) 

showing cell migration (in cm) at 12h and 24h with different Glucose and IAgNPs 



110 

 

concentration (G = Glucose in mg/dl and I = Molar Concentration of IAgNPs in pM). The 

statistical significance of the data shown with “*”: *** P<0.001, ** P<0.01, and * P<0.05. 

3.4. In vivo wound contraction assay 

3.4.1. Assessment of wound recovery in vivo: Full-thickness excision the wound of 

diameter 15 mm was created initially in all animals (Figure 4A) and treated non-diabetic and 

diabetic animals showed significant variation in the initiation and completion of wound 

closure in comparison with control. Early and later phases of healing on the 5
th

 and 11
th

 days 

respectively, indicating important phases of healing, were chosen to measure further 

biochemical and histological parameters simultaneously. 

 

 

 

Figure 4: Healing rate of the wound by AgNPs, ATE-insulin, and IAgNPs treatment in both 

diabetic and non-diabetic animals on the 5
th

 and 11
th

 day. (A) Physical observation of wound 

contraction in various groups of treatment and control, (B) % wound closure in different 

treatment groups (AgNPs, ATE-Insulin, and IAgNPs), and respective controls in diabetic and 

non-diabetic animals until complete wound closure. (C) Represents the % wound contraction 

in all four subgroups of diabetic and nondiabetic animals on the 5
th

 day. (D) Represents the % 
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wound contraction in all four subgroups of diabetic and non-diabetic animals on the 11
th

 day. 

All values are represented by an average ± SD of 6 rats in the group. The statistical 

significance of the data shown with “*”: *** P<0.001, ** P<0.01, and * P<0.05. 

The % closure of the wound, measured until the full closure of wound obtained, in 

treated diabetic and non-diabetic groups along with the vehicle-treated control groups is 

expressed in Figure 4B which indicate the accelerated rate of wound healing in different 

treatment groups both in nondiabetic as well as a diabetic condition compared to respective 

control groups. Precisely, on the 5
th

 day, the percentages of wound healing in non-diabetic 

and diabetic rats were significantly improved (20% and 12% respectively) by topical 

application of IAgNPs treatment in comparison to normal and diabetic control groups 

(3.33%) (Figure 4C). A slightly higher wound healing was observed with AgNPs treatment 

(6.67% and 8.67% in normal and diabetic groups) or insulin-ATE treatment (4.67% and 

7.27% in normal and diabetic groups) in comparison to control (3.33%) (Figure 4C). No 

significant difference was observed between healing in non-diabetic and diabetic control 

group animals on the 5
th

 day. A similar pattern was observed on the 11
th

 day of treatment 

(Figure 4D). IAgNPs showed significantly higher wound closure in both normal and diabetic 

rats (73.33% and 60.0% respectively) in comparison to normal and diabetic controls (40% 

and 33.33% respectively). AgNPs showed sub-moderate (46.67% and 40.0% in normal and 

diabetic groups) and Insulin-ATE showed moderately better (53.33% and 46.67% normal and 

diabetic groups) wound healing efficacy compared to respective control groups (Figure 4D). 

 

3.4.2. Evaluation of histology and assessment of inflammatory cytokines: Histological 

section of non-diabetic animals on the 5
th

 day showed a significantly increased level of 

lymphocytes cells and initiation of collagen deposition near the excision line of the wound. 

Exudates formation is responsible for leukocyte infiltration which slows down the healing of 

the wound. The demarcation line represents the complete separation of exudates and re-

epithelization was completely absent in 5
th

day non-diabetic controls (Figure 5A). The 

histological section of diabetic animals showed a higher accumulation of exudates as 

compared to non-diabetic animals which confirm the initiation of inflammatory events 

(Figure 5A). Commencement of collagen deposition significantly favors strengthening of 

surrounding muscles to fast closure of the wound, a featured that was found delayed in 

diabetic groups (Figure 5A). On 5
th

 the day, the re-epithelization was insignificant in all 

groups of diabetic animals compared to non-diabetic ones. Although, AgNPs, ATE-Insulin, 
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and IAgNPs treatment in both groups caused a significant reduction of exudates accumulation 

compared to saline-treated controls (Figure 5A). Photomicrographs of the 11
th

 day showed 

complete re-epithelization in the non-diabetic animals whereas partial re-epithelization was 

observed in diabetic animals (Figure 5B). However, the treatment of IAgNPs in diabetic 

animals showed complete re-epithelization that was similar to the non-diabetic control group 

(Figure 5B). Additionally, individual treatment of AgNPs, ATE-Insulin, and IAgNPs has 

shown substantial improvement in collagen deposition in both groups in comparison with 

corresponding matched controls (Figure 5B). Histological data showing good remodeling in 

treated groups prompted us to evaluate different pro-inflammatory and anti-inflammatory 

cytokines in the wound milieu. Following IAgNPs treatment quantification of serum IL-6, 

TNF-ɑ, and IL-10 levels were performed in all groups of animals (Figure 5C, D, and E). On 

the 5
th

 day, a 25% higher level of serum IL-6 (Figure 5C) and 2-fold higher levels of serum 

TNF-α (Figure 5D) concentration were evaluated in diabetic rats compared to non-diabetic 

control. IAgNPs treatment showed 50% inhibition in both groups (Figure 5C and D). 

Treatment with AgNPs, and insulin-ATE also showed a moderate to a high reduction in these 

pro-inflammatory cytokine levels in both groups of animals (Figure 5C and D). Furthermore, 

the increase of concentration of the anti-inflammatory cytokine IL-10 increased by 70% and 

50% in normal and diabetic animals respectively by IAgNPs treatment on the 5
th

 day (Figure 

5E). AgNPs showed only a slight increase in serum IL-10 level whereas insulin-ATE also 

showed almost 45% and 30% increased anti-inflammatory cytokine concentration as 

compared with normal and diabetic controls (Figure 5E). Even on the 11
th

 day of treatment, 

diabetic control animals had a higher level of IL-6, and TNF-ɑ (30% and 50% respectively) 

as compared to non-diabetic controls. However, the treatment of IAgNPs significantly 

reduces their level (about 45% of IL-6 and 45% of TNF-ɑ) in both sets of diabetic and non-

diabetic. Additionally, a moderate reduction in both pro-inflammatory cytokines was 

observed in diabetic and non-diabetic animals by individual treatment of AgNPs (IL-6, 10% 

and TNF-ɑ, 10%) and ATE-Insulin (IL-6, 40% and TNF-ɑ, 30% respectively). Both 

individual treatment (AgNPs and ATE-Insulin) also increased anti-inflammatory cytokines 

(IL-10) by about 45% and 50% respectively in diabetic and non-diabetic animals. However, 

the treatment of IAgNPs showed a higher potential to upsurge the level of IL-10 in both sets 

of non-diabetic and diabetic animals (65% and 50% respectively). Overall, pro-inflammatory 

and anti-inflammatory cytokines decreased in the case of all animals on the 11
th

 day showing 

the neutralization of the inflammatory stage. A faster neutralization was observed with 

IAgNPs treatment in comparison with respective control groups of diabetic and non-diabetic 



113 

 

animals (Figure 5C, D, and E). These results indicate an unprecedented mechanism of 

regulation of the early inflammatory phase by insulin. 

 

 

Figure 5: Histological evaluation at the wound site of different groups (40X) on the 5
th

 and 

11
th

 day of post-treatment (Figure 5A and B respectively); Leukocyte infiltration, collagen 

deposition, and exudates formation are denoted by red, white, and yellow arrows 

respectively. Each slide represents the overall pattern of a group of 6 rats. C, D, and E 

represent the concentration of pro-inflammatory (IL-6, and TNF-ɑ) and anti-inflammatory 

cytokines (IL-10) in all subgroups of diabetic and nondiabetic animals on the 5
th

 and 11
th

 day. 

Results show a significant reduction of proinflammatory cytokines (IL-6, and TNF-ɑ) and 

increased level of anti-inflammatory cytokines (IL-10) by IAgNPs treatment as compared to 

control, AgNPs and ATE-Insulin treated animals of both sets on 5
th

 and 11
th

 day respectively. 

All values are represented by an average ± SD of 6 rats in the group. The statistical 

significance of the data shown with “*”: *** P<0.001, ** P<0.01, and * P<0.05. 
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Chapter 4: Synthesis, characterization, and in vitro wound healing activity of insulin 

zinc quantum clusters (IZnQCs)   

4.1. Synthesis 

Insulin metal quantum clusters synthesis was performed by using insulin and ZnSO4 salt 

solution of 1.82 µM concentration in an aqueous medium. The insulin pH was adjusted to 

basic (10.5) using NaOH solution and then dialyzed using 3 kDa cut off dialysis membrane 

(SOLUTION A) and 1.82 µM solution of ZnSO4 (SOLUTION B) was taken. After preparing 

both the solutions, the insulin was added to the metal salt solution in 1:1 volume, after mixing 

both the solutions the pH was adjusted to 7.4 (physiological pH) by using the HCl (0.1 N). 

The resulting solution was kept in an incubator at 37°C for 12h  at stirring (240 rpm) and it 

results in the formation of insulin Zinc quantum clusters (IZnQCs) shown in Figure 6. 

 

Figure 6: Shows the formation of insulin zinc quantum clusters (IZnQCs). 

4.2. Characterization 

UV absorption spectra, High-resolution transmission electron microscopy (HRTEM), 

selected area electron diffraction (SAED), and FTIR Spectrophotometer studies were 

performed to confirm the synthesis of IZnQCs. The quantum yield was determined using 

fluorescence spectrophotometer studies. 

4.3. In vitro Assay 

Insulin and zinc are known for their wound healing activity by altering the inflammatory 

dynamic. Insulin binding to IR and phosphorylate the tyrosine kinase receptor for its activity. 

Zinc is also known to work through the same pathway and in the absence of insulin, the 

prolonged exposure of Zn leads to the tyrosine phosphorylation present on IR and plays a 

similar role as insulin. The similar role of IZnQCs has been tested using HEKa (Normal 

human epidermal keratinocyte). 

4.3.1. Cell viability: Cell division activity or viability on HEKa using 1.5, 7.5, 30, and 60 

µM different amounts of controls (Zn salt, insulin, I + Zn), and IZnQCs. Zn + I treated cells 
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shows 1.5 µM (107.31 ± 7.29%), 7.5 µM (116.849 ± 5.98%), 30 µM (131.466 ± 22.05%), 

and 60 µM (148.762 ± 24.66%) cell viability. Insulin shows 1.5 µM (102.38 ± 12.8%), 7.5 

µM (129.19 ± 3.94%), 30 µM (133.05 ± 6.65%), 60 µM (148.11 ± 3.32%). The cells exposed 

to Zn salt also showed more cell viability in 1.5 µM (104.08 ± 13.49%), 7.5 µM (123.18 ± 

8.88%), 30 µM (126.71 ± 8.67%), and 60 µM (131.51 ± 1.811%). Cell division after IZnQCs 

treatment showed more significant changes in 1.5 µM treatment (132.24 ± 7.29%), 7.5 µM 

(175.94 ± 5.64%), 30 µM (186.07 ± 22.81%), and 60 µM (188.71 ± 16.95%) in comparison 

to treated and untreated controls. The results suggested that these quantum clusters have the 

potential to enhance cell division and can help in wound healing. The IZnQCs shows 32.26 ± 

7.29% more division in 1.5 µM concentration, in 7.5 µM, 30 µM, and 60 µM 75.92 ± 5.64%, 

in 86.07 ± 22.81%, and 88.71± 16.94% respectively more division in comparison to control. 

The measurements were statistically significant. 

 

4.3.2. Bioimaging: Confocal imaging was performed to confirm the cellular imaging 

application of insulin metal quantum clusters. HEKa cell line incubated with 1% IZnQCs or 

insulin (in control) for 2h, cells were treated with RNase A for 3h at 37°C. Thereafter cells 

were incubated with 1 μg/ml of propidium iodide (PI) before imaging. IZnQCs treated cells 

showed bright blue fluorescence as a result of the binding of the IZnQCs with the insulin 

receptors present on the surface of the cells. With ZnSO4 no fluorescence was observed for 

the same cell lines shown in Figure 7(A-H). As, the quantum yield 0.021 and 0.112 for 

insulin and IZnQCs respectively, blue fluorescence was observed in the IZnQCs cells. 

 

 

Figure 7: Bioimaging of HEKa cells using Zn-insulin quantum clusters. HEKa cells (A) 

insulin-treated, (B) PI stained nucleus, (C) cell phase image, (D) insulin-treated and non 
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treated cells merged imaged, (E) IZnQCs treated, (F) PI stained nucleus, (G) cell phase 

image, and (H) IZnQCs non-treated and treated cells merged image.  

4.3.3. Cell migration assay: IZnQCs induced HEKa cell migration in comparison to treated 

(Zn salt, insulin, I + Zn), and untreated controls. The extent of cell division and migration 

increased with the increase in concentration and time and was monitored using a fluorescence 

microscope (Figure 8A).  
 

 
 

Figure 8: Promotion and monitoring of wound healing in under phase contrast and 

fluorescence microscopy using IZnQCs. (A) fluorescence imaging of cells at IZnQCs 

different concentrations (1.5 and 60 µM) and incubation time (6, 12, and 24h). 

 

The cells treated with IZnQCs for 6, 12, and 24h shows 39.49 ± 1.29%, 27.58 ± 3.72%, 

and 43.02 ± 1.62% at 1.5 µM and 52.88 ± 0.83%, 46.86 ± 1.46%, and 67.81 ± 0.83% for 60 

µM cell migration respectively in comparison to untreated control scratch diameter. In 

addition to these concentrations, the cells were also treated with 7.5 µM and 30 µM 

concentration of IZnQCs. Cells show 42.03 ± 3.04%, 34.08 ± 1.57%, and 46.51 ± 3.38% 

migration after treatment with 7.5 µM IZnQCs and 45.25 ± 2.14%, 36.32± 1.63%, and 58.60 

± 0.72% at 30 µM concentrations of IZnQCs at 6, 12 and 24h respectively. Along with 

IZnQCs treatment; the cells also treated with Zn salt, insulin, I + Zn, show significant 

migration in comparison to control. With 1.5 µM Zn salt addition to cells, 21.18 ± 3.72%, 

0.224 ± 0.030%, and 18.60 ± 2.4% migration, at 7.5 µM Zn salt 22.88 ± 1.27%, 12.11 ± 

0.59%, and 35.58 ± 0.76% enhancement in cell growth, with 30 µM 45.25 ± 2.56%, 26.01 ± 

3.49%, and 39.07 ± 2.86% wound closure and after 60 µM treatment 49.97 ± 4.69%, 33.86 ± 

1.96%, and 45.81 ± 5.09% more cell migration at 6, 12, and 24h respectively in relation to 

control. Similarly, cells treated with insulin, 1.5 µM insulin treatment, 39.49 ± 1.61%, 20.18 

± 1.29%, and 29.30 ± 1.28% and migration, with 7.5 µM insulin concentration 42.03 ± 
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1.35%, 24.89 ± 5.17%, and 41.26 ± 2.03% cell growth enhancement, with 30 µM 45.25 ± 

2.50%, 32.51 ± 0.38%, and 51.39 ± 3.22%, closure of the wound and after 60 µM treatment 

52.88 ± 0.8 %, 45.067 ± 7.07%, and 63.72 ± 1.66% more migration of cell at 6, 12 and 24h 

respectively in relation to untreated control. With only Zn + I treatment, 1.5 µM 

concentration treatment, 40.3 ± 1.04%, 26 ± 3.5%, and 29.3 ± 3.8% migration, with 7.5 µM 

Zn + I concentration 44.3 ± 0.74%, 33 ± 0.39%, and 43.3 ± 4.83% cell growth enhancement, 

with 30 µM 46.8 ± 1.1%, 35.9 ± 2.42%, and 51.4 ± 2.21% closure of the wound and after 60 

µM treatment 48.5 ± 0.76%, 45.1 ± 2.36%, and 65.6 ± 1.52% more cell growth enhancement 

at 6, 12 and 24h respectively in relation to untreated control. The results are shown in Figure 

9B, C, and D.  

 

 

Figure 9: Comparative plots of % of cell migration with respect to control (A) at1.5, 7.5, 30, 

and 60 µM concentration of Zn salt, insulin, and IZnQCs (B) at 6h, (C) 12h, and (D) 24h. The 

statistical significance of the data shown with “*”: *** P<0.001, ** P<0.01, and * P<0.05. 

At 6h insignificant significant differences were observed in cell migration at any 

concentrations of IZnQCs in comparison with controls (insulin and Zn), and I + Zn 

combination. With an increase in time, the effect of migration became more prominent and at 
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24h a faster wound recovery rates were prominent. At lower concentrations, the difference in 

wound recovery in comparison with various controls (insulin, zinc, and insulin + Zn) was 

distinguished significantly. At 1.5 µM concentrations of IZnQCs about 14% faster healing of 

the wound was obtained in comparison with insulin or zinc alone or a combination. At 7.5 

µM 5% better wound recovery in comparison to insulin and 3% in insulin in combination 

with Zn were obtained. Similarly, at 30 µM 5% faster recovery and takes place in comparison 

to insulin whereas no significant change was observed in comparison with I +Zn. At 60 µM 

IZnQCs treatment 4% firster recovery took place in comparison to insulin and 2% in 

comparison to I + Zn. The reason for the reduced difference at higher concentrations may lie 

in the fact that both insulin and Zinc work through the same pathway and supplement each 

others work and therefore, at higher concentrations the cellular signaling strength and 

recovery rate might have reached saturation. 

4.3.4. Combination index (CI) of Zinc-insulin: The calculated CI values for different 

combinations of insulin and Zn salt are less than 1which shows that both behave synergism 

i.e. two drugs (insulin and Zn) work together and helps each other in enhancing their activity. 

Chapter 5: Synthesis, characterization, and in vitro wound healing activity of insulin 

copper quantum clusters (ICuQCs)   

5.1. Synthesis 

For Insulin copper quantum cluster preparation, 3.47 M fresh insulin was taken and then 

converted to 1.82 μM and the pH was adjusted to 10.5 using sodium hydroxide (SOLUTION 

A). Copper sulfate salt solution of similar molarity 1.82 μM was prepared (SOLUTION B) 

and then these two solutions were mixed and the pH was adjusted to physiological pH 7.4 

using 0.1 N HCl. The mixture was kept for incubation in a hot air oven at 37°C and 240 rpm 

for 48h and resulted in insulin copper quantum clusters (ICuQCs) shown in Figure 10. 

 

Figure 10: Shows the formation of insulin copper quantum clusters (ICuQCs). 
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5.2. Characterization  

High-resolution transmission electron microscopy (HRTEM), selected area electron 

diffraction (SAED), UV absorption spectra, and FTIR Spectrophotometer studies were 

performed to confirm the synthesis of ICuQCs. The quantum yield was determined using 

fluorescence spectrophotometer studies. 

5.3. In vitro Assay 

The insulin behaves as a growth factor and helps in cell proliferation. Similarly, Cu promotes 

cell growth helps in cell division. In vitro bioimaging and cell growth promotion behavior of 

ICuQCs was tested. 

5.3.1. Cell viability: ICuQCs shows non-toxic behavior. 5% concentration of ICuQCs 

showed an almost double increase in the growth of cells in 24h when these were compared to 

control (blank, insulin, salt, and insulin + Cu) indicates the cell growth-promoting effect of 

ICuQCs.  

 

5.3.2. Bioimaging: To confirm the application of ICuQCs for cellular imaging confocal 

microscopy was performed using human lung non-small epithelial carcinoma cell line (CCL-

185, ATCC, USA) and HeLa, human cervical cancer cell lines (CCL-2, ATCC, USA).  

 

 
 

Figure 11: A549 cells (A) treated with CuSO4, (B) nucleus stained with PI, (C) Phase image 

of the cell, (D) merged imaged of CuSO4 treated and non treated cells, (E) treated with 
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ICuQCs, (F) nucleus stained with PI, (G) Phase image of the cell, (H) merged imaged of 

ICuQCs treated and non treated cells and HeLa cells (I) treated with CuSO4, (J) nucleus 

stained with PI, (K) Phase image of the cell, (L) merged imaged of CuSO4 treated and non 

treated cells, (M) treated with ICuQCs, (N) nucleus stained with PI, (O) Phase image of the 

cell, and (P) merged imaged of ICuQCs treated and non treated cells. 

After incubation of cells with 1% ICuQCs or insulin (in control) for 2h, cells were 

treated with RNase A for 3h at 37°C. Thereafter cells were incubated with 1 μg/ml of 

propidium iodide (PI) before imaging. ICuQCs treated cells showed bright blue fluorescence 

as a result of the binding of the ICuQCs with the insulin receptors present on the surface of 

the cells. With CuSO4 no fluorescence was observed for the same cell lines shown in Figure 

11. 

6. Conclusions  

The explored nanoformulations of insulin are biocompatible, stable, helps in cell division and 

migration, and wound healing. The IAgNP showed enhanced in vitro cell migration in both 

diabetic and no diabetic conditions compared to controls. In vivo histology evaluation showed 

a significant decrease in the level of leukocyte infiltration, faster deposition of collagen, and 

rapid re-epithelization anti-inflammatory activity which is beneficial in treating chronic 

wounds. The in vivo studies showed a rapid decrease in inflammatory (IL-6, and TNF-α) 

cytokines and an increase in anti-inflammatory (IL-10) cytokines. IZnQCs and ICuQCs 

showed specific receptor binding, bioimaging, and wound healing properties. In IZnQCs both 

insulin and zinc showed a synergistic effect through targeting IR and phosphorylating the 

same.  These formulations are helpful in the recovery of the wound as well as monitoring of 

the wound.  

7. Future perspectives 

Further intervention is needed to explore the in vivo wound healing,  anti-inflammatory role 

and bioimaging role of IZnQCs and ICuQCs. It is also needed to translate these three 

formulations (IAgNPs, IZnQCs, and ICuQCs) into pre-clinical and clinical models.  
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