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SYNOPSIS 

 

 Pancreatic β-cells are responsible for producing the hypoglycemic 

hormone, insulin. Without insulin the body cannot utilise the sugar absorbed into 

blood, hence the blood sugar builds up resulting in diabetes mellitus with varying 

symptoms. Long term damage, failure and dysfunction of various organs are the 

effects of diabetes mellitus. Characteristic symptoms of the disease include thirst, 

polyuria, blurred vision and weight loss. Impairment in glucose control leads to 

micro and macrovascular complications that often results in other clinical 

conditions associated with diabetes. The most severe form of the disease is 

characterized by ketoacidosis or non-ketotic hyperosmolar state which eventually 

leads to coma and in the absence of treatment, death. Existing treatment strategies 

include insulin therapy and pharmacological therapy involving sulphonylureas 

(leads to an increase in insulin secretion by binding to KATP channel on beta cell 

membrane), biguanides (decreases hepatic glucose production and intestinal 

absorption of glucose), alpha glucosidase inhibitors (delays the breakdown of 

sucrose and complex carbohydrates) and thiazolidenediones (improves insulin 

sensitivity through molecular mechanism). 

Inorder to overcome the adverse effects of the existing pharmacological 

treatments, whole pancreas or pancreatic islet transplantation emerged as a radical 

treatment for severe diabetic patients. However, two or more  number of donors 

are required for islet transplantation, and a possible solution to this problem is 

regenerative medicine. Generally, it is difficult to expand adult derived pancreatic 

β-cells in vitro. To provide alternative cells for transplantation, many attempts 

have been made worldwide to develop a method for inducing the self-renewing 

multipotent stem cells into functional pancreatic β-cells. Among the many types 

of stem cells, two types of pluripotent cells are of particular interest in the 

development of such methods, the embryonic stem cells, and the induced 

pluripotent stem cells and the adult stem cells such as the mesenchymal stem cells 

(MSCs). MSCs can differentiate in variety of tissues. Their ability to secrete 



17 
 

angiogenic factors helps to prevent early islet damage and assist islet engraftment. 

MSCs also attenuate autoimmunity through their immunomodulatory properties 

while secreting cytokines to control autoreactive T cells. Strategies for directed 

differentiation into β-cells mostly rely on aspects of physiological development of 

endocrine pancreas.  

 

Tissue engineering which includes principles of life sciences, material sciences 

and engineering to restore or partially reconstruct a tissue is a promising 

approach. The emergence of tissue engineering as a promising tool may serve as a 

novel treatment foundation for the repair and regeneration of pancreas. The role 

of biomaterial scaffold in tissue engineering strategies is to serve as an artificial 

extracellular matrix, mimicking and recreating to some extent the structural 

organization and functionality of the native ECM, so as to guide cell response and 

promote appropriate tissue regeneration.  

Different scaffolding materials and fabrication techniques have been explored for 

pancreatic tissue engineering. Various studies have incorporated bilayered, 

heterogenous and homogenous biomaterial scaffolds; cells ranging from 

mesenchymal stem cells to autologous islets; various growth factors and proteins 

combined under physicochemical conditions within   in vitro and in vivo 

environments. Various techniques have been used to fabricate scaffolds such as 

casting, freeze drying, injection moulding and electrospinning. Electrospinning of 

synthetic polymers blended with or by coating with various biomolecules, is a 

simple and inexpensive process by which nanofibrous scaffolds that mimic the 

architechture and properties of  natural ECM can be fabricated. Such scaffolds 

have large surface area and cell attachment capability and also mimic the nano 

scale architecture of native ECM.  

In this present study we are attempting to fabricate a biomimetic fibrous scaffold 

by electrospinning for culturing mesenchymal stem cells and their differentiation 

into Islet Like Clusters. PCL is a FDA approved, non toxic and biodegradable 
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synthetic polymer widely used as a scaffold for tissue engineering. Inorder to 

make it biomimetic the electrospun scaffold was coated with modified natural 

polymers, gelatin vinyl acetate (GelVac) and Gelatin dextran Dialdehyde (G-

DDA). The natural polymers are known to mimic the signaling cues for cell 

proliferation and attachment, thus mimicking the natural ECM.  

The first chapter gives an overview of diabetes, its types, global statistics, existing 

treatments-both pharmacological and non-pharmacological, their limitations, 

principles of tissue engineering. The second chapter includes the review on the 

native extracellular matrix (ECM) of islets, components of native ECM, 

electrospinning of ECM using polymer biomaterials and incorporating different 

ECM components to mimic the native pancreatic ECM.  

The third chapter describes the various materials and methods used for the 

fabrication of PCL/PCL-PTHF-PCL scaffolds by electrospinning, syntheis of 

gelatin vinyl acetate, dextran dialdehyde and  coating of the electrospun scaffolds 

with Gelatin vinyl acetate (GelVac) and Gelatin dextran Dialdehyde (G-DDA), 

eosin staining of the scaffolds, characterization using Fourier Transform Infrared 

Spectroscopy (FT-IR), Environmental Scanning Electron Microscopy (ESEM) 

analysis. The procedures for isolation of Bone marrow mesenchymal stem cells 

(BMSCs) and islets from rat, characterization of BMSCs using markers, 

Dithiazone staining of islets, cytotoxicity assay of scaffold, cell proliferation 

assay on scaffold, cell viability assessment using Fluorescin diacetate (FDA) and 

Propidium Iodide (PI), differentiation of BMSCs into Islet like Clusters (ILC‟s) in 

the scaffold, immunostaing of insulin and glucagon to confirm differentiation, 

glucose challenge assay of the differentiated ILC‟s and RT-PCR analysis to 

confirm gene expression are detailed in this chapter. 

The fourth chapter includes the results and discussion of the study. PCL/PCL-

PTHF-PCL membranes were successfully electrospun and were cut and layered to 

form three dimensional scaffold of dimension 1cmx1cmx2mm (length, breadth 

and thickness). GelVac and G-DDA were successfully coated onto the scaffold 

and crosslinked using EDC and NHS. The coating was confirmed using eosin 
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staining and FT-IR analysis. ESEM micrographs showed the anisotropic, porous, 

fibrous architecture of the scaffolds. Cytotoxicity assay the scaffold indicated that 

the scaffold is non-cytotoxic to cells. The cell proliferation assay showed that the 

cells are capable of proliferation within the scaffold. Mesenchymal stem cells 

could be successfully differentiated into islet like cultures. These differentiated 

ILC' s exhibited their clustered morphology. The differentiated ILC‟s after 21 

days of culture showed the expression of insulin and glucagon. Differentiated 

ILC‟s were also shown to be viable even after 21 days in culture. 

The fifth chapter summaries the study, conclusions drawn  and future perspectives 

of the study are elaborated in this chapter. PCL/PCL-PTHF-PCL membranes were 

successfully electrospun to form 3D anisotropic porous scaffolds and were coated 

with GelVac and G-DDA to make them biomimetic. They promoted cell 

attachment, penetration and viability of BMSC‟s. They also supported the 

differentiation of BMSC‟s into ILC‟s thus opening a new door towards preparing 

porous electrospun scaffolds which could support the penetration of cells and 

formation of ILCs of size range  

Future studies include the comparison of insulin secretion of Islet like clusters 

differentiated on scaffolds to mature rat islets, the evaluation level of gene 

expression of insulin, glucagon and somatostatin in ILC s differentiated on the 

scaffolds. The fabrication of different scaffolds with different biomimetic coating, 

evaluate the influence of such coating on differentiation in the presence and 

absence of growth factors.  
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CHAPTER - 1 

             INTRODUCTION 

 

 Diabetes is an endocrinological or metabolic disorder which hinders the 

body‟s ability to convert glucose into energy. It is also known as Diabetes 

Mellitus, a Greek word, where „Diabetes‟ meaning „a passer through – a siphon‟ 

and „Mellitus‟ meaning „Sweet‟. It is named because of the excessive urine 

produced by the diabetic patients gets attracted by flies and bees and was one of 

the traditional ways of diagnosing the disease. Diabetes is one of the huge and 

growing problems in the world. International Diabetes Federation (IDF) estimates 

that 382 million people globally are affected with diabetes. The majority of 

people with diabetes are aged between 40 and 59. It is estimated that by 2035 the 

number of diabetes patients will increase by 55% 
1
. 

Classification of diabetes mellitus is based on its etiology and clinical 

presentation. There are three main types of diabetes –  Type -I, Type – II and 

Gestational diabetes. Type I diabetes develops in individuals who have little or no 

endogenous insulin secretory capacity and require insulin therapy for survival. It 

develops most often in children and young people but can also develop in adults. 

The two main types of Type I diabetes include Type Ia and Type Ib. Type 1a is 

due to autoimmune destruction of pancreatic beta cells which eventually leads to 

insulin deficiency whereas in type 1b there is no evidence of autoimmunity and is 

caused by the idiopathic destruction or failure of beta cells
2
. Type Ia is 

characterized by the presence autoimmune antibodies mainly islet cell antibody 

(ICA), anti-glutamic acid decarboxylate (anti-GAD) antibody, and Islet Antibody 

– 2 (IA-2) that recognize the pancreatic beta cells for destruction. Type II diabetes 

is characterized by insulin resistance and disorders of insulin secretion and is 

much more common than type I diabetes. Since it is diagnosed later in life, it is 

usually referred to as „adult onset diabetes‟
3
. Overweight and inactive individuals 

are more likely to develop type II diabetes. The third type of diabetes is 
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gestational diabetes that may develop in a pregnant woman, usually in the second 

or third trimester due to various factors such as alterations in growth hormone and 

cortisol secretion (insulin antagonists), human placental lactogen secretion (it is 

produced by placenta and affects fatty acid and glucose metabolism, promotes 

lipolysis and decreases glucose uptake), insulinase secretion (it is produced by 

placenta and facilitates insulin metabolism) 
4
. Studies shows that estrogen, 

progesterone and prolactin have anti-insulin affects in pregnancy and an increase 

in their concentrations may lead to insulin resistance during pregnancy 
5
. Such 

individuals have a 30 – 50 % chance of developing type 2 diabetes mellitus later 

in life 
6
. 

 .   

Diabetic patients have an increased risk of developing a number of serious 

health problems. Population based studies shows that a substantial proportion of 

population found to have diabetes were not previously diagnosed. Many people 

remain undiagnosed with diabetes because there are few symptoms of diabetes 

during the early years of diabetes, especially type II diabetes or those symptoms 

may not be recognized as diabetes symptoms. Impaired Glucose Tolerance (IGT) 

is also a major public health problem
6
. Symptoms are common in both types of 

diabetes but they vary in intensities. They develop rapidly in type I diabetes while 

they are insidious in onset in type II diabetic patients. It includes polyuria, 

polydipsia, ketoacidosis, hyperglycemia, nonketotic hyperosmolar syndrome, 

polyphagia (not in all cases), weight loss, cramps, fatigue, and constipation
7
. 

Individuals with long standing type 1 diabetes mellitus are more susceptible to 

microvascular and macrovascular complications. Such individuals carry a high 

risk of large vessel atherosclerosis which is commonly associated with 

hypertension, hyper lipidaemia and obesity. Most individuals with type II diabetes 

die from cardiovascular diseases and end stage renal disease. The microvascular 

complications of diabetes include retinopathy, nephropathy and neuropathy 

(peripheral and autonomic) whereas the macrovascular complications include 

disease of the coronary artery, heart and peripheral vascular systems.  
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               Fig.1 : Global statistics of diabetes by International Diabetes Federation
8
 

 

Insulin replacement therapy is the main treatment in individuals with type 

I and type II diabetes. The main aim of pharmacotherapy is to save life and 

alleviate symptoms. Secondary aims are to prevent long term diabetic 

complications and eliminate various risk factors leading to diabetes mellitus. The 

most common adverse reactions to insulin are hypoglycaemia and weight gain
9
.. 

The American Diabetes Association (ADA) and European Medicines Agency 

have defined hypoglycemia as “any abnormally low plasma glucose concentration 

that exposes the subject to potential harm” with a threshold plasma glucose value 

˂ 70 mg/gl (˂ 3.9 mmol/L)
10

  An increase in death due to diabetes is attributed to 

patients experiencing severe hypoglycemia in comparison to those not 

experiencing hypoglycemia.  Weight gain is a consequence of insulin therapy and 

is the result of increased truncal fat and muscle bulk. It is due to reduced energy 

loss due to glycosuria. Physiological insulin regimens help to minimize weight 

gain by reducing inappropriate insulinaemia and hypoglycaemia between meals.  

Insulin therapy can furthermore lead to allergy and resistance. Bovine insulin is 

highly prone to allergic reactions. It as well occurs in case of human insulin or 

highly purified preparations of the hormone. These reactions occur as a result of 

the small amounts of aggregated or denatured insulin in all preparations, minor 
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contaminants or it can be due to the sensitivity of the components added to insulin 

in its formulations such as protamine, zinc, phenol etc. The most frequent allergic 

reactions were IgE mediated local urticaria reaction 
11

.  

Type II diabetes is often treated with oral drugs. Oral hypoglycaemic 

agents include sulphonylureas (Glimepiride, Glipizide, Glyburide), biguanides 

(Metformin), alpha glucosidase inhibitors (AGI‟s) (Acarbose, Miglitol) and 

thiazolidenediones (TZD‟s) (Rosiglitazone, Pioglitazone). Sulphonylureas bind to 

sulphonylurea receptor on the pancreatic beta cell surface which ultimately leads 

to an increase in insulin secretion. The drug causes the closure of potassium 

channels and depolarization of the cell membrane resulting in opening of calcium 

channels and increased influx of calcium resulting in increased  insulin secretion 

from the pancreas. Common adverse effects associated with suphonylureas 

include weight gain, hypoglycemia and water retention
12

. The biguanide, 

metformin (Glucophage) exerts its therapeutic effect by decreasing hepatic 

glucose production and intestinal absorption of glucose, thereby improves insulin 

sensitivity by increasing peripheral glucose uptake and utilization. It is associated 

with weight loss (or weight neutrality), causes few adverse drug reactions, rarely 

results in hypoglycemia and is inexpensive
13

. AGI‟s work by inhibiting enzymes 

in small intestine such as sucrose and maltase. It results in a delay in breaking 

down sucrose and complex carbohydrates. Adverse effects associated with AGI‟s 

include abdominal discomfort, diarrhea and increased intestinal gas
14

. TZD‟s 

improve insulin sensitivity through agonism of the peroxisome proliferator – 

activated gamma receptors (PPAR). PPAR receptors are located in adipose tissue, 

skeletal muscle and the liver. Activation of PPAR receptor leads to the 

transcription of genes that respond to insulin and that are involved in transport, 

utilization and control of the production of glucose as well as regulation of fatty 

acid metabolism. TZD‟s cause weight gain secondary to fluid retention and 

increased adipose tissue
15

. These drugs help to correct insulin resistance and 

inadequate insulin secretion. It is prescribed in combination with an appropriate 

diet and life style changes. Diabetes is best controlled either by diet alone and 
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exercise (non-pharmacological) or diet with herbal or oral hypoglycemic agents or 

insulin (pharmacological) 
16

. 

 

With the use of insulin therapy and oral glycemic drugs, it is very difficult 

to maintain physiological blood glucose control. In this context, pancreatic islet 

transplantation became a promising cell replacement therapy, which involves the 

transplantation of isolated islets to recipients with severe diabetes mellitus. It is 

performed especially in patients with brittle diabetes where the patients suffer 

from hypoglycemic episodes very frequently.. The method of islet transplantation 

became a clinically reliable therapeutic option after the development of islet 

transplantation protocol, known as the Edmonton protocol (Fig.2) and 70% of the 

patients did not need daily insulin uptake for one year after transplantation. But 

the main difficulties faced by islet transplantation include the limited donor 

supply (two or more donor organs required), poor islet survival, decreased insulin 

secretion, permanent use of immunosuppressant‟s and islet rejection
17

.  

 

Fig.2: Illustration of steps involved in Edmonton Protocol for islet 

transplantation
18

  

Tissue engineering offers a great promise to overcome the limitations 

faced by current islet transplantation procedures. . The idea of tissue engineering 

is to combine cells such as islets or pancreatic beta cells with biomaterials, which 

provides mechanical support and appropriate extracellular matrix for the survival 
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of cells both invitro and invivo. Three dimensional culture systems, known as 

scaffolds, help in directing the differentiation of precursor cells (stem cells) into 

the target cells (islet cells or beta cells). The three main components inevitable for 

islet tissue engineering includes: (i) viable cells (ii) ECM components 

incorporated into the scaffold to enhance differentation (iii) mechanically 

supportive biomaterial scaffold for enhanced cell viability both invitro and invivo. 

iv) immunoisolation membranes for encapsulation of islets for protection from 

immunity in patients.  

Different types of cells have the capability to serve as transplantable cell 

source such as islets from cadaveric source and islet like clusters differentiated 

from stem cells (pluripotent or multipotent). Different types of stem cells such as 

embryonic stem cells, induced pluripotent stem cells, mesenchymal stem cells  

have been studied for their potential to differentiate to pancreatic beta cells. 

Studies attempting  transdifferentiation  of cell types such as pancreatic acinar 

cells , ductal cells and hepatocytes into pancreatic beta cells were as well 

performed to alleviate the shortage of beta cells for transplantation in patients. 
19

.  

 

Fig.3 : Illustration of  principle of Tissue Engineering
20
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 Scaffold represents as an important component of tissue engineering. The 

best scaffold for an engineered tissue should be the ECM of the target tissue in its 

native state. Multiple functions, complex composition and the dynamic nature of 

ECM in native tissues make it difficult to mimic exactly the native ECM. Hence, 

the concept of scaffolding in tissue engineering is to mimic the native ECM,  

atleast partially
21

. The mere biological matrices allow the attachment, 

proliferation, migration and nutrition of various cell types invivo but lack the 

desired long term integrity. Whereas, the purely synthetic biomaterials have not 

been achieved the good quality of biological matrices, such as, biocompatibility, 

architecture, binding sites and integration. In this context, the combination of 

various scientific disciplines is necessary to develop appropriate new materials or 

blending the properties of synthetic and biological matrices in an ideal way. Using 

the technology of tissue engineering, it will hopefully one day be possible to 

regenerate or replace damaged tissues with laboratory grown parts
22

. 
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CHAPTER - 2 

   Review of literature 

 

2.1 Native islet anatomy 

The islets of Langerhans are small, discrete clusters of endocrine cells dispersed 

among a continuous medium of exocrine tissue. There are approximately 1 

million islets in an adult human pancreas, with most measuring 50–200 µm in 

diameter and consisting of several thousand individual cells. The main secretory 

endocrine cells of islets are insulin-producing β-cells, glucagon-producing α-cells, 

and somatostatin-producing δ-cells, with lesser proportions of PP-cells that 

produce pancreatic polypeptide. Minority populations of grehlin cells that produce 

the hormone grehlin have also been identified in islets
23

. In human islets, α-cells, 

β-cells, and δ-cells are typically interspersed. Other types of mammalian islets 

used in research contain the same basic types of cells, but the compositional and 

cytoarchitectural relationships are often quite different. For example, mouse islets 

contain a higher β-cell/α-cell ratio and, similar to islets of other rodents, are 

typically organized such that β-cells form the inner core of the islet, with α-cells 

and δ-cells on the periphery
24

. Regardless of species, it is important to note that 

there can be significant variation in the populations of cell types within islets of 

different regions of the pancreas. For example, it has been shown in rats that islets 

from the dorsal pancreas contain many α-cells and few PP-cells, while those of 

the ventral pancreas contain many PP-cells and very few α-cells
25

. Each 

individual islet is richly vascularized by direct arteriole blood flow. Arterioles 

enter islets and form fenestrated networks similar to renal glomeruli that promote 

bidirectional exchange between endocrine cells and blood. Although islets 

represent approximately 1–2% of pancreatic volume, they have been shown in 

experimental animals to receive as much as 15–20% of the blood flow. In addition 

to their extensive vascularization, islets are richly innervated by sympathetic and 
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parasympathetic nerves that regulate hormone secretion and may also have 

trophic functions
26

.  

2.2 Extracellular Matrix of Native islets 

In natural tissue, cells carry out the majority of their life processes on a network 

of proteins and polysaccharides known as the extracellular matrix (ECM). 

Although the composition and organization of ECM varies widely among tissues 

in the body, its most basic functions are to provide support for cellular tissues and 

physical sites for cellular attachment. In addition to its structural functions, ECM 

is responsible for transmitting a wealth of chemical and mechanical signals that 

mediate key aspects of cellular physiology such as adhesion, migration, 

proliferation, differentiation, and death
27

. The relationship between cells and 

ECM in living tissue is complex and interdependent. In living tissue, cells 

synthesize and deposit the macromolecules that provide the framework on which 

the tissue grows and remodels. This macromolecular framework, in turn, presents 

numerous signals to the cells that it supports. These signals influence many of the 

cell activities that ultimately determine tissue structure and function, including 

macromolecular synthesis and degradation. Many such extracellular signals are 

encoded in ECM peptides and polysaccharides that interact directly with cell 

membrane receptors. The most widely characterized peptide signaling sequence is 

arginine-glycine-aspartic acid (RGD), which promotes cell–ECM adhesion in 

nearly all mammalian cells. Binding to RGD and many other types of cell–ECM 

interactions are mediated by heterodimeric transmembrane protein receptors 

known as integrins
28

. Integrins and other types of membrane-bound receptors play 

critical roles in cellular physiology because they transduce external signals to the 

cytoskeleton and initiate signaling cascades that ultimately affect genetic 

expression
29

. his mode of signaling regulates multiple aspects of cell function, 

including adhesion, migration, proliferation, differentiation, and survival
30

. 

Another way in which ECM modulates cellular behavior is in the binding and 

storage of growth factors, cytokines, and other soluble signaling molecules
31

. This 

selective binding to ECM regulates the activity of these signaling molecules by 
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protecting them from degradation, facilitating their interactions with cellular 

receptors, and influencing their synthesis
32

. In turn, the bound signaling molecules 

may provide signals to cells that regulate the expression of ECM molecules, cell 

surface receptors, or matrix degrading enzymes and their inhibitors. In this way, 

ECM is capable of modulating the biological activities of many key regulatory 

molecules and ultimately plays important roles in the growth, repair, and 

remodeling of tissues. Not all cell–ECM interactions are strictly biochemical in 

nature, however, as biomechanical interactions also contribute to signaling 

pathways that are critical to cell development and differentiation
33

.  

2.3 Islet –ECM Interactions 

Although the architecture and physical interactions within and surrounding islets 

are complex and not completely understood, there is significant evidence that 

islets, like other tissues, are also heavily influenced by cell–ECM interactions. In 

mature, intact islets, interactions with ECM or synthetic matrix materials have 

been shown to regulate survival
34

, insulin secretion, and proliferation
35

 and aid in 

the preservation and restoration of spherical islet morphology
36

. Similarly, ECM-

based materials have been shown to regulate survival
37

, proliferation
38

 and insulin 

secretion
39

in purified β-cell cultures. Matrix interactions also have been shown to 

be influential in cultured fetal islet tissue. They have been shown to regulate β-

cell differentiation
40

, proliferation
41

 and insulin secretion as well as migration that 

is specific for islet development
42

. tudies of islet–ECM interactions are also 

obscured by many factors at the cellular level. By architecture alone, islets are 

complex tissues, with multiple, interspersed cell types that contain a variety of 

receptors capable of interacting with numerous ECM components. Each receptor 

may recognize multiple ligands and each matrix protein may contain multiple cell 

binding domains, with each ligand–receptor binding combination potentially 

producing different cellular outcomes. The receptor and matrix compositions of 

islets also appear to vary significantly between developing and mature tissues
43

as 

well as between species
44

. In addition, there are numerous nonendocrine cells in 

close proximity to islets that can complicate results. Ris and colleagues contend 
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that even the purest islet preparations can contain nonislet passenger cells such as 

fibroblasts that rapidly proliferate in culture
45

. Receptor compositions of cultured 

islet cells are not necessarily stable, as integrin expression has been observed to 

decrease in suspension culture but can be upregulated in the presence of certain 

matrix elements
46

. 

2.4 Composition of Islet ECM 

Adult human islets are usually surrounded by an incomplete capsule consisting of 

a single layer of fibroblasts and the collagen fibers that they produce. This capsule 

is closely associated with additional matrix proteins known as the periinsular 

basement membrane (BM). BM is a specific type of ECM associated with 

epithelium and endothelium, and consists of distinct layers of laminin (LM) and 

nonfibrillar collagen (Coll) linked by specific interactions with nidogen/entactin
47

. 

The peripheral ECM of mature human islets has most often been reported to be 

composed of LM, and Coll-IV although fibronectin (FN) and Coll-I, Coll-III, 

Coll-V and Coll-VI have also been detected. Hughes et al. recently performed a 

quantitative evaluation of the peripheral matrix composition of human islets and 

reported that the prevalence of Coll-VI was significantly greater than that of Coll-

I or Coll-IV
48

. The distribution of matrix .proteins appears to be different in 

developing human islet tissue, where vitronectin (VN), FN, and Coll-IV have 

been identified in early precursor tissue emerging from pancreatic ducts, and Coll-

IV and LM have been identified in developing islets, with very little, if any, FN 

and VN. The prospect that VN is only found in fetal islet tissue is supported by 

data indicating that VN receptor expression as well as motility on VN substrates 

are significantly greater in fetal β-cells than their adult counterparts. These 

findings appear to be consistent with studies of other types of BM, where it is 

commonly found that VN is present during development, but absent in mature 

tissues. The composition, thickness, and continuity of ECM on the islet periphery 

vary moderately across species. For example, canine islets generally have more 

substantial matrix coverage than rat and human islets, whereas porcine islets have 

minimal coverage and cell–cell interactions predominate at the exo/endocrine 
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interface
49

. Additional variation in capsule thickness may occur with age. 

Regardless of composition, thickness, and species of origin, however, the 

peripheral ECM of islets is almost completely lost to the enzymatic and 

mechanical stresses of isolation. It is usually replaced by a new, but not 

necessarily identical, layer of matrix proteins after several days of culture
50

. 

Studies of mouse islets indicate that islet endocrine cells lack their own BM and 

interact directly with the vascular endothelial BM. This perivascular BM is also 

composed primarily of LM and Coll-IV and is believed to be in close or direct 

contact with nearly all β-cells. In contrast to this single-layer arrangement, a 

recent study of human islets provides evidence for two distinct BM layers 

surrounding the islet microvasculature
51

. the apparent lack of nonvascular ECM 

within mouse islets may indicate the relative importance of interendocrine cell 

interactions. Islet cells are coupled by gap junctions as well as cell adhesion 

molecules (CAMs) such as integrins, neural cell adhesion molecule (N-CAM), 

and E-cadherin
52

. These intercellular connections are believed to be especially 

important in the transduction of signals related to processes such as islet 

development, glucose sensing, and insulin secretion. For example, expression of 

N-CAM and E-cadherin is heterogeneous within islets and is strongly correlated 

with several key aspects of islet cell functionality, including secretory capability. 

Recent work also indicates that Fas receptors on β-cells play an important role in 

secretory function in addition to their roles in apoptosis and proliferation
53

. 

2.5 Properties of islet matrix elements 

2.5.1 Fibronectin and RGD-containing components 

Fibronectins (FNs) are high molecular weight glycoproteins that are common 

elements of ECM. Interactions between FN and integrins are among the most 

well-characterized cell–matrix interactions. FN binds a variety of integrins 

through recognition of the RGD motif. RGD is presented in FN as an extended, 

flexible loop between two β-strands. PHSRN, a sequence that binds 

synergistically with RGD, is located on an adjacent region of FN and is close 

enough to be recognized by the same integrin. Numerous other adhesive matrix 
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elements also express active RGD motifs, and among those possibly relevant to 

islets are VN and nidogen/entactin, a smaller BM glycoprotein that interacts with 

LM and Coll-IV. FN also contains additional adhesive sequences such as LDV, 

IDAPS, and REDV, although these sequences do not appear relevant because they 

are recognized by integrins that are generally not associated with islets
54

. One of 

the most interesting results pertaining to RGD was borne out in vivo, where 

treatment of human fetal islet precursor tissue with a competitive RGD blocking 

peptide significantly reduced the number of insulin-positive cells after 

transplantation into nude mice. RGD is apparently critical to cell migration in 

early islet development, and data from multiple studies suggest that this 

interaction may be mediated via RGD sequences contained in FN and VN. In 

contrast, non-RGD-based interactions with BM molecules such as LM may be 

implicated in creating and maintaining islet architecture
39

.  

2.5.2 Collagens 

Collagens are structural ECM proteins that typically form triple-helical domains. 

This tendency is attributed to the gly-x-x structure of collagens in which glycine 

frequently repeats as every third amino acid residue. Among the collagens 

potentially found in islets, Coll-I, Coll-III, and Coll-V form fibrillar structures, 

Coll-IV forms networks, and Coll-VI forms beaded filaments. The main integrin 

that binds Coll-IV is α1β1, although α3β1 and α2β1have also been shown to bind. 

While the presence of α3 integrins in adult human islets is well documented only 

one study cites the presence of α1β1 integrins in human β-cells
55

. Although most 

collagen types contain several RGD domains, they are generally considered 

inactive in native conformations because the sequences are partially concealed by 

helicity and are presented at significantly lower curvatures than the preferred 

“flexible loop” conformation. These collagen RGD domains may become 

accessible upon denaturation or enzymatic digestion, which may explain why 

other receptors such as α5β1 and αvβ3 have been reported to bind collagen
56

. 

Although Coll-IV is prevalent in the peripheral ECM and perivascular BM of 

islets, its role in islet physiology remains less than clear. While Coll-IV has been 
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shown to be significantly more effective in promoting survival in intact islets than 

Coll-I it has also been shown to decrease insulin production and secretion in 

purified β-cells. Ultimately, the lack of a clear Coll-IV binding integrin pathway 

in islets may indicate that islet cells and Coll IV have limited interactions despite 

their close proximity. 

2.5.3 Laminins 

Laminins are cross-shaped heterotrimeric glycoproteins composed of three 

polypeptide chains joined by disulfide bonds. he specific expression and 

distribution of LM isoforms in islets is not well understood and many studies 

identify the peripheral and perivascular matrix component as “laminin”. Recent 

studies by Jiang et al. indicate that LM-111 (formerly called LM-1) is the primary 

isoform present in the developing mouse pancreas and that it is completely 

replaced by LM-511 (formerly called LM-10) at maturity
57

. In other recent work, 

Parnaud et al. report that LM-332 (formerly called LM-5) is present in rat and 

human islets and is mainly associated with α-cells
58

. Virtanen et al. report various 

isoforms of LM-411/421 (formerly LM-8/9) and LM-511/521 (LM-10/11) among 

the double BM layer of human islets
59

. Multiple cell membrane receptors adhere 

to LM molecules, including integrins containing α6, α3, β1, and β4 subunits. 

Various nonintegrin receptors have also been shown to bind LM, so interactions 

with islets may not necessarily be integrin based. Recent studies report that LM is 

colocalized with α6 integrins in the developing pancreas and has been shown 

promote in vitro islet survival
60

. 

2.6 Polymeric biomaterials used as scaffold materials for islet tissue 

engineering 

2.6.1 Heparin : It is a commonly used anticoagulant and is a complex polymer 

that interacts with numerous enzymes and proteins in the body. The polymer 

contains several binding sites for growth factors and chemokines
61

. It has been 

previously used to improve the biocompatibility of biomaterials for 

transplantation. Inorder to make the islet biocompatible Johansson et.al. directly 
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heparinized the islet surface. By immobilizing heparin to islets, they reasoned that 

it would inhibit coagulation and intraportal islet loss. They were able to transplant 

the heparinized islet into a diabetic mouse and pig model by using avidin and 

biotin coated approach. The blood glucose level of mice transplanted with 

heparinized islets was normalized 10 days post transplantation. In case of pigs, a 

decrease in intraluminal clotting was observed in pigs transplanted with 

heparinized islets compared with untreated islets
62

. Subsequently, it was shown 

that Vascular Endothelial Growth factor A (VEGF-A) attached to heparinized 

islets aced as an endothelial cell attractant
63

. In a study, islets were transplanted 

into the omentum pouch of a diabetic mouse model with local administration of 

VEGF-A and basic Fibroblast Growth Factor (bFGF) or together with heparin 

coated poly(L-lactic acid/lactide) (PLA) matrices with or without VEGF-A and 

bFGF. When compared with heparin PLA matrices without bFGF and VEGF-A, 

higher proportion of the mice transplanted with islets on biofunctionalised heparin 

PLA matrices with VEGF-A and bFGF attained normoglycemia and an increase 

blood vessel density at the transplantation site
64

. Recently, they had also shown 

that the heparin binding peptides could attach to isolated murine islets and 

increase islet viability, insulin secretion and endothelial cell sprouting from within 

the islet
65

. Results with heparin suggests that synthetic materials with the ability 

to incorporate heparin and mimic the natural environment without eliciting an 

immune response may improve islet transplantation outcome
66

.  

2.6.2 Lactic acid – based polymers : Being a small organic molecule, lactic acid 

polymers (PLA) can be easily manipulated during production or post 

polymerization to produce a material with varying propertie. One of the 

copolymer that has been used in animal models of islet transplantation derives 

from a mixture of lactide and glycolide, poly(lactic-co-glycolic acid) (PLGA). 

The notable feature of PLGA is the ability to decrease degradation time by 

increasing the ratio of glycolide to lactide
67

. PLGA scaffolds with a ratio of 90% 

glycolide to 10% lactide were coated with varying numbers of islets in a matrigel 

suspension and were transplanted into the epididymal fat pad of diabetic mouse. 

The mice transplanted with islet matrigel coated scaffold attained normoglycemia 
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compared with free islets or islets in matrigel suspension and the insulin content 

in the transplanted islet matrigel coated scaffold was similar to that of islets 

transplanted under the kidney capsule
68

. Modifications to PLGA scaffolds have 

included PLGA scaffolds with interconnected pores ranging from 250-400 µm so 

as to embed a marginal islet mass for transplantation. Diabetic mouse transplanted 

with the graft into the intraperitoneal fat achieved normoglycemia in a faster rate 

compared with the mice which receive islet alone in the same location
69

. In 

another study, the commercially available Ethisorb® comprised of Vicryl® with a 

poly-p-dioxanone (PDS) backin was used to study the islet survival into the 

omentum pouch of pancreatectomized dogs. Four animals received autologous 

islets seeded into the polymer scaffold and two received free islets into the 

omentum pouch. Here, none of the animals achieved normoglycemia without the 

administration of exogenous insulin secretion for a maximum of five months
70

.  

2.6.3 Other polyesters : Polyhydroxyalkanoates (PHA) are polyesters produced 

by microorganisms during unfavorable conditions and were commonly used in 

many medical devices. Copolymers of 3-hydroxybutyrate and 3-

hydroxyhexanoate (PHBHHx) were used in a study to determine the effect of 

PHBHHx on cluster formation and insulin secretion of the murine islet beta cell 

line NIT-1. Cell clustering after overnight culture and later islet- like aggregates 

were seen in wells containing PHBHHx. The islet like aggregates exhibited 

increased insulin secretion and viability compared to tissue culture alone, PLA 

and other PHA copolymer derivatives
71

. 

2.6.4 Hydrogels : As the name implies, they consists of highly absorbant 

polymers. Their mechanical properties can be controlled by varying the degree of 

crosslinking. Based on the synthetic polymer poly(ethylene glycol) (PEG), a class 

of covalently linked hydrogels were prepared. The characteristics of PEG 

hydrogel includes low immunogenicity, protein absorption and cell adhesion. For 

cell transplantation studies, these bio-inert properties can be modified by binding 

growth factors and incorporating cell attachment and enzyme sensitive protein 

sequences, which allow the cells of interest to attach, proliferate and function
72

. 
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The copolymers of PEG can be used to create amphiphilic polymer that has both 

hydrophilic and hydrophobic properties. A study has used the modification by 

incorporating oleyl hydrophobic tails to crosslink rat insulinoma cells to form 

spheroids and found that oleyl-O-PEG crosslinked cells were shown to have more 

glucose responsive than non crosslinked cells
73

. Polymer with similar properties 

to that of PEG hydrogels is the poly(vinyl alcohol) (PVA) hydrogel. A recent 

study has reported the modification of PVA with thiol-alkyl side chains which 

allow the attachment to the lipid bilayer of the endocrine islet cells and further 

conjugation of protein attracting maleimide and urokinase, which displays 

fibrinolytic activity. PVA alkyl islets showed increased insulin secretion and 

fibrinolytic activity compared with untreated islet cells. An increase in fibrinolytic 

activity suggests that they could potentially dampen the Instant blood-mediated 

inflammatory reactions (IBMIRs)
74

.  

 Unlike PEG and PVA hydrogels, poly(N-isopropyl acrylamide) (NIPA) is 

a thermoresponsive polymer gel which undergoes a volume change at 34ºC. 

Shimizu et al. performed a tissue engineering approach in which isolated rat islet 

cells were trypsinized to form single cell suspension and were seeded onto NIPA 

hydrogels. Various ECM coatings were used to enhance attachment invitro, 

among them laminin-5 was shown to have increase viability and secretion of 

insulin by beta cells. After 48 hrs of culture the islet cell sheets were placed at 

20ºC to allow removal and were transferred to a supporting membrane for 

synergistic transplantation. Weak insulin and glucagon staining were observed 7 

days post-transplantation
75

. The report is a proof of the concept that thermo 

responsive NIPA polymers can be used as an alternative delivery system for islet 

transplantation
76

. 

2.6.5 Bioploymer films : Inorder to determine the best substrate for islet cell 

survival and function, a high-throughput approach was taken by two groups. 

William et al.‟s group used different polymer films which were casted or coated 

as a monolayer in tissue culture plastic and seeded with small clusters of 

dispersed rat islets. The films were then graded by the number of attached islet 
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clusters. In addition to double layered coatings, laminin coatings and mildly 

hydrophobic polymer (eg: low molecular weight PLGA) coatings performed well. 

The double layered coating consists of PLGA on the bottom and with a second 

material (carboxyl groups and methyl esters) on the top. Islet cell morphology 

appeared spread and ruffled when they were added in multiple layers, and the 

cells in every layer remained viable for 7 days
77

. Mie et al.‟s group screened a 

library of 496 different polymers comprising 22 different acrylate monomers in 

different combinations.  Monomers were chosen based on the range of chemical 

groups, crosslinking density and varying hydrophobicity and hydrophilicity to 

generate chemically diverse polymers. Attachment of islet cells was supported by 

only few polymers with distinct characteristics. The results were then confirmed 

using another set of polymers
78

. Detailed studies are required to determine the 

glucose responsiveness of the beta cells and to know whether they can improve 

glycemic levels in diabetic animal models. 

2.6.6 Biomimetic Scaffolds  

Synthetic polymer scaffolds are modified with extra cellular matrix molecules to 

make them more biomimetic in signalling cell adhesion, proliferation and 

differentiation on the scaffolds.  Synthetic scaffolds are coated with matrix 

proteins by adsorption or covalent modification to mimic the ECM of native 

tissue. Scaffold materials with some of the same ligands as the ECM of native 

islets preserve cell viability and function. Matrix components must be carefully 

selected, as some islet–ECM binding interactions have been shown to yield 

outcomes that appear to be undesirable for transplantation
112

. Optimal islet ECM 

replacements will incorporate multiple matrix-based signals, including growth 

factors or other soluble entities that are bound and released in a controlled 

fashion
113

. Collagen
114

, fibronectin
115

, laminin
116

 and vitronectin
117

 were some of 

the ECM components which showed increased survival and functionality of 

differentiated islets in vitro. 
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2.7 Cell types used in generating pancreatic islet cells 

2.7.1 Embryonic stem cells : Over the last decade, numerous groups have tried to 

generate functional β cells from mammalian stem cell populations. Early efforts 

focused on mouse ESCs and culture conditions that would guide them toward 

neural cell types
79

. Embryonic stem cells (ESC) derived from inner cell mass of 

pre-implanted blastocysts can differentiate into a wide variety of cell types. The 

predominant characteristic of ESC includes its ability to self-renew and the 

potential to differentiate into all embryonic cell types, under in vivo and in vitro 

conditions. The pluripotent nature and the unlimited expansion potential make 

ESC an attractive source for cell replacement therapies
80

. Although several 

researchers have attempted to generate cells with some level of insulin production 

from mouse
81

, monkey
82

 and human
83

, none of these studies has confirmed the in 

vitro functionality of β cells that can secrete physiologically sufficient amounts of 

insulin in response to glucose. One of the reasons for this failure is the fact that 

although pancreatic β cells are the main source of insulin production in mammals, 

they are not the only cell type that can synthesize and release insulin
84

. Other 

insulin-producing cells can be found in yolk sac, fetal liver, and certain neuronal 

cell types which express several other genes in common with true β cells, and a β 

cell type specific profile has therefore been difficult to define
85

. Earlier nestin was 

used for positive selection of endocrine progenitor cells
86

 but later it was proven 

to be marker for neural and pancreatic exocrine progenitors
87

. The ESC became a 

potential source for generating β like cells by exploring the signals that regulated 

embryonic endoderm and pancreas formation
88

. The ESC differentiated into β-cell 

precursors, characterized by transcription factors Pdx1 (Pancreatic and duodenal 

homeobox 1) and Nkx6.1, that are critical to β-cell development and maturation, 

have shown promise in vivo. When implanted into immunodeficient mice, these 

precursor cells were shown to mature into functional β-cells and reverse 

hyperglycemia
89

.  The obstacles that remains challenging the application of ESC 

derived islet cells include, risk of teratocarcinoma formation, immune rejection 

and social/legal/ethical issues.  



39 
 

2.7.2 Induced pluripotent stem cells : Induced pluripotent stem cells (iPSC) are 

pluripotent cells that are generated directly from adult cells by introducing a 

specific set of pluripotency-associated genes, or “reprogramming factors”. Few 

studies were carried out on deriving insulin producing cells from iPSC. Human 

induced pluripotent stem cells (hiPSC) were differentiated to insulin producing 

cells by using a combination of activin A and retinoic acid. More than 10% of the 

cells became insulin positive and differentiated cells secreted human C-peptide
90

. 

Murine and rhesus monkey derived iPSC differentiated pancreatic precursor cells 

were found to reverse diabetes in immunodeficient mice after a month long 

maturation period in vivo
91

. The safety issues regarding the use of iPSC generated 

by viral mediated systems should be further investigated prior to clinical 

application since they may activate related oncogenes
92

. 

2.7.3 Pancreatic stem cells : Regeneration of pancreatic tissue, including β-cell 

mass, has been reported to occur in adult rats subsequent to a 90% 

pancreatectomy
93

. However, the origin of new β cells, whether derived from 

mitotic division of existing β-cells or from the differentiation of pancreatic stem 

cells is controversial. Genetic lineage tracing studies have demonstrated that 

existing β-cells are the primary source of new β-cells in vivo, although other 

studies have also found evidence of the involvement of pluripotent stem cells in 

β-cell regeneration. The studies have reported that in mice, pre-existing β-cells 

retained a proliferative capacity which represents the major source of new β-cells 

in adult life
94

. 

Stem/progenitor cells which have the ability to differentiate into insulin 

producing cells in vitro and/or in vivo were described in pancreatic islets
95

, 

pancreatic ducts
96

, pancreatic acinar cells
97

and within adult or fetal pancreas
98

. In 

the case of acinar cells a de-differentiation occurs first followed by re-

differentiation into β-cells. 

2.7.4 Mesenchymal stem cells : Mesenchymal stem cells (MSC) are multipotent 

progenitor cells found in the perivascular spaces of many adult tissues which have 

the ability of self renewal and differentiation to various lineages
99

. Stem cells with 
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the potential to differentiate into insulin-producing cells have been also reported 

in liver
100

, central nervous system
101

, placenta
102

, dental pulp
103

and bone 

marrow
104

. The MSC from human bone marrow and adipose tissue represent a 

very similar cell population with comparable phenotypes
105

. The MSC from 

mouse and rat bone marrow cultured under high glucose condition along with β 

cell stimulating growth factors transdifferentiated to insulin producing cells, 

capable of expressing pancreatic β-cell genes, including insulin, GLUT2 and Pdx-

1 in vitro were shown to reverse hyperglycemia in an animal model of diabetes
106

. 

Human bone marrow MSC differentiated insulin producing cells upon genetic 

manipulation by viral transduction were shown to express low levels of islet 

transcription factors
107

. The studies with streptozotocin-induced irradiated mice 

have demonstrated that immunosuppressive properties of MSC contribute to β 

cell regeneration. Moreover, MSC had significantly suppressed β-cell specific T-

cell proliferation in pancreas, thereby shielding neo β- cells from destruction by 

T-lymphocytes thus, overcoming the inherent autoimmune pathology associated 

with type 1 diabetes
108

.  

 Human adipose stem cells were shown to differentiate to pancreatic 

endocrine characteristics when treated with pancreatic extract. The study also 

demonstrated that human adipose stem cells express ESC markers including 

OCT3/4, Nanog, and REX-1 that also have the potential to differentiate into 

pancreas cell lineages
109

. Differentiation of stem cells towards functional islet like 

cells with the potential to secrete insulin in response to various glucose 

concentrations is challenging. Though human umbilical cord blood stem cells 

were differentiated to insulin producing cells; they were not able to respond to 

glucose challenge
110

. The functionality of islet like cell clusters from wharton 

jelly stem cells through stepwise culturing in neuron-conditioned medium were 

demonstrated in vitro and in vivo. These islet-like cell clusters were shown to 

have human C-peptide and secrete human insulin in response to physiological 

glucose level. The potential of human adipose stem cells were exploited to 

differentiate towards physiologically competent functional islet like cell 

aggregates via stage specific differentiation protocol
111

. The ease in availability, 
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autologous source and abundance of adipose tissue makes it an attractive 

candidate for generating alternative islets for cell replacement therapy in type 1 

diabetes. 

 

2.8 HYPOTHESIS  

In the present study it was hypothesized that differentiation of mesenchymal stem 

cells on 3D biomimetic scaffold could form functional islet like clusters. 

 

2.9 OBJECTIVES 

1. To fabricate 3D electrospun scaffold 

 

2. Immobilising  Gelatin vinyl acetate and gelatin dextran dialdehyde to make it 

biomimetic 

 

 

3.  To tissue engineer a pancreatic construct using rat bone marrow mesenchymal 

stem cells on this scaffold 
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  CHAPTER 3 

MATERIALS AND METHODS 

 

3.1 MATERIALS 

Polycaprolactone (PCL, MW 70,000 – 90,000), Polycaprolactone – 

Polytetrahydro furan – Polycaprolactone (PCL-PTHF-PCL, MW-2000), Gelatin 

from porcine skin type A (Bloom value 175), Dextran from (MW. 35,000–

45,000), 1-ethyl-3-(-3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) 

and N-hydroxysuccinimide (NHS) were purchased from Sigma Aldrich, 

Bangalore.  Methanol and Chloroform were purchased from Merck, 

Azobisisobutyronitrile (AIBN). The chemicals were used as received without 

further purification.  For cell culture Dulbecco‟s Modified Essential Medium - 

High Glucose (DMEM-HG), Fetal Bovine serum (FBS), Antibiotic -Antimycotic 

were procured from Invitrogen, USA. 

 

3.2 METHODS 

 

3.2.1 Fabrication of scaffold 

PCL solution (20%) was prepared by dissolving PCL in chloroform: methanol 

(7:3) by continuous stirring overnight in a magnetic stirrer. After complete 

dissolution of PCL, PCL-PTHF-PCL solution was added in the ratio 90:10 and 

stirred until complete dissolution was attained. The solution was then transferred 

into a 10 ml BD syringe and electrospun on to a patterned metallic collector with 

metallic wires arranged at 90º at a distance of 3.5 mm to each other. The 

patterened collector is attached to an XY stage controlled by computer program 

(Electro-spinner, Holmarc Opto-Mechatronics, Kochi, India). Electrospinning 

parameters were standardized at 10KV voltage, 15 cm distance from the needle to 

the collector, and 2ml/hr flow rate. The membrane formed by electrospinning was 
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layered (20 membranes) to form 3D porous electrospun scaffolds of 1cm x 1cm 

and thickness of 1 mm. 

 

3.2.2 Synthesis of Gelatin vinylacetate (GelVac) 

 10% gelatin type A solution was prepared in distilled water by continuous 

stirring at 300 rpm for 15 minutes in a round bottom flask. Upon complete 

dissolution of gelatin, vinyl acetate was added and stirred continuously. When the 

temperature of the mixture became 60ºC azobisisobutyronitrile (AIBN) was added 

and the reaction was allowed to continue for 4 hours in nitrogen atmosphere.  

GelVac formed was precipitated in acetone. It was then purified by 21 cycles of 

soxhlet distillation with methanol.  GelVac was then stored at 4ºC for further use. 

3.2.3 Synthesis of Dextran Dialdehyde (DDA) 

 Dextran dialdehyde was prepared by oxidation of dextran with sodium 

metaperiodate. The reaction was allowed to continue for 6 hrs in dark with 

continuous stirring. After 6 hrs, the dark brown reaction mixture was subjected to 

dialysis( dialysis tubing, MW 8303, Sigma) using distilled water until a clear 

solution was obtained. The solution was then lyophilized for 120 hrs to obtain 

dextran dialdehyde and stored at 4ºC till use.  

 

3.2.4 Modification of PCL/ PCL-PTHF-PCL Scaffold 

 The electrospun PCL/PCL-PTHF-PCL scaffolds were hydrolyzed and 

protonated using 0.5M NaOH and 0.1M HCl for 1 hr each at room temperature. It 

was then washed with distilled water and incubated with 2-(N-

morpholino)ethanesulfonic acid) (MES) buffer for 1 hr at room temperature. The 

scaffolds were then coated with sterile 1% GelVac, 1% Gelatin and DDA 

solutions (hereon mentioned as Gelatin dextran dialdehyde or G-DDA) and then 
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crosslinked with 2mg/ml EDC and 1mg/ml NHS for 3 hrs at 37 ºC. It was then 

washed with sterile distilled water and stored aseptically.  

3.2.5 Eosin staining of coated scaffolds 

The crosslinking of GelVac and G-DDA onto the scaffolds was confirmed by 

eosin staining. PCL/PCL-PTHF-PCL scaffolds coated with GelVac and G-DDA 

was stained with eosin for 5 min, washed with PBS and photographs were taken. 

 

3.2.6 Characterization of Scaffold 

3.2.6.1 FT-IR analysis 

GelVac, Dextran Dialdehyde , PCL/ PCL-PTHF-PCL scaffold, GelVac coated 

PCL/ PCL-PTHF-PCL scaffold and G-DDA coated PCL/ PCL-PTHF-PCL 

scaffolds were subjected to Fourier Transform Infrared (FTIR) spectroscopy 

analysis using Thermo Nicolet 5700 FT-IR with Diamond ATR Accessory. The 

spectra were taken in the frequency range of 4000-400cm
-1

 and the resultant peaks 

obtained were analysed. 

 

3.2.6.2 Surface topography of Scaffold 

The microstructure of the electrospun three dimensional PCL/ PCL-PTHF-PCL 

scaffold, GelVac coated and G-DDA coated PCL/ PCL-PTHF-PCL scaffolds 

were characterized using environmental scanning electron microscopy (ESEM), 

Quanta FEI, Hillsboro, USA. The fiber diameter, pore size of the scaffolds was 

analyzed from ESEM micrographs using image analysis software (Image J, 

National Institutes of Health, USA). Pore size is defined as void spaces bound by 

fibers and their diagonal axis were measured and averaged to give pore size 

measurement.    
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3.2.6.3 Contact angle measurement 

The surface wettability of the materials were analysed with static glycerol contact 

by sessile drop method.  Non anisotropic electrospun membrane films of 

PCL/PCL-PTHF-PCL membrane, GelVac coated and G-DDA coated PCL/PCL-

PTHF-PCL were prepared on a rotating mandrel for contact angle measurements. 

Glycerol was dispensed vertically onto the membranes and the images of the 

droplet on the film were visualized and contact angle measurements were 

obtained through the software (OCA15 plus, Optical Contact Angle System; Data 

Physics).  At least 6 measurements were made for each sample and average value 

is represented.  

 

 

3.2.6.4 Swelling studies 

  In vitro swelling profile of the scaffolds was studied by measuring 

the change in weight as a function of time. The dry PCL/PCL-PTHF-PCL, 

GelVac coated PCL/PCL-PTHF-PCL scaffold and G-DDA coated PCL/PCL-

PTHF-PCL scaffolds of known weight were dipped into 1 ml of Phosphate 

Buffered Saline (PBS) (pH – 7.4) at room temperature. At predetermined time 

intervals (5 min, 10 min, 20 min, 30 min, 1 h and 2 h) the samples were 

withdrawn from the PBS buffer, excess PBS was blotted and wet weight of the 

scaffolds were measured. The swelling ratio was calculated using the formula : 

  Swelling ratio = (Wet Weight – Dry Weight)/Dry Weight 

  

3.3 Isolation of islets from rat pancreas 

 Islets were isolated from pancreas of 8-10 months old male wistar rats 

after obtaining consent from Institute Animal Ethics Committee. Pancreas was 

digested with 0.1% collagenase V for 10 minutes at 37ºC. The reaction was then 
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stopped using DMEM -HG medium with 10% FBS and 1% Ab/Am  and islets 

were separated from other cells and tissue debris by centrifugation  at 2000 rpm 

for 10 minutes followed by filtration with 40micron filters. The islets were then 

cultured in DMEM -HG medium with 10% FBS and 1% Ab/Am medium in a 

humidified incubator at 37 ºC with 5%CO2. 

 

3.4 Dithizone staining of rat islets 

Dithizone (Sigma Aldrich Bangalore) stock was prepared at a concentration of 

39mM in dimethylsulfoxide (Sigma Aldrich, Bangalore) and briefly stored at 4ºC. 

Dithizone working solution was prepared fresh by mixing 100mL dithizone stock, 

10mL Krebs Ringer Bicarbonate buffer (pH 7.4), and 10mM HEPES (Gibco). Rat 

islets were washed with PBS and incubated with filtered dithizone working 

solution for 20min at 37ºC. The stained cell clusters were visualized with phase 

contrast microscope (Olympus IX71). 

 

3.5 Isolation and culture of Rat Bone Marrow Mesenchymal Stem Cells 

(BMSC)  

Bone marrow was collected from 8-10 week old male Wistar rats by flushing 

femur with 1 ml PBS. The cells were then centrifuged at 1500 rpm for 10 minutes 

and plated at a density of 3 x 10
6 

cells per 25 cm
2  

flask and incubated in a 

humidified 5% CO2 incubator at 37ºC. Non-adherent cells were removed by 

sequential changes of medium twice in a week. Confluent primary cultures (day 

10) were washed with PBS, trypsinized with 0.25% trypsin-EDTA at 37ºC for 5 

minutes and cultured in 75 cm
2  

flask (Nunc) for further studies. Cells at 4-5 

passages were used for studies.  
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3.5.1 Characterization of BMSC 

The cells (4
th

 passage)  were cultured on coverslips for 24 hrs; fixed with 4% 

paraformaldehyde (w/v) (SD fine chemicals, India) in PBS (pH 7.4) for 10 min at 

room temperature; permeabilised with 0.1% Triton X 100 for 1 min at room 

temperature (permeabilisation step was avoided for the staining of membrane 

markers) and blocked with 1% BSA. The slides were incubated with  mouse 

vimentin IgG ,  phalloidin-FITC, CD34/CD45 and mouse CD105 IgG  to stain the 

cytoskeletal proteins such as vimentin, actin and cell membrane markers CD105, 

CD34 and CD45 respectively at 4ºC overnight. For vimentin and CD105, FITC 

conjugated goat anti-mouse IgG was used as secondary antibody. The nucleus 

was then stained with Hoechst 33258 (10g/ml) (Sigma, USA) and mounted on a 

glass slide.  The images were captured under Inverted fluorescence microscope 

(Olympus IX71). All the primary and secondary antibodies were purchased from 

Santa Cruz Biotechnology, Santa Cruz, CA, USA. 

3.5.2 Multilineage differentiation of BMSC 

 In order to investigate the potential of BMSC to differentiation into adipocytes, 

chondrocytes and osteocytes,  the cells were seeded at 10
4 

cell/ml density
 
onto a 

4-well culture plate and incubated with DMEM-HG  containing 20% FBS until 

the cells became confluent. The medium was then replaced with adipogenic 

differentiation medium containing 10
-7

 dexamethasone, 0.5 mM isobutyl xanthine 

and 50µM indomethacin for 7 days. The medium was changed every 2 days. On 

day 7 of differentiation, adipogenesis were detected by Oil Red O positive 

staining of lipid droplets in the cells. The osteogenic differentiation of BMSC‟s 

was performed by culturing BMSC‟s in medium containing 10
-7

 M 

dexamethasone, 20 mM β glycerol phosphate and 50 µg/ml ascorbate 2 phosphate 

for 21 days. The medium was changed every 2 days. On 21
st
 day of differentiation 

cells were fixed and stained with Alizarin Red S for calcium deposition. 

Chondrogenic differentiation was induced by culturing cells as micromass 

cultures and supplemented with medium containing 1X NEAA (Non-essential 

aminoacids), 2mM L-Glutamine, 50µg/ml ascorbic acid, 40µg/ml proline, 10
-7

M 
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dexamethasone for 14 days. The medium was changed every 2 days. After 14 

days of differentiation, cell aggregates were stained with Alcian blue for 

glycosaminoglycan deposition.  

 

3.6 Cell viability analysis using BMSC 

3.6.1 Direct contact test 

BMSC were seeded at a cell density of 10
5
 cells/ml onto a 6 well culture plate and 

cultured until the cells became confluent. PCL/PCL-PTHF-PCL, GelVac coated 

and G-DDA coated scaffolds (n=3) were placed on the confluent cell monolayer 

and observed for 7 days in culture. Cells grown on cell culture treated plates were 

taken as control. Images were taken using phase contrast microscope (Olympus 

lX71).  

 

3.6.2 Test on extract (MTT assay) 

The cell viability was evaluated by colorimetric MTT assay. 24 h extract of 

PCL/PCL-PTHF-PCL, GelVac coated and G-DDA coated PCL-PTHF-PCL 

scaffolds were prepared by incubating with DMEM HG containing 20% FBS at 

37ºC. BMSC‟s were seeded in 96-well cell culture plate at a density of  10
4 

cells/ml and was incubated for 24 h at 37ºC with 5% CO2. On day 2, the medium 

was replaced with the scaffold extracts and incubated for further 24 h. The control 

cells were incubated with normal culture medium. On day 3 the scaffold extracts 

was removed and the cells were incubated with 20µl of 5 mg/ml MTT solution for 

3 h and the formazan crystals formed were dissolved in Dimethyl Sulphoxide. 

Optical Density (OD) was measured at 540 nm with the use of a microplate reader 

(ASYS UVM 340). Percentage cell viability was calculated using the formula: 

Percentage cell viabili ty  =         Absorbance of test extract treated cells   X 100 

          Absorbance of Control cells 
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3.6.3 Live and dead staining of BMSC’s on scaffolds 

The viability of cells cultured on PCL/PCL-PTHF-PCL, GelVac coated 

PCL/PCL-PTHF-PCL and G-DDA coated PCL/PCL- PTHF-PCL scaffolds was 

qualitatively assessed using live-dead staining. The cell seeded scaffolds were 

incubated with Fluorescene di acetate (FDA) for 10 minutes and propidium iodide 

PI (in FBS free media) for 1 minute in dark. The scaffolds were then washed with 

PBS and observed under A1R si Nikon confocal microscope. FDA stains live 

cells green and PI stains dead cells red. 

 

3.7 Cell proliferation on Scaffold  by Alamar Blue assay 

Proliferation of cells on PCL/PCL-PTHF-PCL, GelVac coated PCL/PCL-PTHF-

PCL and G-DDA coated PCL/PCL-PTHF-PCL scaffolds were determined at 0, 3 

and 7 days of culture using alamar blue assay. The cells cultured on 2D cell 

culture treated plates were used as control. At specific end points 10% alamar 

blue solution in culture medium were added to the cells in 3D culture and control 

and incubated for 3 h at 37ºC with 5% CO2. The reaction was stopped using 3% 

Sodium dodecyl sulphate (SDS) and absorbance was measured at 570/600 nm. 

 

3.8 Cell attachment on scaffold 

Inorder to visualize the attachment of cells onto the scaffold the samples were 

stained with phalloidin-FITC after 7 days in culture and were visualized by 

confocal microscopy (A1R si Nikon confocal microscope). Briefly, the cells 

seeded on to the PCL/PCL-PTHF-PCL scaffold was fixed in 4% 

paraformaldehyde for 20 min, permeabilised with 0.1% triton X 100 for 1 min, 

blocked with BSA for 20 min and stained with phalloidin and nucleus stained 

with PI. 
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3.9 To assess cell penetration on the 3D scaffold 

To assess cell penetration in the scaffolds, cell seeded scaffolds were cultured for 

7 days, the samples were fixed with 4% paraformaldehyde and the nucleus was 

stained with Hoechst.  The sample was then visualised using A1R si Nikon 

Confocal microscope. 

 

3.10 Differentiation of BMSC into Islet Like Clusters (ILC)  

BMSC at passage 4 were used for differentiation studies.  0.5x10
6
 cells/ml  were 

seeded onto the PCL/PCL-PTHF-PCL (control), GelVac coated PCL/PCL-PTHF-

PCL and G- DDA coated PCL/PCL-PTHF-PCL scaffolds and were supplemented 

with DMEM HG containing 1% Bovine serum Albumin (BSA), 1x Insulin –

Transferrin – Selenium (ITS), 4nM activin A, 1 mM sodium butyrate, 50 µM 2- 

mercaptoethanol and 2 ng/ml Fibroblast growth factor (FGF) for 2 days. On the 

3
rd

 day, cells were supplemented with DMEM HG containing 1% BSA, 1x ITS 

and 0.3 mM taurine for 2 days. On the 5
th

 day the aggregated cells were 

supplemented with DMEM containing 1.5% BSA, 1x ITS, 3mM taurine, 100 nM 

Glucagon – like peptide 1 (GLP-1), 1 mM nicotinamide and 1x non-essential 

amino acids (NEAA) for 14 days.  

 

3.10.1 Morphology assessment of cells on scaffold with ESEM 

Environmental Scanning Electron Micrographs of differentiated ILC‟s on 

PCL/PCL-PTHF-PCL, GelVac coated and G-DDA coated PCL/PCL-PTHF-PCL 

scaffolds were taken using ESEM Quanta FEI, Hillsboro, USA. Undifferentiated 

BMSCs cultured on scaffolds were taken as control.   
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3.10.2 Assesment of cell viability of ILC’s  

The viability of stem cell differentiated ILC‟s on PCL/PCL-PTHF-PCL, GelVac 

coated PCL/PCL-PTHF-PCL and G-DDA coated PCL/PCL- PTHF-PCL 

scaffolds were analysed with FDA and propidium iodide stains. On day 20, the 

ILC‟s on scaffolds were incubated with FDA and propidium iodide in 1ml 

DMEM without FBS for 5 min. After PBS washes, the scaffolds were visualized 

using A1R si Nikon confocal microscope. 

  

3.10.3 Immunocytochemistry of ILCs 

The differentiated ILC‟s on scaffolds were fixed using 4% paraformaldehyde for 

20 minutes. It was then permeabilised with 0.1% Triton X 100 for 1 minute and 

blocked using 10 mg/ml BSA for 20 minutes and were incubated with the primary 

antibodies for insulin, glucagon and somatostatin overnight at 4ºC. It was then 

incubated with secondary antibodies for insulin, glucagon and somatostatin for 1 

hr and was then nucleus stained with Hoescht dye for 20 min and images were 

taken in confocal microscope (A1R si Nikon). 

  

3.10.4 Invitro Glucose challenge assay 

Quantification of the protein level expression of insulin secretion was carried out 

for differentiated islets on PCL/PCL-PTHF-PCL, GelVac coated PCL/PCL-

PTHF-PCL and G-DDA coated PCL/PCL-PTHF-PCL scaffolds. Samples were 

pre incubated for 1 h in glucose free Krebs Ringer Bicarbonate HEPES (KRBH) 

buffer, followed by incubation with KRBH containing 5 and 25 mM glucose for 

an additional 30 min respectively. Rat islets used as controls were also challenged 

with similar concentrations of glucose. The supernatants were collected and 

stored at -20ºC till the assay was performed. C-pep assay was performed by 



52 
 

ELISA method, according to the manufacturer‟s instruction (Mercodia Rat c-pep 

ELISA Kit).  

 

3.11 Statistical analysis 

The quantitative results are represented as mean ± standard deviation and were 

statistically assessed using two - way analysis for cell proliferation assay and one-

way ANOVA for MTT of variance using graph pad prism software. A value of 

p˂0.05 was considered to be statistically significant. 
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    CHAPTER - 4 

RESULTS AND DISCUSSION 

 

 Intensive monitoring of blood glucose and insulin injection are the current 

therapy to treat diabetes. But it is not a permanent cure because over or under 

treatment can lead to life threatening complications such as coma, diabetic 

retinopathy, neuropathy, nephropathy, vasculopathy, etc. Normal blood glucose 

level can be achieved by transplanting with the whole pancreas, pancreatic islets, 

insulin secreting cell lines and stem cell derived insulin producing cells. Inability 

to maintain the functionality of islets  in vivo for long periods after transplantation  

results in insulin dependence. By applying the principle of tissue engineering, 

islets were expected to survive longer by growing the cells in a three dimensional 

biodegradable interconnected porous scaffold. The scaffold serves as substitute 

for extracellular matrix (ECM) and facilitates the cell-cell and cell-ECM 

interactions thereby achieving euglycemia. In this context, the scaffolds are 

expected to have adequate (a) surface chemistry to facilitate cell attachment and 

proliferation (b) interconnected porosity with open pores to favor the transport of 

nutrients and excretory products and (c) mechanical properties to match the 

intended site of implantation and handling. Some natural as well as synthetic 

polymeric materials have been exploited in generating tissue –engineered 

biohybrid pancreas. But many of them could not maintain the structure and 

function of islet for long period in vitro
118

.  

 In this study, PCL is blended with Polycaprolactone-Polytetrahydrofuran- 

Polycaprolactone triblock polymer was used as the scaffold and its effectiveness 

to differentiate mesenchymal stem cells to islet like clusters with and without 

biomimetic modification was explored.  Polycaprolactone  is an FDA approved, 

biodegradable and also biocompatible. Since it is a hydrophobic polymer, it has to 

be modified to increase the surface wettability. Inorder to impart the hydrophilic 

behavior, PCL is blended with Polycaprolactone-Polytetrahydrofuran- 
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Polycaprolactone triblock solution and electropun under specific parameters. To 

make the PCL/PCL-PTHF-PCL scaffold  biomimetic gelatin vinyl acetate 

(GelVac) and Gelatin Dextran Dialdehyde (G-DDA) was coated onto the 

scaffolds. Gelatin is a protein produced by partial hydrolysis of collagen, which is 

a major ECM component of tissues 
119

. Inorder to increase the stability of gelatin, 

vinyl acetate was grafted to form gelatin vinyl acetate which as then coated on 

PCL/PCL-PTHF-PCL scaffold. In another set of scaffolds coating was given with 

gelatin modified with dextran dialdehyde as studies indicated that dextran 

facilitates angiogenesis
120 

 

4.1 Fabrication and characterization of scaffold 

 

4.1.1 Electrospinning of PCL/PCL-PTHF-PCL  

 A hydrophilic triblock polymer, PCL-PTHF-PCL, was blend with 

Polycaprolactone at the ratio 90:10. The triblock polymer being miscible with 

PCL could form a uniform solution at this ratio in the solvent mixture of 

choloroform and methanol(7:3). This solution was successfully electrospun into 

anisotropic  membranes without bead formation in the fibers . The fiber formation 

during electrospinning is influenced by applied voltage, flow rate, distance from 

collector and the polymer concentration. The method of electrospinning produces 

fibers with diameter in the nanometer to micrometer range. The membranes had 

fibers arranged in mesh like pattern owing to the patterned metallic collector used 

for electrospinning (Figure 4). These membranes may be described as anisotropic 

owing to the presence of regions with large interspaced fibers bordered by tightly 

packed fibers.  The individual membranes (20 membranes) were layered to form 

3D porous anisotropic scaffold (Figure 5). Utilization of meshes for 

electrospinning makes the makes the electrospun fiber anisotropic in terms of its 

internal structure (arrangement of fibers)
121

. Coelectrospinning of PCL with PCL-

PTHF-PCL imparts  the high hydrophilicity to membranes
122

. Nano/ micro 
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fibrous scaffolds produced by electrospinning represents a promising candidate 

for tissue engineering
123

. Such scaffolds morphologically mimic the fibrillar 

components of the native ECM, enhance adsorption of cell adhesion molecules, 

induce favourable cell-ECM interactions, maintain cell phenotype, support 

differentiation of stem cells and promote cell – matrix adhesion and activate 

appropriate cell signaling pathways
124

  

  

 

    Figure 4: Schematic representation of electrospinning process  

 

 

   Figure 5: Three dimensional electrospun anisotropic porous scaffold. Each 

scaffold is of the dimensions 1cmx1cmx2mm (length, breadth and thickness)  
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4.1.2 Synthesis and Characterisation of GelatinVinylacetate 

  Vinyl acetate was grafted onto native gelatin via a free radical 

mechanism. The grafted co-polymer was precipitated in acetone. FT-IR analysis 

(Figure 6) of synthesized GelatinVinylacetate (GelVac) confirmed the presence of 

specific peak of C=O at 1736 cm
-1

corresponds to the ester carbonyl group of vinyl 

acetate moiety, indicating that the grafting of vinyl acetate to gelatin has been 

achieved. Peaks at 1636 cm
-1

 and 1547 cm
-1

 confirmed the peaks of N-H bending 

due to amino acids present in the gelatin. –CH2 peaks at 2934 cm
-1

 and 3302 cm
-1

 

confirmed the polymerization of vinyl acetate onto gelatin.  

  

        Figure 6 : FTIR spectra of (a) Gelatin (b) Gelatin Vinyl acetate 
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4.1.3 Synthesis of Dextran Dialdehyde 

Dextran contains hydroxyl groups that can readily be modified with periodate to 

form aldehyde groups. Dextran oxidation using periodate is a classic method used 

to incorporate functional aldehyde groups that could serve as a cross-linker for 

polymers like gelatin bearing free amino groups for preparing gelatin dextran 

dialdehyde. The aldehyde peak (Figure 7) formed  after periodate oxidation is 

seen at  1734 cm
- 1

 due to C =O carbonyl group and at 2926 cm
- 1

 due to C-H 

stretching.  

 

             

 

      Figure 7: FT-IR spectrum of (a) dextran (b) Dextran dialdehyde  

4.1.4 Coating of GelatinVinylacetate and GelatinDextran Dialdehyde on 

electrospun scaffolds 

Gelatin vinyl acetate (GelVac) and Gelatin Dextran dialdehyde (G-DDA) were 

crosslinked onto PCL/PCL-PTHF-PCL scaffold by EDC-NHS crosslinking 

mechanism. Gelatin was added onto the scaffold along with dextran dialdehyde 

forming gelatin dextran dialdehyde, which is then crosslinked onto the scaffold. 

EDC reacts with the carboxylic acid groups of proteins thereby forming amide 
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bonds. Gelatin is a natural polymer and coating PCL/PCL-PTHF-PCL scaffolds 

with gelatin makes it biomimetic. Gelatin based scaffolds has been exploited in 

islet cell culture
118

, as  partially degraded form of collagen, which constitutes the 

major part of ECM of native islets. The RGD sequences in gelatin plays a major 

role in binding to the integrins, which helps the native islets in maintaining its 

intact architecture. Dextran is also known to enhance angiogenic effects, which 

could be exploited to promote tissue neovascularization post-transplantation in 

future in vivo experiments. In addition, gelatin and oxidized dextran has the 

property of self-cross-linking without the aid of any external cross-linking agents.  

 

4.1.5 Eosin staining of PCL/PCL-PTHF-PCL, GelVac coated and G-DDA 

coated PCL/PCL-PTHF-PCL scaffolds 

Figure  8 represents the eosin staining of (A,B) PCL/PCL-PTHF-PCL scaffold, 

(C) GelVac coated and (D) G-DDA coated PCL/PCL-PTHF-PCL scaffolds. Eosin 

is an acidic dye which binds to basic or eosinophilic compounds such as proteins 

containing amino acid residues such as arginine and lysine and stains them dark 

red or pink. Usually the dye is used to stain proteins in the cytoplasm and is also 

used to stain collagen fibers. In this context, the uncoated, GelVac coated and G-

DDA coated PCL/PCL-PTHF-PCL scaffolds were stained with Eosin yellow for 5 

min and a dark pink colour was observed on scaffolds coated with GelVac and G-

DDA compared to the uncoated PCL/PCL-PTHF-PCL scaffold. This confirmed 

the presence of crosslinked  gelatin vinyl acetate and gelatin dextran dialdehyde  

on the scaffolds. Various studies have directly blend gelatin with the scaffolds
125

 

but it is preferred to coat the fibers with gelatin after electrospinning
126

. It 

provides a uniform layer of biomimetic molecule on the  surface of the 

electrospun scaffold for better cell attachment, proliferation of cells on scaffold 

and increase mechanical competence of the scaffold without affecting the 

interconnectivity of the pores or reducing the cytocompatibility of scaffolds
127

. 
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Figure 8 : Eosin staining of (A) and (B) PCL/PCL-PTHF-PCL scaffold (C) 

GelVac coated PCL/PCL-PTHF-PCL scaffold and (D) G-DDA coated 

PCL/PCL-PTHF-PCL scaffold 

 

4.1.6 FT-IR analysis of GelVac and G-DDA on electrospun coated scaffolds 

Coating of Gelatin vinyl acetate (GelVac) and gelatin dextran dialdehyde (G-

DDA) on PCL/PCL-PTHF-PCL scaffold was confirmed by attenuated 

transmission reflectance fourier transform infrared spectroscopy (ATR-FTIR). 

Figure 9 shows the ATR-FTIR spectra of control (PCL/PCL-PTHF-PCL), 

protonated, GelVac coated and G-DDA coated PCL/PCL-PTHF-PCL scaffolds 

respectively. Peaks at 1638cm
-1

 and 1540 cm
-1

 are attributed to the amino acids of 

the gelatin structure. Peaks at 1638cm
-1

 and 1540 cm
-1

 are attributed to the amino 

acids of the gelatin structure. Peaks at 1721 cm
-1

 indicates C=O stretching, 1037 

cm
-1

 for ester carbonyl group of vinyl acetate moiety and 2941 cm
-1

, 2862 cm
-1

  

for CH2 peaks of polymerization. This indicates the coating of GelVac on 

PCL/PCL-PTHF-PCL scaffold
128

. 
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Figure 9 :  FTIR spectra of PCL/PCL-PTHF-PCL (control), protonated 

PCL/PCL-PTHF-PCL , GelatinVinyl acetate and gelatin Vinylacetate  coated 

PCL/PCL-PTHF-PCL 

 

Figure 10 shows the FT-IR spectra of G-DDA coated scaffold exhibited 

characteristic peaks of both gelatin and DDA. The aldehyde peak of DDA was 

visible at 1773 cm
-1

, due to carbonyl group (C=O) and the C-H stretching was 

detected at 2900 cm
-1

. The aldehyde peak of DDA was visible at 1773 cm
-1

, due 

to carbonyl group (C=O) and the C-H stretching was detected at 2942 cm
-1

 and 

the N-H bonding was visible at 1551 cm
-1

. This indicates the coating of G-DDA 

on the surface of PCL/PCL-PTHF-PCL scaffold. 
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Figure 10: FT-IR spectra of PCL/PCL-PTHF-PCL (control), Gelatin 

Dextran Dialdehyde, and Gelatin Dextran Dialdehyde coated scaffold 

 

4.1.7 Surface morphology  

Morphology of PCL/PCL-PTHF-PCL, GelVac coated and G-DDA coated 

scaffolds were analysed with ESEM. The electrospun scaffolds appeared 

anisotrophic with two distinct fiber densities, large highly porous region with low 

fiber density bordered by thick bands of fibers (Fig 11 A) which showed a smooth 

surface. The highly porous area (Fig. 11 b) and the thick area (Fig. 11 c) of the 

scaffolds were magnified and visualized separately. The pore area (defined as the 

area of void space surrounded by fibers) and fiber diameter of each of these 

regions   were calculated using ImageJ software (NIH). The PCL/PCL-PTHF-

PCL scaffold has fibers ranging from 1µm to 3.5µm with an average fiber 
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diameter of 2.4±0.5µm. The pore area  ranges from 0 to 350µm
2
. The size of 

native islets ranges from 50-200µm. Inorder to get the islet embedded and survive 

in the scaffold the pore area must be greater than the islet size
129

. The pore area of 

the electrospun scaffold ranges upto 350µm, Hence the technique of 

electrospinning used has successfully increased the pore size of the electrospun 

scaffold to support  the survival  of cell clusters such as islets of sizes ranging 

from 50-200 µm within the scaffold. 

Average fiber diameter  and  average pore area of PCL/PCL-PTHF-PCL, GelVac 

coated and G-DDA coated scaffolds are given in  Table 1. No significant 

difference in pore area  and fiber diameter was observed among the different 

scaffolds. It could be concluded that the  fibers were uniformly coated with  

GelVac and GDDA without obstructing the pores in the scaffold. 

 

 

Figure 11: ESEM image of (A) PCL/PCL-PTHF-PCL anisotropic 3D porous 

scaffold. Image (b) is the enlarged Electron micrograph of selected porous 

area in image (A) and image (c) shows the enlarged ESEM image of selected 

thick fibrous area in image (A) 
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Figure  12 : Graph represents the histogram of fiber diameter and pore area 

of anisotrophic porous PCL/PCL-PTHF-PCL scaffold 

 

 

 

 Scaffolds Porous 

area 

   Thick area 

Average 

fiber 

diameter 

PCL/PCL-

PTHF-PCL 

2.4±0.5µm 2.7±0.7µm 

GelVac 

coated 

2.6±0.8µm 2.9±1.2µm 

G-DDA 

coated 

2.5±0.5µm 2.2±0.7µm 

Average 

pore area  

PCL/PCL-

PTHF-PCL 

192.76±12.

17m
2
 

33.39±12.2

m
2
 

GelVac 

coated 

189.95±10.

4m
2
 

35.39±12.2

m
2
 

G-DDA 

coated 

182.76±12.

63m
2
 

35.88±15.57

m
2
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Table 1: Table representing the average fiber diameter and average pore 

area of PCL/PCL-PTHF-PCL, GelVac coated and G-DDA coated PCL/PCL-

PTHF-PCL scaffolds 

 

4.1.8 Glycerol contact angle 

 Contact angle gives the measure of surface wettability of the scaffold. The 

water contact angle of the PCL/PCL-PTHF-PCL membrane were not measurable 

by the camera as the water drop was quickly absorbed. Hence, glycerol, a high 

viscous polar liquid, was used to assess the hydrophilicity of the membranes. 

Contact angle formed by glycerol at the initial time (time point at which contact is 

made) was analysed (Figure 13). The air-glycerol contact angle for PCL/PCL-

PTHF-PCL, GelVac coated and G-DDA coated PCL/PCL-PTHF-PCL scaffolds 

were 52º±2º, 67º±1.37º and 63º±0.6º respectively. An increase of  contact angle 

by approximately 10º was seen in case of G-DDA coated PCL/PCL-PTHF-PCL 

whereas a 17º increase in contact angle was observed in case of GelVac coated 

membranes. Hence, the GelVac coated and G-DDA coated membranes were 

slightly less hydrophilic compared with the control membrane. But all membranes 

exhibited a hydrophilic-hydrophobic balance important for cell culture. Wettable 

surface enhances medium absorption ability and the adsorption of plasma 

proteins. It was observed that the proliferation rate was increased more on 

surfaces with moderate hydrophilicity than on the more hydrophobic or 

hydrophilic surfaces
130

.  
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Figure 13: (a) glycerol contact angle of PCL/PCL-PTHF-PCL (b) GelVac 

coated (c) G-DDA coated PCL/PCL-PTHF-PCL membranes 

 

4.1.9 Swelling studies 

 Fluid uptake is an important parameter which influences the chemical and 

physical characteristics of the scaffold after and prior to cell seeding. Figure 14 

represents the swelling ratios of PCL/PCL-PTHF-PCL, GelVac coated and G-

DDA coated PCL/PCL-PTHF-PCL scaffolds.  The scaffolds shows good fluid 

uptake and quickly absorbs medium to reach peak swelling capacity within 5 

minutes and remains constant henceforth. No significant difference in fluid uptake 

ability of GelVac and G-DDA coated scaffolds was seen when compared with the 

control, which can be due to the porous nature of the electrospun scaffold. The 

swelling behavior is an important property of scaffolds because it relates to the 

diffusion of signaling molecules and nutrients. From the clinical aspect, over load 

swelling ratio of the scaffolds may cause pressure to the surrounding tissues. In 

contrast, under load swelling ratio of the scaffolds would result in insufficient 

exchange of nutrients  from surrounding circumstances. The scaffolds with 

inadequate swelling ratio may escape from the implant point easily
131

.  
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Fig 14: Graph representing the swelling ratios of control, GelVac and G-

DDA coated scaffolds 

4.2 Isolation and characterization of rat BMSCs 

 Rat BMSCs were isolated (Figure 15) according to the protocol of 

Soleimani et.al
132

. BMSCs were isolated from the bone marrow aspirate harvested 

from the femur of male wistar rat. There have been reports on the ability of bone 

marrow derived MSCs to successfully transdifferentiate into pancreatic beta cells, 

thereby indicating the potential of BMSC as a promising alternative in the 

treatment of diabetes
133

. 
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    Figure 15:  Summary of the isolation of BMSCs from rat bone marrow (a) 

Male wistar rat (b) isolating femur bone (c) and (d) isolated femur bone (e) 

cutting the ends of femur bone (f) flushing out the bone marrow from the 

femur bone 

  The isolated cells were grown in DMEM HG with 20% FBS 

medium. The phase contrast images showed the characteristic spindle shaped 

morphology of MSC after primary culture and could attain a monolayer within 7 

days. The cells were positive for cytoskeletal actin filament, which indicate their 

plastic adherence property. The positive cell surface marker CD105 and negative 

markers CD45 and CD34
134

 confirmed the mesenchymal origin of these cells 

(Figure 16).  
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Figure 16 : Isolation and in vitro characterization of BMSCs (a) Phase 

contrast microscope image showing the BMSCs (Passage 0). Fluorescent 

images showing cytoskeletal proteins such as (b) actin filament bundles (c) 

Vimentin  (d) Cell surface marker CD105  (e) CD45/CD34 negative marker 

for BMSCs 

 

4.2.2 Multilineage differentiation of BMSCs 

 BMSCs are multipotent progenitor cells that localize in the stromal 

compartment of bone marrow, where they support hematopoiesis and differentiate 

into mesenchymal lineages
135

. The potential of MSCs to form bone, cartilage and 
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adipose tissues has been well documented in vitro and in vivo
136

. The isolated 

BMSCs showed differentiation into other mesenchymal lineages such as 

adipogenic, chondrogenic and osteogenic lineages (Figure 17). According to the 

criteria International Society for Cellular Therapy (ISCN)  MSC must be able 

differentiate into adipocytes, chondrocytes and osteocytes in vitro
137

.  

  

       

Figure 17: Multilieage differentiation of BMSCs (a) Adipogenic 

differentiation (b) Chondrocyte differentiation (c) Osteogenic differentiation 

 

4.3 Isolation characterization of  islets from rat pancreas 

 The islet clusters were isolated (Figure 18) from rat pancreas by 0.1% 

collagenase V enzymatic digestion. Islets observed under phase contrast 

microscope exhibited cluster morphology ranging the size of clusters from 50-200 

µm.  
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      Figure 18: Isolation of pancreas from wistar rat using collagenase V (a) 

Male wistar rat (b) sacrificed rat (c) and (d) isolating pancreas (e) isolated 

pancreas (f) chopping of pancreas into fine pieces (g) digestion of the 

chopped tissue using collagenase V 
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 Functionality of the isolated islets were determined by dithizone staining 

(Figure 19 (b)). Dithizone stained positive cells appeared crimson red as it is a 

zinc chelating agent which binds to zinc granules in beta cells. To confirm the 

presence of specific markers in isolated islets, immunostaining (Figure 19 c, d and 

e) was done. Rat islets were found positive for insulin, glucagon and somatostatin.  

 

 

 Figure 19 : Characterization rat islets (a) Phase contrast image of islet 

after isolation (b) Dithiazone staining of islets (c) Insuin (d) glucagon and (e) 

Somatostain immunostaining 
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4. 4 In vitro cell cytotoxicity  

4.4.1 Test on Extract using MTT assay 

 . Cell viability was determined by MTT assay. BMSC s were cultured with 

24h extract of PCL/PCL-PTHF-PCL, GelVac and G-DDA coated PCL/PCL-

PTHF-PCL scaffolds in culture media. After 24 h, the medium was replace with 

MTT solution.  MTT (thiazolyl blue) was converted from yellow colored salt to 

purple colored formazan crystals by cleavage of the tetrazolium ring by the 

mitochondrial succinate dehydrogenase of the live cells, the activity of which is 

linear to the live cell number. Figure 20 represents the percentage cell viability of 

BMSCs when treated with the extracts of uncoated, GelVac coated and G-DDA 

coated PCL/PCL-PTHF-PCL scaffolds. The cells were 100% viable in all groups. 

There was no significant difference between the viability of cells on PCL/PCL-

PTHF-PCL, GelVac coated and G-DDA coated scaffolds. Cells cultured on tissue 

culture polystyrene (TCPS) was maintained as a control.  
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Figure 20: Graph showing percentage cell viability on uncoated, GelVac 

coated and G-DDA coated PCL/PCL-PTHF-PCL scaffolds 
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4.5 Direct Contact Test 

 Direct contact test was performed to evaluate the change in morphology 

and viability of cells when in contact with the scaffolds. After 24 h of incubation 

with scaffolds on the confluent layer of cells optical images were taken using 

Olympus IX71 microscope. Figure 21 indicates no changes in cell viability, 

morphology or detachment were observed in cells. Cellular response to a 

biomaterial can be impacted by both the crosslinked material and the soluble 

monomers that may leach out
138

. Cells cultured on TCPS were maintained as 

control. 

                     

Figure 21: Phase contrast images of Direct contact test (a) control (b) 

PCL/PCL-PTHF-PCL scaffold (c) GelVac coated PCL/PCL-PTHF-PCL 

scaffold and  (d) G-DDA coated PCL/PCL-PTHF-PCL scaffold 
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4.6 Live dead assay of MSC on scaffold 

 The viability of BMSC on PCL/PCL-PTHF-PCL, GelVac and G-DDA 

scaffolds were qualitatively determined by live dead assay using Fluoresceine 

diacetate (FDA) and Propidium Iodide (PI). FDA is taken up by live cells which 

convert the non-fluorescent FDA into green fluorescent metabolite fluorescein. 

The measured signal serves as an indicator for viable cells, as the conversion is 

esterase dependent. In contrast, the nuclei staining dye PI cannot pass through 

viable cell membrane. It reaches the nuclei by passing through disordered areas of 

dead cell membranes and intercalates with the DNA double helix of the cell. 

Figure 22 depicts the fact that BMSCs are alive on. (A) PCL/PCL-PTHF-PCL, 

(B) Gelvac coated and (C) G-DDA coated PCL/PCL-PTHF-PCL scaffolds and 

the cell death is very less.  

 

 

Figure 22: Confocal images of Live and dead staining of BMSC on (A) 

PCL/PCL-PTHF-PCL scaffold (B) GelVac coated PCL/PCL-PTHF-PCL 

scaffold (C) G-DDA coated PCL/PCL-PTHF-PCL scaffold 

 

4.7 Cell attachment on scaffolds 

 Cell attachment onto the fibers of the scaffold was analysed by staining 

the cells with actin-phalloidin. Fig. 23 (a) is a merge of fluorescent cell image 

with the bright field showing the electrospun fibers in the scaffold. This  depicts 
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the attachment of BMSCs on the electrospun fibers and Fig. 23 (b) represents the 

3D projection of depth of attachment of MSCs in the scaffold. MSCs have 

penetrated deep into the scaffold and is seen attached to each electrospun fiber 

without change in its spindle morphology. Phalloidin comes under the class of 

phallotoxins and it functions by binding and stabilizing filamentous actin 

effectively prevents the depolaraization of actin filaments. Cell attachment onto 

the scaffold is a function of geometry. Electrospun membranes have nanometer 

range fibers which increases the surface area for cell attachment and 

proliferation
139

. 

 

   

 Figure 23 : (a) Attachment of MSCs onto the electrospun scaffold. The 

image is a merge of fluorescent cell image with the bright field showing the 

electrospun fibers in the scaffold (b) 3D image of cell attachment in the 

scaffold 

  

4.8 Cell penetration on the scaffold 

 Cell penetration into the scaffold was confirmed by the staining nucleus 

with Hoechst dye. Fig. 24 represents the 3D projection of  BMSCs in the scaffold. 

The Hoechst dye binds with the nucleic acid of cells thereby stains the nucleus 
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blue when viewed under confocal microscope. Cell infiltration through the depth 

of the scaffold was observed which is attributed to the increased pore size of the 

scaffold. Image up to the depth of 250 micrometer could be visualized with 100X 

magnification using confocal microscope. Complete infiltration of cells was 

observed through both sides of the scaffold when viewed under confocal 

microscope. The inter fiber distance in a conventional electrospun membrane is 

less than 10 µm which is below the size limit that allow infiltration of any type of 

cell 
140

. Our method of electrospinning has achieved the goal to  increase pore size 

in 3D electrospun scaffold in the easiest manner without involving addition of 

pore forming agents
141

.  

 

 

Figure 24: Image represents the 3D projection of the anisotropic 

scaffold showing the infiltration of BMSCs into the scaffold 

  

4.9 Cell proliferation assay using Alamar blue 

 Proliferation of BMSCs on the scaffolds was assessed using Alamar blue 

assay. Alamar blue assay incorporates a colorimetric growth indicator (REDOX 

indicator) based on the detection of metabolic activity. Resazurin is used as an 
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oxidation-reduction (REDOX) indicator that undergoes colorimetric change in 

response to cellular metabolic reduction. The reduced form resorufin is pink and 

the intensity of pink color produced is proportional to the number of living cells 

respiring. Through detecting the level of oxidation during respiration alamar blue 

acts as a direct indicator to quantitatively measure cell viability and cytotoxicity. 

Figure 25 shows the proliferation of BMSC on cell culture treated plate (control), 

uncoated, GelVac coated and G-DDA coated PCL/PCL-PTHF-PCL scaffolds at 

0, 3 days and 7 days after culture.  The cell proliferation increases in all groups 

from 0 to 7 days.   There is no significant difference between GelVac coated and 

G-DDA coated scaffolds on day 3 when  compared to PCL/PCL-PTHF-PCL. 

However, a significantly higher cell proliferation was seen on day 7 in uncoated 

scaffold compared to G-DDA coated (P ≤0.01). Significant difference (P ≤0.001 )   

in cell proliferation between the scaffolds and  the cell culture treated plates 

(control) was observed on days 3 and 7.  

            

 

Figure 25: Graph showing the cell proliferation on PCL/PCL-PTHF-PCL, 

GelVac coated and G-DDA coated PCL/PCL-PTHF-PCL scaffolds 
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4.10 Differentiation of BMSCs into ILCs on PCL/PCL-PTHF-PCL, GelVac 

coated and G-DDA coated scaffolds 

 The BMSCs were differentiated into ILCs on the scaffolds by a three step 

method with the addition of growth factors into the serum free high glucose 

DMEM HG medium. Serum-free condition and high-glucose medium are known 

to enhance differentiation of stem cells to insulin-producing cells. Glucose at 20–

30 mM concentration is a potent stimulator for β cells by escalating its replication 

and insulin secretion vitro. Growth supplements such as Fibroblast growth 

factor(FGF), glutamine, and amino acids improve the development of functional β 

cells. FGF promotes cell proliferation and terminal differentiation at the level of 

notch activation
142

.. Nicotinamide play an important role in maturation of ILCs in 

addition to preserving islet viability and promoting insulin
143

 secretion through 

poly (ADP-ribose) polymerase
144

. 

 

4.10.1 Morphology assessment of ILC’s using ESEM 

Environmental Scanning Electron micrographs of ILC‟s differentiated on 

PCL/PCL-PTHF-PCL, GelVac coated and G-DDA coated PCL/PCL-PTHF-PCL 

scaffolds were taken. Figure 23 represents the ESEM of undifferentiated BMSC s 

(Figure 26: a,c,e) and  differentiated ILC‟s (Fig 26: b,d,f) on PCL/PCL-PTHF-

PCL, GelVac coated and G-DDA coated PCL/PCL-PTHF-PCL scaffold. The long 

spindle shaped morphology of BMSC s has changed to small round cells forming 

clusters of differentiated islets within the scaffolds. Islet morphology is an 

important criterion in determining its function
145. 
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Figure 26: Panel a,c,e shows the long spindle morphology of 

undifferentiated BMSC on PCL/PCL-PTHF-PCL scaffold, GelVac 

coated, G-DDA coated PCL/PCL-PTHF-PCL scaffold respectively. 

Electron micrograph in panel c,d,f shows the cluster morphology of ILCs 

after differentiation on  PCL/PCL-PTHF-PCL, GelVac coated PCL/PCL-

PTHF-PCL scaffold   andG-DDA coated PCL/PCL-PTHF-PCL scaffold 

respectively. 

 

4.10.2 Cell viability of ILC’s on scaffold 

Differentiated  islet like clusters  on scaffolds were assessed for cell viability 

using FDA and PI after 20 days. Figure 27 represents the live dead staining of 

PCL/PCL-PTHF-PCL, GelVac coated and G-DDA coated PCL/PCL-PTHF-PCL 
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scaffolds. ILCs were viable with few dead cells in the core or periphery with its 

morphology uncompromised in PCL/PCL-PTHF-PCL, GelVac coated and G-

DDA coated PCL/PCL-PTHF-PCL scaffolds. Studies on gelatin dextran 

dialdehyde scaffold shows viability of ILC s  upto 30 days in vitro120. 

 

Figure 27: Live and dead staining of differentiated ILC’s on (a) 

PCL/PCL-PTHF-PCL, (b) GelVac coated and (c) G-DDA coated scaffolds 

 

4.10.3 Invitro glucose challenge assay 

The c-pep secreted by ILCs upon glucose challenge was quantified by ELISA. 

Figure 28 represents the c-pep release by differentiated islets upon glucose 

challenge. C-pep measure is proportional to insulin synthesized by the cells.  The 

differentiated ILC s on all scaffolds secreted C-pep in response to glucose at 5mM 

and 25mM concentration. Increased c-pep secretion was observed when glucose 

concentration was increased to 25mM (Table 2). However, no significant 

difference was observed in the c-pep secretion by ILC‟s on GelVac coated , G-

DDA coated  and uncoated scaffolds for both high and low concentrations of 

glucose. It was earlier reported that surface modification of scaffolds with various 

ECM proteins could stimulate various islet responses and integrin-mediated 

behavior
146

 Studies have reported 1.8 times and 2 times increase in insulin 

secretion of ILC‟s at 5 mM and 25mM glucose challenge on gelatin dextran 

dialdehyde scaffold when compared with islets differentiated on TCPS
120

.  
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Figure 28 : Graph representing the insulin secretion by ILC’s on PCL/PCL-

PTHF-PCL, GelVac coated and G-DDA coated PCL/PCL-PTHF-PCL 

scaffold at 5mM and 25mM glucose concentration 

 5 mM 25 mM 

Uncoated 65.5 

pmol/L 

72.04 

pmol/L 

GelVac 

coated 

71.2 

pmol/L 

97.9 

pmol/L 

G-DDA 

coated 

74.5 

pmol/L 

88.76 

pmol/L 

 

Table 2 : Table shows the amount of c-pep produced by ILC’s on 

scaffolds when challenged with 5mM and 25mM glucose 
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4.10.3 Immunohistochemistry of ILC’s 

The differentiated ILC‟s on PCL/PCL-PTHF-PCL, GelVac coated and G-DDA 

coated PCL/PCL-PTHF-PCL scaffolds were stained for the detection of 

pancreatic endocrine hormones like insulin and glucagon. Figure 29 represents the 

immunostaining of differentiated islets on Gelvac coated and G-DDA coated 

PCL/PCL-PTHF-PCL scaffolds. Earlier studies of ILC‟s differentiated on gelatin 

dextran dialdehyde scaffold exhibited characteristic islet morphology and 

expressed islet specific hormones (insulin, glucagon and somatostatin)
120

. 

         

Figure 29: Immunohistochemistry of differentiated ILC’s on GelVac and 

G-DDA coated PCL/PCL-PTHF-PCL scaffolds (a) (b) and (c) insulin 

staining of ILC’s on PCL/PCL-PTHF-PCL, GelVac and G-DDA coated 

scaffolds (d), (e) and (f) glucagon staining of ILC’s on PCL/PCL-PTHF-

PCL,  Gelvac coated and G-DDA coated PCL/PCL-PTHF-PCL scaffolds 
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CHAPTER 5  

                CONCLUSION 

 Diabetes mellitus is a chronic metabolic disease caused either due to 

insulin insufficiency or its resistance resulting in lifelong dependency on insulin 

has become one of the most significant non-communicable diseases globally. The 

complications associated with the disease include diabetic neuropathy, 

nephropathy, cardiovascular diseases etc. Diabetes is mainly treated by 

administration of oral hypoglycemic drugs or insulin injection. However, these 

approaches cannot mimic the physiological oscillating pattern of insulin release to 

achieve normoglycemia thereby cannot prevent the long term complications 

associated with diabetes and hypoglycemic shock. Transplantation of pancreatic 

islets aims to achieve euglycemia by following the insulin release pattern as in 

physiological manner. But islet cells need to be cultured in vitro  prior to 

transplantation and long term culture without compromising cell viability and 

function is challenging. The need to obtain multiple donor pancreas for each 

patient and the uncertainity regarding long term side effects from 

immunosuppression limits the benefits of islet transplantation to patients with 

highly controlled diabetes. Isolated pancreatic islets in vitro culture require a solid 

matrix to serve as a supporting matrix to promote its survival and substitute for 

the absence of native ECM.  

 The study was an attempt to create a nanofibrous biomimetic niche to 

promote the differentiation of bone marrow derived mesenchymal stem cells into 

pancreatic islet like clusters. PCL is a hydrophobic polymer and inorder to make it 

hydrophilic PCL-PTHF-PCL triblock polymer was added and a PCL/ PCL-PTHF-

PCL blend was prepared. The blend solution was successfully electrospun to form 

patterned  membranes which were cut and layered to form  3D porous  scaffold. 

Inorder to provide biomimetic environment GelVac and G-DDA were covalently 

coated on the scaffold using EDC - NHS mechanism.  FT-IR analysis show 
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specific peaks corresponding to GelVac and G-DDa on the scaffold surface. It 

was further confirmed by eosin staining of the coated and uncoated scaffold.  

Bone marrow derived mesenchymal stem cells were used due to the ease 

of harvest and its multipotent nature. The cells were then cultured in DMEM -HG 

with 20% FBS and the cells at passage 4 were used throughout the study as these 

cells expressed mesenchymal marker endoglin and were negative for 

hematopoietic marker CD34/CD45 . The cells were also verified for their 

multipotent capacity by differentiating them into adipogenic, chondrogenic and 

osteogenic lineage. Islets were isolated from rat pancreas using collagenase V 

digestion and were stained positive for islet specific markers – insulin, glucagon 

and somatostatin. MTT assay, direct contact test and live dead staining revealed 

that the coated and uncoated scaffold were non-cytotoxic. Alamar blue assay 

showed that all scaffolds support cell proliferation.  

The BMSCs were successfully differentiated into ILC‟s on uncoated, 

GelVac coated and G-DDA coated scaffolds. Cluster like morphology of ILC‟s 

were evident from electron micrographs and the ILC‟s on scaffold showed 

positive staining for insulin and glucagon. C-peptide release on glucose challenge 

showed  glucose sensitivity with corresponding c-peptide release at5mM and 25 

mM glucose challenge. The results confirms the differentiation of BMSCs into 

ILC‟s on uncoated, GelVac coated and G-DDA coated scaffolds. However, the 

coated scaffolds did not  improve function of the ILC's formed.  

 

Future Perspectives 

In the current study, lower concentration of GelVac and G-DDA were coated on 

the scaffold and its differentiation capability were analysed. Further, the effect of 

increased concentration of GelVac and G-DDA coating on improved insulin 

secretion of differentiated ILC‟s has to be studied. The c-peptide release on 

glucose challenge by the ILC‟s has to be compared with the mature rat islets and 
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gene expression levels of the islet hormones in differentiated ILC's has to be 

quantified. Combined effect of other ECM molecules with GelVac or G-DDA on 

improving the function of differentiated  ILC's  has to be studied. 

 

REFERENCES 

 

1. Ginter, E. & Simko, V. Global prevalence and future of diabetes mellitus. Adv. Exp. Med. 

Biol. 771, 35–41 (2012). 

2. Maahs, D. M., West, N. A., Lawrence, J. M. & Mayer-Davis, E. J. Chapter 1: Epidemiology 

of Type 1 Diabetes. Endocrinol. Metab. Clin. North Am. 39, 481–497 (2010). 

3. pmhdev. Type 2 diabetes: Overview. PubMed Health (2014). 

4. Gilmartin, A. ‘Bird’ H., Ural, S. H. & Repke, J. T. Gestational Diabetes Mellitus. Rev. 

Obstet. Gynecol. 1, 129 (2008). 

5. Couch, S. C. et al. Elevated Lipoprotein Lipids and Gestational Hormones in Women With 

Diet-Treated Gestational Diabetes Mellitus Compared to Healthy Pregnant Controls. J. 

Diabetes Complications 12, 1–9 (1998). 

6. Guariguata, L. et al. Global estimates of diabetes prevalence for 2013 and projections 

for 2035. Diabetes Res. Clin. Pract. 103, 137–149 (2014). 

7. Diagnosis and Classification of Diabetes Mellitus. Diabetes Care 33, S62–S69 (2010). 

8. Diabetes: facts and figures. International Diabetes Federation Available at: 

http://www.idf.org/about-diabetes/facts-figures. (Accessed: 21st June 2016) 

9. Forbes, J. M. & Cooper, M. E. Mechanisms of Diabetic Complications. Physiol. Rev. 93, 

137–188 (2013). 



86 
 

10. Kalra, S. et al. Hypoglycemia: The neglected complication. Indian J. Endocrinol. 

Metab. 17, 819–834 (2013). 

11. Klein, R., Knudtson, M. D., Lee, K. E., Gangnon, R. & Klein, B. E. K. The Wisconsin 

Epidemiologic Study of Diabetic Retinopathy XXII. The Twenty-Five-Year Progression of 

Retinopathy in Persons with Type 1 Diabetes. Ophthalmology 115, 1859–1868 (2008). 

12. Luna, B. & Feinglos, M. N. Oral agents in the management of type 2 diabetes 

mellitus. Am. Fam. Physician 63, 1747–1756 (2001). 

13. Bailey, C. J. Biguanides and NIDDM. Diabetes Care 15, 755–772 (1992). 

14. Brogard, J. M., Willemin, B., Blicklé, J. F., Lamalle, A. M. & Stahl, A. [Alpha-

glucosidase inhibitors: a new therapeutic approach in diabetes and functional 

hypoglycemia]. Rev. Médecine Interne Fondée Par Société Natl. Francaise Médecine 

Interne 10, 365–374 (1989). 

15. Brunetti, L. & Kalabalik, J. Management of Type-2 Diabetes Mellitus in Adults. 

Pharm. Ther. 37, 687–696 (2012). 

16. Salsali, A. & Nathan, M. A review of types 1 and 2 diabetes mellitus and their 

treatment with insulin. Am. J. Ther. 13, 349–361 (2006). 

17. McCall, M. & James Shapiro, A. M. Update on Islet Transplantation. Cold Spring 

Harb. Perspect. Med. 2, (2012). 

18. Edmonton Protocol: the Procedure. Available at: 

http://biomed.brown.edu/Courses/BI108/BI108_2004_Groups/Group09/procedure.ht

m. (Accessed: 21st June 2016) 

19. Amer, L. D., Mahoney, M. J. & Bryant, S. J. Tissue Engineering Approaches to 

Cell-Based Type 1 Diabetes Therapy. Tissue Eng. Part B Rev. 20, 455–467 (2014). 

20. Tissue engineering. Wikipedia, the free encyclopedia (2016). 



87 
 

21. Chan, B. P. & Leong, K. W. Scaffolding in tissue engineering: general approaches 

and tissue-specific considerations. Eur. Spine J. 17, 467–479 (2008). 

22. Horch, R. E. Future perspectives in tissue engineering: ‘Tissue Engineering’ 

Review Series. J. Cell. Mol. Med. 10, 4–6 (2006). 

23. Larsson, L. I., Sundler, F. & Håkanson, R. Pancreatic polypeptide - a postulated 

new hormone: identification of its cellular storage site by light and electron microscopic 

immunocytochemistry. Diabetologia 12, 211–226 (1976). 

24. Orci, L. & Unger, R. H. Functional subdivision of islets of Langerhans and possible 

role of D cells. Lancet Lond. Engl. 2, 1243–1244 (1975). 

25. Baetens, D., Malaisse-Lagae, F., Perrelet, A. & Orci, L. Endocrine pancreas: three-

dimensional reconstruction shows two types of islets of langerhans. Science 206, 1323–

1325 (1979). 

26. Ahrén, B. Autonomic regulation of islet hormone secretion--implications for 

health and disease. Diabetologia 43, 393–410 (2000). 

27. Nelson, C. M. & Bissell, M. J. Of extracellular matrix, scaffolds, and signaling: 

tissue architecture regulates development, homeostasis, and cancer. Annu. Rev. Cell 

Dev. Biol. 22, 287–309 (2006). 

28. Pierschbacher, M. D. & Ruoslahti, E. Cell attachment activity of fibronectin can 

be duplicated by small synthetic fragments of the molecule. Nature 309, 30–33 (1984). 

29. Juliano, R. L. & Haskill, S. Signal transduction from the extracellular matrix. J. Cell 

Biol. 120, 577–585 (1993). 

30. Larsen, M., Artym, V. V., Green, J. A. & Yamada, K. M. The matrix reorganized: 

extracellular matrix remodeling and integrin signaling. Curr. Opin. Cell Biol. 18, 463–471 

(2006). 



88 
 

31. Folkman, J. et al. A heparin-binding angiogenic protein--basic fibroblast growth 

factor--is stored within basement membrane. Am. J. Pathol. 130, 393–400 (1988). 

32. Flaumenhaft, R. & Rifkin, D. B. The extracellular regulation of growth factor 

action. Mol. Biol. Cell 3, 1057–1065 (1992). 

33. Ingber, D. E. & Folkman, J. Mechanochemical switching between growth and 

differentiation during fibroblast growth factor-stimulated angiogenesis in vitro: role of 

extracellular matrix. J. Cell Biol. 109, 317–330 (1989). 

34. Pinkse, G. G. M. et al. Integrin signaling via RGD peptides and anti-beta1 

antibodies confers resistance to apoptosis in islets of Langerhans. Diabetes 55, 312–317 

(2006). 

35. Beattie, G. M. et al. A novel approach to increase human islet cell mass while 

preserving beta-cell function. Diabetes 51, 3435–3439 (2002). 

36. Lucas-Clerc, C., Massart, C., Campion, J. P., Launois, B. & Nicol, M. Long-term 

culture of human pancreatic islets in an extracellular matrix: morphological and 

metabolic effects. Mol. Cell. Endocrinol. 94, 9–20 (1993). 

37. Hammar, E. et al. Extracellular matrix protects pancreatic beta-cells against 

apoptosis: role of short- and long-term signaling pathways. Diabetes 53, 2034–2041 

(2004). 

38. Hayek, A. et al. Growth factor/matrix-induced proliferation of human adult 

beta-cells. Diabetes 44, 1458–1460 (1995). 

39. Kaido, T. et al. Impact of defined matrix interactions on insulin production by 

cultured human beta-cells: effect on insulin content, secretion, and gene transcription. 

Diabetes 55, 2723–2729 (2006). 



89 
 

40. Beattie, G. M., Cirulli, V., Lopez, A. D. & Hayek, A. Ex vivo expansion of human 

pancreatic endocrine cells. J. Clin. Endocrinol. Metab. 82, 1852–1856 (1997). 

41. Cirulli, V. et al. Expression and function of alpha(v)beta(3) and alpha(v)beta(5) 

integrins in the developing pancreas: roles in the adhesion and migration of putative 

endocrine progenitor cells. J. Cell Biol. 150, 1445–1460 (2000). 

42. Kaido, T. et al. Alphav-integrin utilization in human beta-cell adhesion, 

spreading, and motility. J. Biol. Chem. 279, 17731–17737 (2004). 

43. Jiang, F.-X., Naselli, G. & Harrison, L. C. Distinct distribution of laminin and its 

integrin receptors in the pancreas. J. Histochem. Cytochem. Off. J. Histochem. Soc. 50, 

1625–1632 (2002). 

44. Van Deijnen, J. H., Van Suylichem, P. T., Wolters, G. H. & Van Schilfgaarde, R. 

Distribution of collagens type I, type III and type V in the pancreas of rat, dog, pig and 

man. Cell Tissue Res. 277, 115–121 (1994). 

45. Ris, F. et al. Impact of integrin-matrix matching and inhibition of apoptosis on 

the survival of purified human beta-cells in vitro. Diabetologia 45, 841–850 (2002). 

46. Kantengwa, S. et al. Identification and characterization of alpha 3 beta 1 integrin 

on primary and transformed rat islet cells. Exp. Cell Res. 237, 394–402 (1997). 

47. Jiang, F. X., Cram, D. S., DeAizpurua, H. J. & Harrison, L. C. Laminin-1 promotes 

differentiation of fetal mouse pancreatic beta-cells. Diabetes 48, 722–730 (1999). 

48. Hughes, S. J. et al. Characterisation of collagen VI within the islet-exocrine 

interface of the human pancreas: implications for clinical islet isolation? Transplantation 

81, 423–426 (2006). 



90 
 

49. van Deijnen, J. H., Hulstaert, C. E., Wolters, G. H. & van Schilfgaarde, R. 

Significance of the peri-insular extracellular matrix for islet isolation from the pancreas 

of rat, dog, pig, and man. Cell Tissue Res. 267, 139–146 (1992). 

50. Wang, R. N., Paraskevas, S. & Rosenberg, L. Characterization of integrin 

expression in islets isolated from hamster, canine, porcine, and human pancreas. J. 

Histochem. Cytochem. Off. J. Histochem. Soc. 47, 499–506 (1999). 

51. Bonner-Weir, S. Morphological evidence for pancreatic polarity of beta-cell 

within islets of Langerhans. Diabetes 37, 616–621 (1988). 

52. Cirulli, V. et al. Expression of neural cell adhesion molecule (N-CAM) in rat islets 

and its role in islet cell type segregation. J. Cell Sci. 107 ( Pt 6), 1429–1436 (1994). 

53. Schumann, D. M. et al. The Fas pathway is involved in pancreatic beta cell 

secretory function. Proc. Natl. Acad. Sci. U. S. A. 104, 2861–2866 (2007). 

54. Koivunen, E., Wang, B., Dickinson, C. D. & Ruoslahti, E. Peptides in cell adhesion 

research. Methods Enzymol. 245, 346–369 (1994). 

55. Wang, R. et al. Role for beta1 integrin and its associated alpha3, alpha5, and 

alpha6 subunits in development of the human fetal pancreas. Diabetes 54, 2080–2089 

(2005). 

56. Tsilibary, E. C. et al. Identification of a multifunctional, cell-binding peptide 

sequence from the a1(NC1) of type IV collagen. J. Cell Biol. 111, 1583–1591 (1990). 

57. Kramer, R. H. Characterization of laminin-binding integrins. Methods Enzymol. 

245, 129–147 (1994). 

58. Parnaud, G. et al. Blockade of beta1 integrin-laminin-5 interaction affects 

spreading and insulin secretion of rat beta-cells attached on extracellular matrix. 

Diabetes 55, 1413–1420 (2006). 



91 
 

59. Virtanen, I. et al. Blood vessels of human islets of Langerhans are surrounded by 

a double basement membrane. Diabetologia 51, 1181–1191 (2008). 

60. Belkin, A. M. & Stepp, M. A. Integrins as receptors for laminins. Microsc. Res. 

Tech. 51, 280–301 (2000). 

61. Capila, I. & Linhardt, R. J. Heparin-protein interactions. Angew. Chem. Int. Ed 

Engl. 41, 391–412 (2002). 

62. Johansson, U., Elgue, G., Nilsson, B. & Korsgren, O. Composite islet-endothelial 

cell grafts: a novel approach to counteract innate immunity in islet transplantation. Am. 

J. Transplant. Off. J. Am. Soc. Transplant. Am. Soc. Transpl. Surg. 5, 2632–2639 (2005). 

63. Cabric, S. et al. Anchoring of vascular endothelial growth factor to surface-

immobilized heparin on pancreatic islets: implications for stimulating islet angiogenesis. 

Tissue Eng. Part A 16, 961–970 (2010). 

64. Stendahl, J. C., Wang, L.-J., Chow, L. W., Kaufman, D. B. & Stupp, S. I. Growth 

factor delivery from self-assembling nanofibers to facilitate islet transplantation. 

Transplantation 86, 478–481 (2008). 

65. Chow, L. W., Wang, L., Kaufman, D. B. & Stupp, S. I. Self-assembling 

nanostructures to deliver angiogenic factors to pancreatic islets. Biomaterials 31, 6154–

6161 (2010). 

66. Borg, D. J. & Bonifacio, E. The Use of Biomaterials in Islet Transplantation. Curr. 

Diab. Rep. 11, 434 (2011). 

67. Södergård, A. & Stolt, M. Properties of lactic acid based polymers and their 

correlation with composition. Prog. Polym. Sci. 27, 1123–1163 (2002). 

68. Dufour, J. M. et al. Development of an ectopic site for islet transplantation, 

using biodegradable scaffolds. Tissue Eng. 11, 1323–1331 (2005). 



92 
 

69. Blomeier, H. et al. Polymer scaffolds as synthetic microenvironments for 

extrahepatic islet transplantation. Transplantation 82, 452–459 (2006). 

70. Kin, T. et al. The use of an approved biodegradable polymer scaffold as a solid 

support system for improvement of islet engraftment. Artif. Organs 32, 990–993 (2008). 

71. Yang, X.-D. et al. Enhanced insulin production from murine islet beta cells 

incubated on poly(3-hydroxybutyrate-co-3-hydroxyhexanoate). J. Biomed. Mater. Res. A 

92, 548–555 (2010). 

72. Kloxin, A. M., Kloxin, C. J., Bowman, C. N. & Anseth, K. S. Mechanical properties 

of cellularly responsive hydrogels and their experimental determination. Adv. Mater. 

Deerfield Beach Fla 22, 3484–3494 (2010). 

73. Ito, M. & Taguchi, T. Enhanced insulin secretion of physically crosslinked 

pancreatic beta-cells by using a poly(ethylene glycol) derivative with oleyl groups. Acta 

Biomater. 5, 2945–2952 (2009). 

74. Totani, T., Teramura, Y. & Iwata, H. Immobilization of urokinase on the islet 

surface by amphiphilic poly(vinyl alcohol) that carries alkyl side chains. Biomaterials 29, 

2878–2883 (2008). 

75. Shimizu, H. et al. Bioengineering of a functional sheet of islet cells for the 

treatment of diabetes mellitus. Biomaterials 30, 5943–5949 (2009). 

76. Borg, D. J. & Bonifacio, E. The Use of Biomaterials in Islet Transplantation. Curr. 

Diab. Rep. 11, 434–444 (2011). 

77. Williams, S. J. et al. Adhesion of pancreatic beta cells to biopolymer films. 

Biopolymers 91, 676–685 (2009). 

78. Mei, Y. et al. A high throughput micro-array system of polymer surfaces for the 

manipulation of primary pancreatic islet cells. Biomaterials 31, 8989–8995 (2010). 



93 
 

79. Lumelsky, N. et al. Differentiation of embryonic stem cells to insulin-secreting 

structures similar to pancreatic islets. Science 292, 1389–1394 (2001). 

80. Martin, G. R. Isolation of a pluripotent cell line from early mouse embryos 

cultured in medium conditioned by teratocarcinoma stem cells. Proc. Natl. Acad. Sci. U. 

S. A. 78, 7634–7638 (1981). 

81. Soria, B. et al. Insulin-secreting cells derived from embryonic stem cells 

normalize glycemia in streptozotocin-induced diabetic mice. Diabetes 49, 157–162 

(2000). 

82. Lester, L. B., Kuo, H.-C., Andrews, L., Nauert, B. & Wolf, D. P. Directed 

differentiation of rhesus monkey ES cells into pancreatic cell phenotypes. Reprod. Biol. 

Endocrinol. RBE 2, 42 (2004). 

83. Assady, S. et al. Insulin production by human embryonic stem cells. Diabetes 50, 

1691–1697 (2001). 

84. Basford, C. L. et al. The functional and molecular characterisation of human 

embryonic stem cell-derived insulin-positive cells compared with adult pancreatic beta 

cells. Diabetologia 55, 358–371 (2012). 

85. Nixon, R. A. & Yuan, A. Cytoskeleton of the Nervous System. (Springer Science & 

Business Media, 2011). 

86. Blyszczuk, P. et al. Expression of Pax4 in embryonic stem cells promotes 

differentiation of nestin-positive progenitor and insulin-producing cells. Proc. Natl. 

Acad. Sci. U. S. A. 100, 998–1003 (2003). 

87. Delacour, D. et al. Galectin-4 and sulfatides in apical membrane trafficking in 

enterocyte-like cells. J. Cell Biol. 169, 491–501 (2005). 



94 
 

88. D’Amour, K. A. et al. Production of pancreatic hormone-expressing endocrine 

cells from human embryonic stem cells. Nat. Biotechnol. 24, 1392–1401 (2006). 

89. Schulz, T. C. et al. A scalable system for production of functional pancreatic 

progenitors from human embryonic stem cells. PloS One 7, e37004 (2012). 

90. Hosoya, M. Preparation of pancreatic β-cells from human iPS cells with small 

molecules. Islets 4, 249–252 (2012). 

91. He, C., Yang, Z. & Lu, N.-H. Helicobacter pylori infection and diabetes: Is it a 

myth or fact? World J. Gastroenterol. WJG 20, 4607–4617 (2014). 

92. Kim, Y. E., Hipp, M. S., Bracher, A., Hayer-Hartl, M. & Hartl, F. U. Molecular 

chaperone functions in protein folding and proteostasis. Annu. Rev. Biochem. 82, 323–

355 (2013). 

93. Wang, T. C. et al. Pancreatic gastrin stimulates islet differentiation of 

transforming growth factor alpha-induced ductular precursor cells. J. Clin. Invest. 92, 

1349–1356 (1993). 

94. Dor, Y., Brown, J., Martinez, O. I. & Melton, D. A. Adult pancreatic beta-cells are 

formed by self-duplication rather than stem-cell differentiation. Nature 429, 41–46 

(2004). 

95. Kim, B. et al. Differentiation of human labia minora dermis-derived fibroblasts 

into insulin-producing cells. Exp. Mol. Med. 44, 26–35 (2012). 

96. Bonner-Weir, S. & Sharma, A. Pancreatic stem cells. J. Pathol. 197, 519–526 

(2002). 

97. SEINO, S., SHIBASAKI, T. & MINAMI, K. Pancreatic β-cell signaling: toward better 

understanding of diabetes and its treatment. Proc. Jpn. Acad. Ser. B Phys. Biol. Sci. 86, 

563–577 (2010). 



95 
 

98. Ramiya, V. K. et al. Reversal of insulin-dependent diabetes using islets generated 

in vitro from pancreatic stem cells. Nat. Med. 6, 278–282 (2000). 

99. Plock, J. A., Schnider, J. T., Schweizer, R. & Gorantla, V. S. Are cultured 

mesenchymal stromal cells an option for immunomodulation in transplantation? Front. 

Immunol. 4, (2013). 

100. Cheng, H. et al. Combinatorial Treatment of Bone Marrow Stem Cells and 

Stromal Cell-Derived Factor 1 Improves Glycemia and Insulin Production in Diabetic 

Mice. Mol. Cell. Endocrinol. 345, 88–96 (2011). 

101. Gasior, M., Rogawski, M. A. & Hartman, A. L. Neuroprotective and disease-

modifying effects of the ketogenic diet. Behav. Pharmacol. 17, 431–439 (2006). 

102. Kadam, S., Muthyala, S., Nair, P. & Bhonde, R. Human Placenta-Derived 

Mesenchymal Stem Cells and Islet-Like Cell Clusters Generated From These Cells as a 

Novel Source for Stem Cell Therapy in Diabetes. Rev. Diabet. Stud. RDS 7, 168–182 

(2010). 

103. Govindasamy, V. et al. Differentiation of dental pulp stem cells into islet-like 

aggregates. J. Dent. Res. 90, 646–652 (2011). 

104. Ianus, A., Holz, G. G., Theise, N. D. & Hussain, M. A. In vivo derivation of glucose-

competent pancreatic endocrine cells from bone marrow without evidence of cell 

fusion. J. Clin. Invest. 111, 843–850 (2003). 

105. Chen, J. & Raymond, K. Beta-glucans in the treatment of diabetes and 

associated cardiovascular risks. Vasc. Health Risk Manag. 4, 1265–1272 (2008). 

106. Tang, Q. et al. In vitro-expanded antigen-specific regulatory T cells suppress 

autoimmune diabetes. J. Exp. Med. 199, 1455–1465 (2004). 



96 
 

107. Milanesi, A. et al. β-Cell Regeneration Mediated by Human Bone Marrow 

Mesenchymal Stem Cells. PLOS ONE 7, e42177 (2012). 

108. Franquesa, M., Hoogduijn, M. J., Bestard, O. & Grinyó, J. M. Immunomodulatory 

Effect of Mesenchymal Stem Cells on B Cells. Front. Immunol. 3, (2012). 

109. Lee, K., Gan, S. & Calne, R. Stem cell therapy for diabetes. Indian J. Endocrinol. 

Metab. 16, S227–S229 (2012). 

110. Domínguez-Bendala, J., Lanzoni, G., Inverardi, L. & Ricordi, C. Concise Review: 

Mesenchymal Stem Cells for Diabetes. Stem Cells Transl. Med. 1, 59–63 (2012). 

111. Chandra, V. et al. Islet-like cell aggregates generated from human adipose tissue 

derived stem cells ameliorate experimental diabetes in mice. PloS One 6, e20615 (2011). 

112. Edamura, K. et al. Effect of adhesion or collagen molecules on cell attachment, 

insulin secretion, and glucose responsiveness in the cultured adult porcine endocrine 

pancreas: a preliminary study. Cell Transplant. 12, 439–446 (2003). 

113. Beniash, E., Hartgerink, J. D., Storrie, H., Stendahl, J. C. & Stupp, S. I. Self-

assembling peptide amphiphile nanofiber matrices for cell entrapment. Acta Biomater. 

1, 387–397 (2005). 

114. Alismail, H. & Jin, S. Microenvironmental stimuli for proliferation of functional 

islet β-cells. Cell Biosci. 4, 1 (2014). 

115. Tateishi, K. et al. Generation of Insulin-secreting Islet-like Clusters from Human 

Skin Fibroblasts. J. Biol. Chem. 283, 31601–31607 (2008). 

116. Bose, B., Shenoy, S. P., Konda, S. & Wangikar, P. Human embryonic stem cell 

differentiation into insulin secreting β‐cells for diabetes. Cell Biol. Int. 36, 1013–1020 

(2012). 



97 
 

117. Phadnis, S. M., Ghaskadbi, S. M., Hardikar, A. A. & Bhonde, R. R. Mesenchymal 

Stem Cells Derived from Bone Marrow of Diabetic Patients Portrait Unique Markers 

Influenced by the Diabetic Microenvironment. Rev. Diabet. Stud. RDS 6, 260 (2009). 

118. Muthyala, S., Bhonde, R. R. & Nair, P. D. Cytocompatibility studies of mouse 

pancreatic islets on gelatin–PVP semi IPN scaffolds in vitro. Islets 2, 357–66 (2010). 

119. Pal, K., Banthia, A. K. & Majumdar, D. K. Polyvinyl alcohol--gelatin patches of 

salicylic acid: preparation, characterization and drug release studies. J. Biomater. Appl. 

21, 75–91 (2006). 

120. Aloysious, N. & Nair, P. D. Enhanced survival and function of islet-like clusters 

differentiated from adipose stem cells on a three-dimensional natural polymeric 

scaffold: an in vitro study. Tissue Eng. Part A 20, 1508–1522 (2014). 

121. Mitchell, G. R. & Tojeira, A. Role of Anisotropy in Tissue Engineering. Procedia 

Eng. 59, 117–125 (2013). 

122. Vaikkath, D., Anitha, R., Sumathy, B. & Nair, P. D. A simple and effective method 

for making multipotent/multilineage scaffolds with hydrophilic nature without any 

postmodification/treatment. Colloids Surf. B Biointerfaces 141, 112–119 (2016). 

123. Li, W.-J. & Tuan, R. S. Fabrication and Application of Nanofibrous Scaffolds in 

Tissue Engineering. Curr. Protoc. Cell Biol. Editor. Board Juan Bonifacino Al CHAPTER, 

Unit–25.2 (2009). 

124. 1541_9_03-C 135..187 - download. Available at: 

http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.318.7057&rep=rep1&type=

pdf. (Accessed: 28th June 2016) 



98 
 

125. Chen, J.-P. & Su, C.-H. Surface modification of electrospun PLLA nanofibers by 

plasma treatment and cationized gelatin immobilization for cartilage tissue engineering. 

Acta Biomater. 7, 234–243 (2011). 

126. Lin, Y. et al. Surface modification of poly(L-lactic acid) to improve its 

cytocompatibility via assembly of polyelectrolytes and gelatin. Acta Biomater. 2, 155–

164 (2006). 

127. Mashhadikhan, M., Soleimani, M., Parivar, K. & Yaghmaei, P. ADSCs on PLLA/PCL 

Hybrid Nanoscaffold and Gelatin Modification: Cytocompatibility and Mechanical 

Properties. Avicenna J. Med. Biotechnol. 7, 32–38 (2015). 

128. Thomas, L. V. & Nair, P. D. Lynda V. Thomas & Prabha D. Nair (2012): Influence 

of Mechanical Stimulation in the Development of a Medial Equivalent Tissue-Engineered 

Vascular Construct using a Gelatin-g-Vinyl Acetate Co-Polymer Scaffold, Journal of 

Biomaterials Science, Polymer Edition, 23:16, 2069-2087 To link to this article: 

http://dx.doi.org/10.1163. ResearchGate (2012). 

129. Jun, H.-W., Lim, D.-J., HWANG, P. T. & Foundation, T. U. R. Technologies for 

pancreatic islet transplantation. (2013). 

130. Khang, G. Evolution of gradient concept for the application of regenerative 

medicine. Biosurface Biotribology 1, 202–213 (2015). 

131. Pan, J., Liu, N., Sun, H. & Xu, F. Preparation and Characterization of Electrospun 

PLCL/Poloxamer Nanofibers and Dextran/Gelatin Hydrogels for Skin Tissue Engineering. 

PLOS ONE 9, e112885 (2014). 

132. Soleimani, M. & Nadri, S. A protocol for isolation and culture of mesenchymal 

stem cells from mouse bone marrow. Nat. Protoc. 4, 102–106 (2009). 



99 
 

133. Marappagounder, D., Somasundaram, I., Dorairaj, S. & Sankaran, R. J. 

Differentiation of mesenchymal stem cells derived from human bone marrow and 

subcutaneous adipose tissue into pancreatic islet-like clusters in vitro. Cell. Mol. Biol. 

Lett. 18, 75–88 (2013). 

134. Maleki, M., Ghanbarvand, F., Reza Behvarz, M., Ejtemaei, M. & Ghadirkhomi, E. 

Comparison of Mesenchymal Stem Cell Markers in Multiple Human Adult Stem Cells. Int. 

J. Stem Cells 7, 118–126 (2014). 

135. Jiang, Y. et al. Pluripotency of mesenchymal stem cells derived from adult 

marrow. Nature 418, 41–49 (2002). 

136. Friedenstein, A. J., Chailakhyan, R. K., Latsinik, N. V., Panasyuk, A. F. & Keiliss-

Borok, I. V. Stromal cells responsible for transferring the microenvironment of the 

hemopoietic tissues. Cloning in vitro and retransplantation in vivo. Transplantation 17, 

331–340 (1974). 

137. Dominici, M. et al. Minimal criteria for defining multipotent mesenchymal 

stromal cells. The International Society for Cellular Therapy position statement. 

Cytotherapy 8, 315–317 (2006). 

138. Wang, M. O. et al. Evaluation of the In Vitro Cytotoxicity of Crosslinked 

Biomaterials. Biomacromolecules 14, 1321–1329 (2013). 

139. Chen, M., Patra, P. K., Lovett, M. L., Kaplan, D. L. & Bhowmick, S. Role of 

electrospun fibre diameter and corresponding specific surface area (SSA) on cell 

attachment. J. Tissue Eng. Regen. Med. 3, 269–279 (2009). 

140. Taylor, M. S., Daniels, A. U., Andriano, K. P. & Heller, J. Six bioabsorbable 

polymers: in vitro acute toxicity of accumulated degradation products. J. Appl. Biomater. 

Off. J. Soc. Biomater. 5, 151–157 (1994). 



100 
 

141. Phipps, M. C., Clem, W. C., Grunda, J. M., Clines, G. A. & Bellis, S. L. Increasing 

the pore sizes of bone-mimetic electrospun scaffolds comprised of polycaprolactone, 

collagen I and hydroxyapatite to enhance cell infiltration. Biomaterials 33, 524–534 

(2012). 

142. Kim, W., Shin, Y.-K., Kim, B.-J. & Egan, J. M. Notch signaling in pancreatic 

endocrine cell and diabetes. Biochem. Biophys. Res. Commun. 392, 247–251 (2010). 

143. Kolb, H. & Burkart, V. Nicotinamide in type 1 diabetes. Mechanism of action 

revisited. Diabetes Care 22 Suppl 2, B16–20 (1999). 

144. Neshati, Z., Matin, M. M., Bahrami, A. R. & Moghimi, A. Differentiation of 

mesenchymal stem cells to insulin-producing cells and their impact on type 1 diabetic 

rats. J. Physiol. Biochem. 66, 181–187 (2010). 

145. Wang, R. N. & Rosenberg, L. Maintenance of beta-cell function and survival 

following islet isolation requires re-establishment of the islet-matrix relationship. J. 

Endocrinol. 163, 181–190 (1999). 

146. Daoud, J., Petropavlovskaia, M., Rosenberg, L. & Tabrizian, M. The effect of 

extracellular matrix components on the preservation of human islet function in vitro. 

Biomaterials 31, 1676–1682 (2010). 

 

 

 

 

 

 

 



101 
 

REFERENCES 

 

1. Ginter, E. & Simko, V. Global prevalence and future of diabetes mellitus. Adv. Exp. Med. 

Biol. 771, 35–41 (2012). 

2. Maahs, D. M., West, N. A., Lawrence, J. M. & Mayer-Davis, E. J. Chapter 1: Epidemiology 

of Type 1 Diabetes. Endocrinol. Metab. Clin. North Am. 39, 481–497 (2010). 

3. pmhdev. Type 2 diabetes: Overview. PubMed Health (2014). 

4. Gilmartin, A. ‘Bird’ H., Ural, S. H. & Repke, J. T. Gestational Diabetes Mellitus. Rev. 

Obstet. Gynecol. 1, 129 (2008). 

5. Couch, S. C. et al. Elevated Lipoprotein Lipids and Gestational Hormones in Women With 

Diet-Treated Gestational Diabetes Mellitus Compared to Healthy Pregnant Controls. J. 

Diabetes Complications 12, 1–9 (1998). 

6. Guariguata, L. et al. Global estimates of diabetes prevalence for 2013 and projections 

for 2035. Diabetes Res. Clin. Pract. 103, 137–149 (2014). 

7. Diagnosis and Classification of Diabetes Mellitus. Diabetes Care 33, S62–S69 (2010). 

8. Diabetes: facts and figures. International Diabetes Federation Available at: 

http://www.idf.org/about-diabetes/facts-figures. (Accessed: 21st June 2016) 

9. Forbes, J. M. & Cooper, M. E. Mechanisms of Diabetic Complications. Physiol. Rev. 93, 

137–188 (2013). 

10. Kalra, S. et al. Hypoglycemia: The neglected complication. Indian J. Endocrinol. 

Metab. 17, 819–834 (2013). 

11. Klein, R., Knudtson, M. D., Lee, K. E., Gangnon, R. & Klein, B. E. K. The Wisconsin 

Epidemiologic Study of Diabetic Retinopathy XXII. The Twenty-Five-Year Progression of 

Retinopathy in Persons with Type 1 Diabetes. Ophthalmology 115, 1859–1868 (2008). 



102 
 

12. Luna, B. & Feinglos, M. N. Oral agents in the management of type 2 diabetes 

mellitus. Am. Fam. Physician 63, 1747–1756 (2001). 

13. Bailey, C. J. Biguanides and NIDDM. Diabetes Care 15, 755–772 (1992). 

14. Brogard, J. M., Willemin, B., Blicklé, J. F., Lamalle, A. M. & Stahl, A. [Alpha-

glucosidase inhibitors: a new therapeutic approach in diabetes and functional 

hypoglycemia]. Rev. Médecine Interne Fondée Par Société Natl. Francaise Médecine 

Interne 10, 365–374 (1989). 

15. Brunetti, L. & Kalabalik, J. Management of Type-2 Diabetes Mellitus in Adults. 

Pharm. Ther. 37, 687–696 (2012). 

16. Salsali, A. & Nathan, M. A review of types 1 and 2 diabetes mellitus and their 

treatment with insulin. Am. J. Ther. 13, 349–361 (2006). 

17. McCall, M. & James Shapiro, A. M. Update on Islet Transplantation. Cold Spring 

Harb. Perspect. Med. 2, (2012). 

18. Edmonton Protocol: the Procedure. Available at: 

http://biomed.brown.edu/Courses/BI108/BI108_2004_Groups/Group09/procedure.ht

m. (Accessed: 21st June 2016) 

19. Amer, L. D., Mahoney, M. J. & Bryant, S. J. Tissue Engineering Approaches to 

Cell-Based Type 1 Diabetes Therapy. Tissue Eng. Part B Rev. 20, 455–467 (2014). 

20. Tissue engineering. Wikipedia, the free encyclopedia (2016). 

21. Chan, B. P. & Leong, K. W. Scaffolding in tissue engineering: general approaches 

and tissue-specific considerations. Eur. Spine J. 17, 467–479 (2008). 

22. Horch, R. E. Future perspectives in tissue engineering: ‘Tissue Engineering’ 

Review Series. J. Cell. Mol. Med. 10, 4–6 (2006). 



103 
 

23. Larsson, L. I., Sundler, F. & Håkanson, R. Pancreatic polypeptide - a postulated 

new hormone: identification of its cellular storage site by light and electron microscopic 

immunocytochemistry. Diabetologia 12, 211–226 (1976). 

24. Orci, L. & Unger, R. H. Functional subdivision of islets of Langerhans and possible 

role of D cells. Lancet Lond. Engl. 2, 1243–1244 (1975). 

25. Baetens, D., Malaisse-Lagae, F., Perrelet, A. & Orci, L. Endocrine pancreas: three-

dimensional reconstruction shows two types of islets of langerhans. Science 206, 1323–

1325 (1979). 

26. Ahrén, B. Autonomic regulation of islet hormone secretion--implications for 

health and disease. Diabetologia 43, 393–410 (2000). 

27. Nelson, C. M. & Bissell, M. J. Of extracellular matrix, scaffolds, and signaling: 

tissue architecture regulates development, homeostasis, and cancer. Annu. Rev. Cell 

Dev. Biol. 22, 287–309 (2006). 

28. Pierschbacher, M. D. & Ruoslahti, E. Cell attachment activity of fibronectin can 

be duplicated by small synthetic fragments of the molecule. Nature 309, 30–33 (1984). 

29. Juliano, R. L. & Haskill, S. Signal transduction from the extracellular matrix. J. Cell 

Biol. 120, 577–585 (1993). 

30. Larsen, M., Artym, V. V., Green, J. A. & Yamada, K. M. The matrix reorganized: 

extracellular matrix remodeling and integrin signaling. Curr. Opin. Cell Biol. 18, 463–471 

(2006). 

31. Folkman, J. et al. A heparin-binding angiogenic protein--basic fibroblast growth 

factor--is stored within basement membrane. Am. J. Pathol. 130, 393–400 (1988). 

32. Flaumenhaft, R. & Rifkin, D. B. The extracellular regulation of growth factor 

action. Mol. Biol. Cell 3, 1057–1065 (1992). 



104 
 

33. Ingber, D. E. & Folkman, J. Mechanochemical switching between growth and 

differentiation during fibroblast growth factor-stimulated angiogenesis in vitro: role of 

extracellular matrix. J. Cell Biol. 109, 317–330 (1989). 

34. Pinkse, G. G. M. et al. Integrin signaling via RGD peptides and anti-beta1 

antibodies confers resistance to apoptosis in islets of Langerhans. Diabetes 55, 312–317 

(2006). 

35. Beattie, G. M. et al. A novel approach to increase human islet cell mass while 

preserving beta-cell function. Diabetes 51, 3435–3439 (2002). 

36. Lucas-Clerc, C., Massart, C., Campion, J. P., Launois, B. & Nicol, M. Long-term 

culture of human pancreatic islets in an extracellular matrix: morphological and 

metabolic effects. Mol. Cell. Endocrinol. 94, 9–20 (1993). 

37. Hammar, E. et al. Extracellular matrix protects pancreatic beta-cells against 

apoptosis: role of short- and long-term signaling pathways. Diabetes 53, 2034–2041 

(2004). 

38. Hayek, A. et al. Growth factor/matrix-induced proliferation of human adult 

beta-cells. Diabetes 44, 1458–1460 (1995). 

39. Kaido, T. et al. Impact of defined matrix interactions on insulin production by 

cultured human beta-cells: effect on insulin content, secretion, and gene transcription. 

Diabetes 55, 2723–2729 (2006). 

40. Beattie, G. M., Cirulli, V., Lopez, A. D. & Hayek, A. Ex vivo expansion of human 

pancreatic endocrine cells. J. Clin. Endocrinol. Metab. 82, 1852–1856 (1997). 

41. Cirulli, V. et al. Expression and function of alpha(v)beta(3) and alpha(v)beta(5) 

integrins in the developing pancreas: roles in the adhesion and migration of putative 

endocrine progenitor cells. J. Cell Biol. 150, 1445–1460 (2000). 



105 
 

42. Kaido, T. et al. Alphav-integrin utilization in human beta-cell adhesion, 

spreading, and motility. J. Biol. Chem. 279, 17731–17737 (2004). 

43. Jiang, F.-X., Naselli, G. & Harrison, L. C. Distinct distribution of laminin and its 

integrin receptors in the pancreas. J. Histochem. Cytochem. Off. J. Histochem. Soc. 50, 

1625–1632 (2002). 

44. Van Deijnen, J. H., Van Suylichem, P. T., Wolters, G. H. & Van Schilfgaarde, R. 

Distribution of collagens type I, type III and type V in the pancreas of rat, dog, pig and 

man. Cell Tissue Res. 277, 115–121 (1994). 

45. Ris, F. et al. Impact of integrin-matrix matching and inhibition of apoptosis on 

the survival of purified human beta-cells in vitro. Diabetologia 45, 841–850 (2002). 

46. Kantengwa, S. et al. Identification and characterization of alpha 3 beta 1 integrin 

on primary and transformed rat islet cells. Exp. Cell Res. 237, 394–402 (1997). 

47. Jiang, F. X., Cram, D. S., DeAizpurua, H. J. & Harrison, L. C. Laminin-1 promotes 

differentiation of fetal mouse pancreatic beta-cells. Diabetes 48, 722–730 (1999). 

48. Hughes, S. J. et al. Characterisation of collagen VI within the islet-exocrine 

interface of the human pancreas: implications for clinical islet isolation? Transplantation 

81, 423–426 (2006). 

49. van Deijnen, J. H., Hulstaert, C. E., Wolters, G. H. & van Schilfgaarde, R. 

Significance of the peri-insular extracellular matrix for islet isolation from the pancreas 

of rat, dog, pig, and man. Cell Tissue Res. 267, 139–146 (1992). 

50. Wang, R. N., Paraskevas, S. & Rosenberg, L. Characterization of integrin 

expression in islets isolated from hamster, canine, porcine, and human pancreas. J. 

Histochem. Cytochem. Off. J. Histochem. Soc. 47, 499–506 (1999). 



106 
 

51. Bonner-Weir, S. Morphological evidence for pancreatic polarity of beta-cell 

within islets of Langerhans. Diabetes 37, 616–621 (1988). 

52. Cirulli, V. et al. Expression of neural cell adhesion molecule (N-CAM) in rat islets 

and its role in islet cell type segregation. J. Cell Sci. 107 ( Pt 6), 1429–1436 (1994). 

53. Schumann, D. M. et al. The Fas pathway is involved in pancreatic beta cell 

secretory function. Proc. Natl. Acad. Sci. U. S. A. 104, 2861–2866 (2007). 

54. Koivunen, E., Wang, B., Dickinson, C. D. & Ruoslahti, E. Peptides in cell adhesion 

research. Methods Enzymol. 245, 346–369 (1994). 

55. Wang, R. et al. Role for beta1 integrin and its associated alpha3, alpha5, and 

alpha6 subunits in development of the human fetal pancreas. Diabetes 54, 2080–2089 

(2005). 

56. Tsilibary, E. C. et al. Identification of a multifunctional, cell-binding peptide 

sequence from the a1(NC1) of type IV collagen. J. Cell Biol. 111, 1583–1591 (1990). 

57. Kramer, R. H. Characterization of laminin-binding integrins. Methods Enzymol. 

245, 129–147 (1994). 

58. Parnaud, G. et al. Blockade of beta1 integrin-laminin-5 interaction affects 

spreading and insulin secretion of rat beta-cells attached on extracellular matrix. 

Diabetes 55, 1413–1420 (2006). 

59. Virtanen, I. et al. Blood vessels of human islets of Langerhans are surrounded by 

a double basement membrane. Diabetologia 51, 1181–1191 (2008). 

60. Belkin, A. M. & Stepp, M. A. Integrins as receptors for laminins. Microsc. Res. 

Tech. 51, 280–301 (2000). 

61. Capila, I. & Linhardt, R. J. Heparin-protein interactions. Angew. Chem. Int. Ed 

Engl. 41, 391–412 (2002). 



107 
 

62. Johansson, U., Elgue, G., Nilsson, B. & Korsgren, O. Composite islet-endothelial 

cell grafts: a novel approach to counteract innate immunity in islet transplantation. Am. 

J. Transplant. Off. J. Am. Soc. Transplant. Am. Soc. Transpl. Surg. 5, 2632–2639 (2005). 

63. Cabric, S. et al. Anchoring of vascular endothelial growth factor to surface-

immobilized heparin on pancreatic islets: implications for stimulating islet angiogenesis. 

Tissue Eng. Part A 16, 961–970 (2010). 

64. Stendahl, J. C., Wang, L.-J., Chow, L. W., Kaufman, D. B. & Stupp, S. I. Growth 

factor delivery from self-assembling nanofibers to facilitate islet transplantation. 

Transplantation 86, 478–481 (2008). 

65. Chow, L. W., Wang, L., Kaufman, D. B. & Stupp, S. I. Self-assembling 

nanostructures to deliver angiogenic factors to pancreatic islets. Biomaterials 31, 6154–

6161 (2010). 

66. Borg, D. J. & Bonifacio, E. The Use of Biomaterials in Islet Transplantation. Curr. 

Diab. Rep. 11, 434 (2011). 

67. Södergård, A. & Stolt, M. Properties of lactic acid based polymers and their 

correlation with composition. Prog. Polym. Sci. 27, 1123–1163 (2002). 

68. Dufour, J. M. et al. Development of an ectopic site for islet transplantation, 

using biodegradable scaffolds. Tissue Eng. 11, 1323–1331 (2005). 

69. Blomeier, H. et al. Polymer scaffolds as synthetic microenvironments for 

extrahepatic islet transplantation. Transplantation 82, 452–459 (2006). 

70. Kin, T. et al. The use of an approved biodegradable polymer scaffold as a solid 

support system for improvement of islet engraftment. Artif. Organs 32, 990–993 (2008). 



108 
 

71. Yang, X.-D. et al. Enhanced insulin production from murine islet beta cells 

incubated on poly(3-hydroxybutyrate-co-3-hydroxyhexanoate). J. Biomed. Mater. Res. A 

92, 548–555 (2010). 

72. Kloxin, A. M., Kloxin, C. J., Bowman, C. N. & Anseth, K. S. Mechanical properties 

of cellularly responsive hydrogels and their experimental determination. Adv. Mater. 

Deerfield Beach Fla 22, 3484–3494 (2010). 

73. Ito, M. & Taguchi, T. Enhanced insulin secretion of physically crosslinked 

pancreatic beta-cells by using a poly(ethylene glycol) derivative with oleyl groups. Acta 

Biomater. 5, 2945–2952 (2009). 

74. Totani, T., Teramura, Y. & Iwata, H. Immobilization of urokinase on the islet 

surface by amphiphilic poly(vinyl alcohol) that carries alkyl side chains. Biomaterials 29, 

2878–2883 (2008). 

75. Shimizu, H. et al. Bioengineering of a functional sheet of islet cells for the 

treatment of diabetes mellitus. Biomaterials 30, 5943–5949 (2009). 

76. Borg, D. J. & Bonifacio, E. The Use of Biomaterials in Islet Transplantation. Curr. 

Diab. Rep. 11, 434–444 (2011). 

77. Williams, S. J. et al. Adhesion of pancreatic beta cells to biopolymer films. 

Biopolymers 91, 676–685 (2009). 

78. Mei, Y. et al. A high throughput micro-array system of polymer surfaces for the 

manipulation of primary pancreatic islet cells. Biomaterials 31, 8989–8995 (2010). 

79. Lumelsky, N. et al. Differentiation of embryonic stem cells to insulin-secreting 

structures similar to pancreatic islets. Science 292, 1389–1394 (2001). 



109 
 

80. Martin, G. R. Isolation of a pluripotent cell line from early mouse embryos 

cultured in medium conditioned by teratocarcinoma stem cells. Proc. Natl. Acad. Sci. U. 

S. A. 78, 7634–7638 (1981). 

81. Soria, B. et al. Insulin-secreting cells derived from embryonic stem cells 

normalize glycemia in streptozotocin-induced diabetic mice. Diabetes 49, 157–162 

(2000). 

82. Lester, L. B., Kuo, H.-C., Andrews, L., Nauert, B. & Wolf, D. P. Directed 

differentiation of rhesus monkey ES cells into pancreatic cell phenotypes. Reprod. Biol. 

Endocrinol. RBE 2, 42 (2004). 

83. Assady, S. et al. Insulin production by human embryonic stem cells. Diabetes 50, 

1691–1697 (2001). 

84. Basford, C. L. et al. The functional and molecular characterisation of human 

embryonic stem cell-derived insulin-positive cells compared with adult pancreatic beta 

cells. Diabetologia 55, 358–371 (2012). 

85. Nixon, R. A. & Yuan, A. Cytoskeleton of the Nervous System. (Springer Science & 

Business Media, 2011). 

86. Blyszczuk, P. et al. Expression of Pax4 in embryonic stem cells promotes 

differentiation of nestin-positive progenitor and insulin-producing cells. Proc. Natl. 

Acad. Sci. U. S. A. 100, 998–1003 (2003). 

87. Delacour, D. et al. Galectin-4 and sulfatides in apical membrane trafficking in 

enterocyte-like cells. J. Cell Biol. 169, 491–501 (2005). 

88. D’Amour, K. A. et al. Production of pancreatic hormone-expressing endocrine 

cells from human embryonic stem cells. Nat. Biotechnol. 24, 1392–1401 (2006). 



110 
 

89. Schulz, T. C. et al. A scalable system for production of functional pancreatic 

progenitors from human embryonic stem cells. PloS One 7, e37004 (2012). 

90. Hosoya, M. Preparation of pancreatic β-cells from human iPS cells with small 

molecules. Islets 4, 249–252 (2012). 

91. He, C., Yang, Z. & Lu, N.-H. Helicobacter pylori infection and diabetes: Is it a 

myth or fact? World J. Gastroenterol. WJG 20, 4607–4617 (2014). 

92. Kim, Y. E., Hipp, M. S., Bracher, A., Hayer-Hartl, M. & Hartl, F. U. Molecular 

chaperone functions in protein folding and proteostasis. Annu. Rev. Biochem. 82, 323–

355 (2013). 

93. Wang, T. C. et al. Pancreatic gastrin stimulates islet differentiation of 

transforming growth factor alpha-induced ductular precursor cells. J. Clin. Invest. 92, 

1349–1356 (1993). 

94. Dor, Y., Brown, J., Martinez, O. I. & Melton, D. A. Adult pancreatic beta-cells are 

formed by self-duplication rather than stem-cell differentiation. Nature 429, 41–46 

(2004). 

95. Kim, B. et al. Differentiation of human labia minora dermis-derived fibroblasts 

into insulin-producing cells. Exp. Mol. Med. 44, 26–35 (2012). 

96. Bonner-Weir, S. & Sharma, A. Pancreatic stem cells. J. Pathol. 197, 519–526 

(2002). 

97. SEINO, S., SHIBASAKI, T. & MINAMI, K. Pancreatic β-cell signaling: toward better 

understanding of diabetes and its treatment. Proc. Jpn. Acad. Ser. B Phys. Biol. Sci. 86, 

563–577 (2010). 

98. Ramiya, V. K. et al. Reversal of insulin-dependent diabetes using islets generated 

in vitro from pancreatic stem cells. Nat. Med. 6, 278–282 (2000). 



111 
 

99. Plock, J. A., Schnider, J. T., Schweizer, R. & Gorantla, V. S. Are cultured 

mesenchymal stromal cells an option for immunomodulation in transplantation? Front. 

Immunol. 4, (2013). 

100. Cheng, H. et al. Combinatorial Treatment of Bone Marrow Stem Cells and 

Stromal Cell-Derived Factor 1 Improves Glycemia and Insulin Production in Diabetic 

Mice. Mol. Cell. Endocrinol. 345, 88–96 (2011). 

101. Gasior, M., Rogawski, M. A. & Hartman, A. L. Neuroprotective and disease-

modifying effects of the ketogenic diet. Behav. Pharmacol. 17, 431–439 (2006). 

102. Kadam, S., Muthyala, S., Nair, P. & Bhonde, R. Human Placenta-Derived 

Mesenchymal Stem Cells and Islet-Like Cell Clusters Generated From These Cells as a 

Novel Source for Stem Cell Therapy in Diabetes. Rev. Diabet. Stud. RDS 7, 168–182 

(2010). 

103. Govindasamy, V. et al. Differentiation of dental pulp stem cells into islet-like 

aggregates. J. Dent. Res. 90, 646–652 (2011). 

104. Ianus, A., Holz, G. G., Theise, N. D. & Hussain, M. A. In vivo derivation of glucose-

competent pancreatic endocrine cells from bone marrow without evidence of cell 

fusion. J. Clin. Invest. 111, 843–850 (2003). 

105. Chen, J. & Raymond, K. Beta-glucans in the treatment of diabetes and 

associated cardiovascular risks. Vasc. Health Risk Manag. 4, 1265–1272 (2008). 

106. Tang, Q. et al. In vitro-expanded antigen-specific regulatory T cells suppress 

autoimmune diabetes. J. Exp. Med. 199, 1455–1465 (2004). 

107. Milanesi, A. et al. β-Cell Regeneration Mediated by Human Bone Marrow 

Mesenchymal Stem Cells. PLOS ONE 7, e42177 (2012). 



112 
 

108. Franquesa, M., Hoogduijn, M. J., Bestard, O. & Grinyó, J. M. Immunomodulatory 

Effect of Mesenchymal Stem Cells on B Cells. Front. Immunol. 3, (2012). 

109. Lee, K., Gan, S. & Calne, R. Stem cell therapy for diabetes. Indian J. Endocrinol. 

Metab. 16, S227–S229 (2012). 

110. Domínguez-Bendala, J., Lanzoni, G., Inverardi, L. & Ricordi, C. Concise Review: 

Mesenchymal Stem Cells for Diabetes. Stem Cells Transl. Med. 1, 59–63 (2012). 

111. Chandra, V. et al. Islet-like cell aggregates generated from human adipose tissue 

derived stem cells ameliorate experimental diabetes in mice. PloS One 6, e20615 (2011). 

112. Edamura, K. et al. Effect of adhesion or collagen molecules on cell attachment, 

insulin secretion, and glucose responsiveness in the cultured adult porcine endocrine 

pancreas: a preliminary study. Cell Transplant. 12, 439–446 (2003). 

113. Beniash, E., Hartgerink, J. D., Storrie, H., Stendahl, J. C. & Stupp, S. I. Self-

assembling peptide amphiphile nanofiber matrices for cell entrapment. Acta Biomater. 

1, 387–397 (2005). 

114. Alismail, H. & Jin, S. Microenvironmental stimuli for proliferation of functional 

islet β-cells. Cell Biosci. 4, 1 (2014). 

115. Tateishi, K. et al. Generation of Insulin-secreting Islet-like Clusters from Human 

Skin Fibroblasts. J. Biol. Chem. 283, 31601–31607 (2008). 

116. Bose, B., Shenoy, S. P., Konda, S. & Wangikar, P. Human embryonic stem cell 

differentiation into insulin secreting β‐cells for diabetes. Cell Biol. Int. 36, 1013–1020 

(2012). 

117. Phadnis, S. M., Ghaskadbi, S. M., Hardikar, A. A. & Bhonde, R. R. Mesenchymal 

Stem Cells Derived from Bone Marrow of Diabetic Patients Portrait Unique Markers 

Influenced by the Diabetic Microenvironment. Rev. Diabet. Stud. RDS 6, 260 (2009). 



113 
 

118. Muthyala, S., Bhonde, R. R. & Nair, P. D. Cytocompatibility studies of mouse 

pancreatic islets on gelatin–PVP semi IPN scaffolds in vitro. Islets 2, 357–66 (2010). 

119. Pal, K., Banthia, A. K. & Majumdar, D. K. Polyvinyl alcohol--gelatin patches of 

salicylic acid: preparation, characterization and drug release studies. J. Biomater. Appl. 

21, 75–91 (2006). 

120. Aloysious, N. & Nair, P. D. Enhanced survival and function of islet-like clusters 

differentiated from adipose stem cells on a three-dimensional natural polymeric 

scaffold: an in vitro study. Tissue Eng. Part A 20, 1508–1522 (2014). 

121. Mitchell, G. R. & Tojeira, A. Role of Anisotropy in Tissue Engineering. Procedia 

Eng. 59, 117–125 (2013). 

122. Vaikkath, D., Anitha, R., Sumathy, B. & Nair, P. D. A simple and effective method 

for making multipotent/multilineage scaffolds with hydrophilic nature without any 

postmodification/treatment. Colloids Surf. B Biointerfaces 141, 112–119 (2016). 

123. Li, W.-J. & Tuan, R. S. Fabrication and Application of Nanofibrous Scaffolds in 

Tissue Engineering. Curr. Protoc. Cell Biol. Editor. Board Juan Bonifacino Al CHAPTER, 

Unit–25.2 (2009). 

124. 1541_9_03-C 135..187 - download. Available at: 

http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.318.7057&rep=rep1&type=

pdf. (Accessed: 28th June 2016) 

125. Chen, J.-P. & Su, C.-H. Surface modification of electrospun PLLA nanofibers by 

plasma treatment and cationized gelatin immobilization for cartilage tissue engineering. 

Acta Biomater. 7, 234–243 (2011). 



114 
 

126. Lin, Y. et al. Surface modification of poly(L-lactic acid) to improve its 

cytocompatibility via assembly of polyelectrolytes and gelatin. Acta Biomater. 2, 155–

164 (2006). 

127. Mashhadikhan, M., Soleimani, M., Parivar, K. & Yaghmaei, P. ADSCs on PLLA/PCL 

Hybrid Nanoscaffold and Gelatin Modification: Cytocompatibility and Mechanical 

Properties. Avicenna J. Med. Biotechnol. 7, 32–38 (2015). 

128. Thomas, L. V. & Nair, P. D. Lynda V. Thomas & Prabha D. Nair (2012): Influence 

of Mechanical Stimulation in the Development of a Medial Equivalent Tissue-Engineered 

Vascular Construct using a Gelatin-g-Vinyl Acetate Co-Polymer Scaffold, Journal of 

Biomaterials Science, Polymer Edition, 23:16, 2069-2087 To link to this article: 

http://dx.doi.org/10.1163. ResearchGate (2012). 

129. Jun, H.-W., Lim, D.-J., HWANG, P. T. & Foundation, T. U. R. Technologies for 

pancreatic islet transplantation. (2013). 

130. Khang, G. Evolution of gradient concept for the application of regenerative 

medicine. Biosurface Biotribology 1, 202–213 (2015). 

131. Pan, J., Liu, N., Sun, H. & Xu, F. Preparation and Characterization of Electrospun 

PLCL/Poloxamer Nanofibers and Dextran/Gelatin Hydrogels for Skin Tissue Engineering. 

PLOS ONE 9, e112885 (2014). 

132. Soleimani, M. & Nadri, S. A protocol for isolation and culture of mesenchymal 

stem cells from mouse bone marrow. Nat. Protoc. 4, 102–106 (2009). 

133. Marappagounder, D., Somasundaram, I., Dorairaj, S. & Sankaran, R. J. 

Differentiation of mesenchymal stem cells derived from human bone marrow and 

subcutaneous adipose tissue into pancreatic islet-like clusters in vitro. Cell. Mol. Biol. 

Lett. 18, 75–88 (2013). 



115 
 

134. Maleki, M., Ghanbarvand, F., Reza Behvarz, M., Ejtemaei, M. & Ghadirkhomi, E. 

Comparison of Mesenchymal Stem Cell Markers in Multiple Human Adult Stem Cells. Int. 

J. Stem Cells 7, 118–126 (2014). 

135. Jiang, Y. et al. Pluripotency of mesenchymal stem cells derived from adult 

marrow. Nature 418, 41–49 (2002). 

136. Friedenstein, A. J., Chailakhyan, R. K., Latsinik, N. V., Panasyuk, A. F. & Keiliss-

Borok, I. V. Stromal cells responsible for transferring the microenvironment of the 

hemopoietic tissues. Cloning in vitro and retransplantation in vivo. Transplantation 17, 

331–340 (1974). 

137. Dominici, M. et al. Minimal criteria for defining multipotent mesenchymal 

stromal cells. The International Society for Cellular Therapy position statement. 

Cytotherapy 8, 315–317 (2006). 

138. Wang, M. O. et al. Evaluation of the In Vitro Cytotoxicity of Crosslinked 

Biomaterials. Biomacromolecules 14, 1321–1329 (2013). 

139. Chen, M., Patra, P. K., Lovett, M. L., Kaplan, D. L. & Bhowmick, S. Role of 

electrospun fibre diameter and corresponding specific surface area (SSA) on cell 

attachment. J. Tissue Eng. Regen. Med. 3, 269–279 (2009). 

140. Taylor, M. S., Daniels, A. U., Andriano, K. P. & Heller, J. Six bioabsorbable 

polymers: in vitro acute toxicity of accumulated degradation products. J. Appl. Biomater. 

Off. J. Soc. Biomater. 5, 151–157 (1994). 

141. Phipps, M. C., Clem, W. C., Grunda, J. M., Clines, G. A. & Bellis, S. L. Increasing 

the pore sizes of bone-mimetic electrospun scaffolds comprised of polycaprolactone, 

collagen I and hydroxyapatite to enhance cell infiltration. Biomaterials 33, 524–534 

(2012). 



116 
 

142. Kim, W., Shin, Y.-K., Kim, B.-J. & Egan, J. M. Notch signaling in pancreatic 

endocrine cell and diabetes. Biochem. Biophys. Res. Commun. 392, 247–251 (2010). 

143. Kolb, H. & Burkart, V. Nicotinamide in type 1 diabetes. Mechanism of action 

revisited. Diabetes Care 22 Suppl 2, B16–20 (1999). 

144. Neshati, Z., Matin, M. M., Bahrami, A. R. & Moghimi, A. Differentiation of 

mesenchymal stem cells to insulin-producing cells and their impact on type 1 diabetic 

rats. J. Physiol. Biochem. 66, 181–187 (2010). 

145. Wang, R. N. & Rosenberg, L. Maintenance of beta-cell function and survival 

following islet isolation requires re-establishment of the islet-matrix relationship. J. 

Endocrinol. 163, 181–190 (1999). 

146. Daoud, J., Petropavlovskaia, M., Rosenberg, L. & Tabrizian, M. The effect of 

extracellular matrix components on the preservation of human islet function in vitro. 

Biomaterials 31, 1676–1682 (2010). 

 


