
ABSTRACT 

 

DI, JIN. Growth of Pancreatic Islets on Collagen Coated Textile Scaffolds. (Under the 
direction of Martin W. King). 
 

Type I diabetes mellitus (TIDM) is an autoimmune disease characterized by the destruction 

of pancreatic β-cells in the islets of Langerhans, which results in an inability to maintain 

normal glucose homeostasis [1]. Current treatment options, including multiple daily insulin 

injections, do not provide stringent enough control of glucose levels, and ultimately lead to 

long term diabetes and its associated complications. The goal of this project is to develop 

collagen coating warp-knitted scaffold materials as extracellular matrices to support the 

survival and function of transplanted islets cells. The collagen-coated scaffold degrades over 

time, allowing for better integration into the surrounding tissue. The use of collagen also 

avoids the problem of specific immunogenicity and pathogen transmission. Current tissue 

engineering scaffolds, made by conventional scaffold fabrication techniques, are generally 

foams of synthetic polymers or hydrogel based. Such structures prevent cells from migrating 

more than 500 µm from the surface due to the lack of oxygen and nutrient supply [2].  The 

warp-knitting technique allows for precise control over scaffold properties, such as pore size 

distribution, total porosity, mechanical strength and surface chemistry.   

 

Two thick 3-dimensional (3D) warp knitted polyester 12 and 24 gauge prototype spacer 

fabrics with different average pore sizes were selected as scaffold materials. In order to 

evaluate the suitability of their structures, a murine pancreatic β-TC6 (ATCC CRL-11506 TM) 

cell line, was seeded on the scaffolds at a density of 5 × 105 cells per well using 24-well 



plates, cultured for 7 days and observed using scanning electron microscopy (SEM) to assess 

which pore size provided better adhesion and proliferation for the β-TC6 cells. DAPI staining 

and laser scanning confocal microscopy (LSCM) were used to evaluate the migration of the 

β-TC6 cells through the thickness of these two scaffolds. The SEM images showed β-TC6 

cells aggregating into islet-like clusters after 7 days, with larger islet clusters on the 24 gauge 

scaffold material, and DAPI staining showing cells still adhering to the scaffolds after 10 

days in culture.  

 

To evaluate the effect of surface modification on cell growth, a PLA uncoated nonwoven 2-

dimentional (2D) textile scaffold was compared with three different activated surfaces: i) 

PLA with collagen, ii) PLA with maleic acid activation + genipin and collagen 

immobilization, and iii) PLA with maleic acid activation + genipin treatment only. A MTT 

(3-(4, 5-Dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide, a yellow tetrazole) 

colorimetric assay which reduces the tetrazolium salt to formazan, using 96-well plates and a 

seeding density of 7,500 cells per well was used to measure the relative extent of cell 

viability after 7 days. From among the four scaffolds the MTT data showed that the PLA 

activated with maleic acid, treated with genipin and immobilized with collagen supported 

cell viability the best.  

 

The 24 gauge thick warp-knitted scaffold was then coated with collagen type I to evaluate 

islet cell viability and functionality using an MTT assay and ELISA immunoassay 

respectively.  

 



Based on these results, it was concluded that the 24 gauge scaffold structures was superior 

for cell growth, having an average pore size that supported islet-like aggregates in vitro. The 

2D nonwoven PLA scaffolds activated with maleic acid, treated with genipin and then 

immobilized with collagen offered superior cell viability. The collagen coated 24 gauge 

scaffold offered superior cell viability as well as cell functionality. Further work will involve 

the development of surface modified 3D PLA scaffolds, which will allow single β-cells to 

form functional islets together with the creation of new vascular networks. 
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CHAPTER 1 

GENERAL INTRODUCTION 

 

1.1 Motivation  

Every year thousands of people suffer from organ failure and tissue loss caused by disease or 

injury [3, 4]. Over 8 million surgical procedures are performed annually in the United States 

at a cost of $400 million, a large fraction of the nation’s health care costs. To treat these 

patients with tissue loss and organ failure [5], currently there is a range of alternative 

therapies. They include: 1) reconstructing the damaged tissue or organ using autologous 

tissue from the patient, 2) transplanting compatible organs or tissues from a matched donor, 

3) implanting a biocompatible mechanical device or artificial prostheses which performs the 

function of the lost tissue or organ function, and 4) implanting a drug delivery device [6]. 

Although these approaches have improved the quality of life for many patients, they are 

associated with various complications. For example, on receiving a donor organ, patients 

require life-long dependence on immunosuppressive drugs. At the same time surgical 

reconstruction can result in post-surgical complications, such as dehiscence, necrosis and 

even long-term disability [7]. Mechanical devices or artificial prostheses can be implanted or 

worn, and they can induce a chronic inflammatory response in the host over an extended 

period [6]. Drug delivery systems require repeated administration. For instance, an insulin 

pump for type 1 diabetes patients that malfunctions, which results in unwanted systemic 

disorders for patients [8]. Nowadays, transplantation of compatible tissue or organs offers the 
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best hope for the patients; however, the healthcare systems ability to deliver transplantation 

surgeries is limited due to the severe shortage of donor tissue and organs [9, 10]. 

 

Based on a recent transplant data report for 2010, the U.S. Organ Procurement and 

Transplantation Network (OPTN) and the Scientific Registry of Transplant Recipients 

(SRTR) reported that 69,954 active patients were registered on the organ transplant waiting 

list. However, only 29,346 transplants were performed throughout the year [11]. In addition, 

due to the large difference between demand and supply, about 40,600 patients died during the 

same year while waiting for a viable available organ. Furthermore, according to the most 

recent data from the OPTN website, the number of patients waiting for transplants rose to 

112,645 (both active and inactive) in January 2012 [12]. Because of this critical shortage of 

donor organs, the field of tissue engineering has emerged with the objective of finding 

alternative therapies that do not rely on donor organs. 

 

In 1993 Bob Langer broadly defined tissue engineering and regenerative medicine as “an 

interdisciplinary field that applied the principles of engineering and life sciences toward the 

development of biological substitutes that restore, maintain, or improve tissue function or a 

whole organ [5].” In order to deliver this therapeutic application clinically to patients, the 

tissue or organ is either grown in situ inside of the patient or alternatively, outside the patient 

in a bioreactor prior to transplantation. More specifically, the tissue engineering field 

involves a combination of the following three research strategies: 1) using isolated cells 
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derived either from a compatible donor or the recipient; 2) adding inductive factors, such as 

growth factors or collagen, to the cells; and 3) using scaffolds as cell environment matrices in 

order to guide the generation of the desired tissue or organ. The key to success is to expose 

the cells to an appropriate scaffold structure coated with collagen and/or growth factors, 

which facilitate the adhesion, proliferation and function of the specific cell type [13]. This 

field of regenerative medicine has made significant progress over the last decade, with a 

number of key clinical successes including the first artificial bladder [14], artificial heart 

valve [15], bioartificial trachea and alternative bone derivatives [16]. By reference to the 

literature it is apparent that various types of different tissue engineering scaffolds have been 

developed according to these studies [17].  

 

Both natural and synthetic materials can be made into tissue engineering scaffolds. Collagen 

and alginate are two examples of commonly used natural substrates for the fabrication of 

scaffolds, since they contain both insoluble and soluble factors that facilitate cell attachment 

and promote cell differentiated functions [5]. However, there are a number of limitations to 

these natural material scaffolds, due to their immunogenicity, pathogenicity, and their limited 

ability to control their mechanical properties, purity, degradation rate, consistency and 

reliability, and specific structural requirements, such as total porosity, average pore size and 

pore size distribution [17, 18, 19]. 
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To solve these problems, synthetic biomaterials are being considered and applied to fabricate 

tissue-engineering scaffolds. They permit more precise design and control over scaffold 

properties, both mechanical and chemical. They also avoid the inherent problems of 

immunogenicity and pathogenicity [20]. Examples of currently used biodegradable synthetic 

polymers include, polylactic acid (PLA), polyglycolic acid (PGA), and polylactic-co-glycolic 

acid (PLGA), which have been approved by the Food and Drug Administration (FDA) for 

use in a range of biomaterial devices [21]. Resorption results from the hydrolysis process, 

which occurs after implantation in vivo or on exposure to moisture. The by-products of 

hydrolysis are non-toxic and can be easily excreted by the human body [22]. While one 

obvious deficiency of a synthetic material scaffold is its lack of critical biomacromolecules 

and growth factors that provide an active cell growth environment. In order to effectively 

direct cell growth on these scaffolds, they must be modified with key elements that allow 

them to resemble native ECM [23]. There are three kinds of desirable ECM components, 

which can either be incorporated into the synthetic scaffold or coated onto the scaffold’s 

surface. The first are the structural proteins, such as collagen and elastin, which function like 

a connective web to provide elasticity to the tissue. The second are the adhesive proteins, 

such as laminin and fibronectin, which function as binding sites for cell adhesion, and the 

third kind are the basement membrane proteins, such as collagen type I, which function like 

molecular glue that promotes a confluent monolayer of epithelial and endothelial tissues. 

[24]. One thing that needs to be stressed is that the basement membrane is critical in the 

design of scaffolds for regenerative medicine, since the formation of new blood vessels 
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requires endothelial cells to grow directly on the basement membrane. And for successful 

regenerative therapies the artificial scaffold and newly regenerated tissues need to be well 

vascularized in order to function in vivo after transplantation [25].  

 

The use of appropriate biomaterials that contribute to the restoration of islet cell function is 

one of the most promising cell-based therapies. In fact islet cell transplantation offers a hope 

for patients who have type 1 diabetes mellitus. However, current methods have not achieved 

the anticipated goal of long-term insulin independence. Difficulties have been reported when 

the transplanted islets are either rejected by the immune system after a few months or they 

lose function due to an insufficient oxygen and/or nutrition supply at the transplantation site 

[26]. Recent research results from using an animal T1DM model have shown that by 

selecting the appropriate biodegradable scaffolds, the islet cells’ function and survivability 

has been greatly improved [27]. The scaffolds serve as a platform to provide a controllable 

microenvironment and improve islet cell attachment and proliferation.  

 

1.2 Goals and Objectives 

The overall goal of the work presented in this thesis is first to research the hypothesis that a 

3D warp-knitted scaffold may be used as an inductive platform to promote the survival and 

function of transplanted islet cells. Second, it also evaluates three different surface 

modification methods that are applied to 2D nonwoven scaffolds made from PLA fibers to 

determine the most effective way to enhance islet cell attachment. 
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To better understand these goals, three specific objectives have been developed as follows:  

1) To compare the structure and cell culture performance of two thick 3D warp-knitted 

spacer fabrics that have different values for total porosity and average pore size. The 

12 gauge knitted scaffold had a total porosity of 86.25 ±	 0.02% and average pore 

sizes of 0.07 ± 0.03 mm	 compare to the 24 gauge knitted scaffold with a slight lower 

total porosity of 85.63 ±	 0.02% and an average pore size of 0.04 ± 0.01. 

1.1 To discuss the general requirements for tissue engineering scaffolds for beta-TC-6 

islet cell culture, such as average pore size, total porosity and the desired culturing 

conditions based on findings of the literature review. 

1.2 To create a practical plan for in vitro beta-TC-6 islet cell seeding and to assess the 

cell proliferation on these two scaffolds by different evaluation methods, such as 

SEM and LSCM.  

2) To evaluate the islet cell adhesion performance on the surface of a series of four 2D 

PLA nonwoven scaffolds that had received four different surface activation and 

modification treatments. 

1.1 To compare the surface modification methods by measuring beta-TC-6 islet cell 

viability using MTT assay after 7 days of cell culture. 

3) To study the effect of collagen coating of the thick 24 gauge 3D warp-knitted spacer 

fabric PET scaffold, this was tested in Objective 1, to give superior cell attachment. 
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1.1 To analyze the surface characteristics after collagen coating using TOF-SIMS 

technology and the contact angle method. 

1.2  To assess the biocompatibility of the collagen coated thick 24 gauge PET 

scaffold by culturing beta-TC-6 islet cells for 3, 7 and 10 days. The assessments 

included the conduction MTT assay for cell viability, SEM and LSCM for cell 

adhesion and migration at different time points, and the ELISA immunoassay to 

measure islet cell function in terms of insulin production.  

 

1.3 Significance of this Study 

Currently, there are a growing number of diabetic patients who need to control their unstable 

blood sugar levels with injection of exogenous insulin. The surgical alternative of 

transplanting human islets or pancreases has so far demonstrated limited success. It is 

therefore important to find an effective clinical therapy that relies on the concepts of 

regenerative medicine to tissue engineer viable and functional islet populations that will 

provide normal glucose homeostasis for this growing cohort of patients. It is significant not 

only to improve the quality of life for these patients who suffer from this debilitating disease, 

but also to reduce the financial impact on the whole of society, which has to provide 

healthcare for these patients, and treat their disease and concomitant diabetic comobities, 

which cost billions of dollars each year.  
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By studying the design, surface chemistry and structure of engineered biomaterial scaffolds 

so as to evaluate the molecular factors, which support and promote proliferation, migration 

and function of transplanted islets, we may be able to improve the success rate of islet 

transplantation surgery. The experimental results from this study have the potential to 

advance this field by identifying the types of scaffold structures and the preferred ECM 

component molecules, which promote the growth, and function of transplanted islets.  
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CHAPTER 2  

REVIEW OF LITERATURE 

 

In this literature review, we introduce the range of different types of tissue engineering 

scaffolds that have been used to regenerate viable pancreatic tissue ex vivo. The various types 

of polymeric biomaterials are reviewed together with their chemical, mechanical and 

biological properties. This is followed by a review of the different approaches to scaffold 

design using fibers and non-fibrous materials, their structures and performance. An important 

and related topic concerns their biocompatibility and how cell adhesion and proliferation can 

be improved by certain surface modification techniques. Clearly to achieve these objectives it 

is necessary to involve an interdisciplinary team of researchers in the fields of surgery, 

medicine, biology, mechanical and electrical engineering, chemistry, material, fiber and 

polymer science.  

 

In this review of the literature we focus on the treatment of Type I diabetes and the need for 

transplantation of the pancreas and/or pancreatic islets.  

 

Type 1 diabetes mellitus (T1DM) is an autoimmune disease, which leads to a loss of the 

insulin-secreting β-cell in the islets of Langerhans and the subsequent abnormalities of 

glucose homeostasis depending on the patients’ daily activities. T1DM has become a 
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significant burden to both patients and society. Although the precise pathogenesis of T1DM 

is still unknown, scientists have found in genetically susceptible individuals, some 

environment factors that can trigger the onset of this disease, which is a particular concern 

for children and young adults. Current treatment methods, such as daily injections of 

exogenous insulin to maintain the desired blood sugar level, are difficult to achieve in 

children and adolescents. This has led to new therapeutic approaches, for instance, pancreas 

and islet transplantation procedures, which have now been performed for more than 10 years. 

However, in order to maintain the functionality of the transplanted organ or tissue, patients 

are required to take immunosuppressive drugs over the long term. In addition, the number of 

available organs is quite limited. For these two main reasons the widespread use of organ 

transplantation therapy is limited. Under such circumstances, regenerative medicine and the 

use of tissue engineering scaffolds has emerged as an attractive therapy by offering a 3D 

microenvironment for the culture of isolated islets so as to promote their viability, 

proliferation and function in a diabetic recipient. Many types of scaffold materials and 

structures have been studied with the objective of optimizing those critical factors that will 

achieve a long-term therapy for T1DM.   

 

2.1 Type I Diabetes Mellitus 

Approximately 10% of the U.S. population is affected by autoimmune diseases. Among these 

diseases there is a type called organ specific autoimmune diseases, in which the targeted 

organ can be impaired, damaged and even destroyed by an aggressive immune response [28]. 
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Type 1 diabetes mellitus (T1DM), also known as insulin dependent diabetes mellitus 

(IDDM) or juvenile onset diabetes, is one of such organ specific autoimmune diseases and is 

characterized by losing the ability to maintain normal glucose homeostasis. This is due to the 

insulin-secreting beta cells in the islets of Langerhans in the pancreas being completely 

destroyed by the targeted immune response [28, 29, 30]. As one of the major metabolic 

diseases, T1DM occurs most frequently among Europeans and is currently the most common 

chronic disease threatening children [31]. In the U.S. it is estimated that over 1.5 million 

people have T1DM [32], and this number continues to grow by 10,000 to 15,000 new 

diagnosed cases annually. Moreover, this phenomenon is worldwide [32, 33, 34, 35]. 

Although the exact pathogenesis of T1DM is still a mystery, some factors are known to 

trigger the onset of T1DM, such as environmental and genetic factors and 

immunopathogensis, which have been demonstrated experimentally by several researchers 

and have been used to predict the incidence of T1DM with a fair degree of certainty [36, 37]. 

 

2.1.1. Pathogenesis 

Recent research articles agree that the following three aspects, genetic factors, environment 

factors and immunopathogenesis, all contribute to the onset of T1DM. And these three 

factors have also been used to predict diabetes in individuals. From genetic studies, the 

frequency of T1DM is higher than the general population in descendants of diabetic parents, 

and their siblings. Chromosome 6 in the human leukocyte (HLA) region is the most essential 

gene to determine T1DM susceptibility [28, 38]. While the possibilities of developing T1DM 
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is highly dominated by genetic factors, stimulating the autoimmune process cannot be 

triggered without environmental factors. These factors included hygiene status, viral 

infection, diet and toxins [39, 40, 41]. In an individual’s early childhood, if the child is 

infected by the virus Coxsackie B, rubella or mumps, they can be directly affected by the 

destruction of β-cells resulting in the rapid onset of T1DM [42]. From this point of view the 

hygiene status of children at an early age is important. Certain studies have found that the 

risk of developing T1DM actually decreases if one has had an infection in one’s childhood, 

since this can enable the immune system to develop a regular protective mechanism that 

lowers the risk of autoimmunity on further exposure. So ironically today’s cleaner 

environment is a likely factor that triggers T1DM [43]. Factors related to diet have been 

investigated a lot recently. Consuming too much sugar and fat, early exposure to cereal 

products and a lack of balanced nutrition are all linked to an increased risk of developing 

T1DM, especially for these individuals who are genetically susceptible [44, 45].    

 

2.1.2. Current Clinical Treatment 

Patients with T1DM suffer life-threatening diabetic ketoacidosis (DKA). This happens 

because of insufficient insulin production, which causes a metabolic deficiency of 

decomposing ketone bodies into fatty acids, and leads to an increased release of glucose by 

the liver (a process that is normally suppressed by insulin) [46, 47]. The patient with T1DM 

feels fatigued and has a tendency to rapidly lose weight, experiences dehydration and 

compensatory thirst. The patient with T1DM also suffers from blood acidosis, the smell of 
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ketones in their breath, hyperglycemia and cerebral edema. This can lead to confusion, 

recurrent vomiting, susceptibility towards infection and a number of clinical complications 

that can result in early death [48].  

 

The majority of T1DM treatments available today are multiple daily subcutaneous injections 

of exogenous insulin. This therapy is administered following blood glucose monitoring 

(normal range 80 ~ 150 mg/dL), so as to supply the body with sufficient insulin to control 

glucose hemostasis [49, 50]. To better assist diabetic patients to control their unstable blood 

sugar levels after meals and overnight, various devices have been invented, such as the 

insulin pump implanted under skin, which can provide the desired level of insulin in response 

to a blood sugar level sensor [51]. However, these devices are expensive, subject to 

mechanical and electronic failure, exposing patients to hypoglycemia, which is not well 

tolerated. While it is true that the usage of insulin can help diabetic patients avoid acute 

hyperglycemia, this intensive insulin injection therapy has not resulted in a decrease in 

T1DM and its associated comobidities. It has only delayed their onset; it has not eliminated 

them! These complications not only decreased the quality of life of diabetic patients but also 

impose a heavy burden of cost on both the patients’ family and society [52, 53].  

 

2.1.2.1. Organ Transplantation (Pancreas or Islets) 

The first attempt to transplant a whole pancreas in to a diabetic patient was made in 1966 by 

a team of Dr.Kelly, Hillehei, Merked, Inezuki and Goetz. But this trial did not succeed due to 
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a lack of immunosuppressive drugs following surgery [54, 55]. In the late 1970’s, new 

discoveries were made on improving pancreas transplantation procedures, selecting 

compatible donor organs and administering immunosuppressive therapy after surgery [56, 

57, 59]. Soon successful clinical cases increased up to 80%. However, even today there are 

still risks associated with pancreatic transplantation. The requirement of taking  

immunosuppressive drugs for life limit these operations to only end-stage diabetic patients 

[60]. Although whole pancreas transplantation works well for patients with T1DM, the 

number available of donor organs is far too small compared to the large number of diabetic 

patients who need them [61]. In response to this severe organ shortage an alternative 

innovation and less invasive surgical approach of islet transplantation was born [62, 63]. 

 

In late 1990s, clinicians established a series of standardized procedures for pancreas 

procurement, islet isolation and immunosuppressive drug regimens. For those cases where, 

T1DM patients were able to accept islet transplantation, they achieved stable insulin 

independence. However, in order to transplant a sufficient number of islets into one recipient, 

islets had to be isolated from 2-4 donor organs, which severely limited the potential for this 

type of therapy [64, 65, 66]. Clinical follow up studies have reported that up to 80% of 

T1DM patients who receive islets transplantation surgery were insulin independent after 1 

year, but according to a later report, only 7% of these patients still remain insulin 

independent after 5 years [67, 68]. Recent reports provide evidence that only a fraction of 

normal β-cells is needed to maintain normal blood sugar levels, and suggest that cultured 
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islets from a single donor can survive and function well post-implantation. These reports 

provide encouraging signs that islet transplantation can be used in the future to achieve 

temporary and long-term insulin independence for T1DM patients [69, 70, 71]. However, in 

order to achieve long-term islet transplantation success, a number of issues such as islet 

isolation procedures, cell cultivation and the transplantation site need to be investigated 

further [72, 73]. Multiple sites have been reported as suitable locations for islet 

transplantation, such as the liver, spleen, kidney capsule and omentum [74]. Among them, 

the liver is widely accepted as a feasible site for transplantation and is currently the option of 

choice [75, 76].   

 

2.1.3. Economic View 

With the increasing number of individuals with T1DM, the health care cost for treatment of 

this disease and its secondary comobitidies places a significant burden on our society [77, 

78]. The overall estimated cost related to T1DM in the U.S. in 2010 was $184 billion, 

including hospital inpatient care, medication, surgical supplies, and treatment of 

complications of T1DM [79]. According to these facts and figures, the average yearly 

medical cost of patients with T1DM is about 2 - 3 times higher than for people without 

T1DM. This fact alone imposes a significant financial burden on the patient’s family [80. 

81]. This is particularly true for a child with T1DM who requires a lifetime of continual 

blood sugar monitoring and insulin injections, which generates healthcare costs more than 

twice that of a healthy child. For these reasons, there is significant interest in finding 
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alternatives ways to treat T1DM so as to better match normal insulin secretion levels and 

reduce the cost of T1DM treatment [81]. Pancreas and islet transplantations are both 

promising new treatments under investigation.   

 

2.2 Biology of the Pancreas and Islets  

The main disease associated with a malfunctioning pancreas is diabetes mellitus, a disease in 

which patients are unable to control the level of sugar (glucose) in their bloodstream due to 

their inability to produce insulin on demand. Other diseases affecting the pancreas include 

exocrine pancreatic insufficiency, when the required digestive enzymes are not generated and 

the patient is unable to digest food properly. Then there is pancreatitis or inflammation of the 

pancreas, which may be caused by various conditions such as cystic fibrosis and alcoholism; 

and pancreatic cancer, which is one of the most lethal cancers with a 5-year survival rate of 

less than 5% [81]. The use of transplanted islets for the treatment of diabetes is hindered by 

the difficulty in obtaining sufficient numbers of beta cells. Islets constitute only between 1% 

and 2% of pancreatic tissue [82]. Since a large number of pure pancreatic islets being 

required for successful clinical and experimental transplantation, it is usually necessary to 

combine islets isolated from two to three donors in order to make successfully transplant a 

single T1DM patient. Consequently the relatively low number of available donors is a major 

limiting factor to the widespread use of islet cell transplantation. With the objective of 

identifying an effective strategy to culture sufficient numbers of viable and functioning islet 
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cells in vitro so as to satisfy the increasing demand for islet transplantation, we need to 

understand the biology of both the pancreas and islet cells.  

 

2.2.1 Biology of the Pancreas 

The pancreas is a pear-shaped gland (Fig.2.1) [85] located in the abdomen between the 

stomach and the spine. It is about six inches in length and is composed of two major 

components [83]. The exocrine component is made up of ducts and acini (small sacs at the 

end of the ducts), which produce specific enzymes that are released into the small intestine to 

help the body break down and digest food, particularly fats. The endocrine component of the 

pancreas is made up of specialized cells clustered together in islands within the organ, called 

islets of Langerhans. These cells produce specific hormones, with the most important one 

being insulin, a substance that helps control the amount of sugar in the blood [84]. 
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Figure 2. 1 . The Anatomical Structure of the Pancreas [85]. 

 

2.2.2 Biology of Islet Cells 

Normally, the weight of the human pancreas’s is about 50~75 grams [86]. The islets of 

Langerhans (Fig.2.2) [87] constitute approximately 1 to 2% of the mass of the pancreas, but 

they receive 5-15% of the pancreatic blood supply because they need to serve the serum 

glucose level and then adjust the amount of insulin secretion so as to maintain 

normalglycemia [88]. There are about one million islets in a healthy adult human pancreas, 

which are distributed throughout the organ; their combined mass is 1.0 to 1.5 grams. Islets 

are clusters of endocrine cells that are distributed throughout the pancreas. The hormones 
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produced in the islets of Langerhans are secreted directly into the blood by five major cell 

types. Alpha cells (15-20% of total Islet cells) produce glucagon. Beta cells (65-80%) 

produce insulin and amylin, and occupy the central core of each islet, with the other types of 

cells surrounding it. Delta cells (3-10%) produce somatostatin, pancreatic polypeptide (PP) 

(3-5%) cells produce pancreatic polypeptide, and epsilon cells (<1%) produce ghrelin. The 

islets can influence and control each other through paracrine and autocrine communication. 

The beta cells are coupled electrically to other beta cells but not to the other cell types. The 

paracrine feedback system of the islets of Langerhans has the following function. Insulin 

activates beta cells and inhibits alpha cells. Glucagon activates alpha cells, beta cells and also 

delta cells. Somatostain inhibits alpha cells and beta cells [89].  

 

 

Figure 2. 2 . Islet Cells of Langerhans [87]. 
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The procedure of islet isolation invariably results in vascular disruption which is a critical 

factor in β-cell survival, because angiogenesis and the formation of new vascular connections 

normally requires 7-14 days after transplantation [90]. Because during this period the rich β-

cells in the central region tend to experience necrosis combined with apoptosis, prior 

revascularization is essential to enhance islet cells survival and function and to achieve the 

goal of insulin independence. Also, a number of growth factors have been investigated to 

promote insulin secretion and proliferation: 1) Hepatocyte growth factor, which functions to 

increase insulin secretion and the proliferation of islets [91]. 2) NGF functions in both in 

vitro and in vivo conditions to improve β-cells survival [92]. 3) IGF-1, this factor shares a 

similar molecular structure to insulin, and has proven to increase islet graft survival [93]. 4) 

Exendin-4 (E4), betacellulin (BTC) and activin A all play an important role in promoting β-

cell regeneration and promoting cell differentiation in adults [94]. Although we have listed 

here several of the known growth factors, there are still many factors whose role remains 

unknown. So while it is well established that growth factors do improve β-cell population, 

viability, it is evident that growth factors are only one part of the in vitro and in vivo 

environment. The role of the extracellular microenvironment is equally important.  

 

2.2.3 ECM Microenvironment for Islet Cells 

The extracellular matrix (ECM) is an essential component for any specific type of tissue 

since it is the fundamental substance to supply nutrition, anchor cells and regulate cell 
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behavior. Thus, understanding the ECM components of a tissue is a prerequisite to the design 

of functional and effective tissue engineering scaffolds [95-99]. Pancreatic islets are 

surrounded in vivo by the ECM which not only provides structural anchorage for the islets 

but also mediates signals that are crucial to the survival of the islets. Enzymatic digestion of 

the pancreas during islet isolation results in a separation from the ECM which has been 

shown to induce islet cell death. Furthermore, islets require the ECM for optimal 

functionality. Thus, the re-establishment of islet-ECM contact with the use of a 

biodegradable scaffold may contribute to increased islet survival and better preservation of 

the islet mass post transplantation, hence offering longer-term graft function. The islets- 

ECM microenvironment is composed of basement membranes (BMs), which mainly consist 

of collagen IV, laminins, and fibronectin. The BMs provide structural support, a network of 

blood vessels, and they regulate islet cell behavior by providing several molecular cues, as 

shown in Fig.2.3 [100-105]. Based on previous findings obtained from mice islet studies, 

collagen IV is responsible for providing structural support to anchor the cells, while laminins 

combined with integrins located on the surfaces of islet and endothelial cells control 

intercellular signaling which leads to islet cell proliferation, migration, differentiation and 

finally apoptosis [105, 106]. Islets cultured on tissue engineering scaffolds containing ECM 

components have successfully demonstrated improved islet survival in vitro [107-110]. 

 



 

 

22 

 

Figure 2. 3 . Major Components of Islet Extracellular Matrix (ECM) and Potential Cell 

Surface Receptors [99]. 

 

2.3 Tissue Engineering and Regenerative Medicine Therapies 

Regenerative medicine is a very broad subject. It requires contributions from many fields, 

including cell biology, biomedical engineering, material science, computer engineering and 

clinical medicine. Generally it is defined as “the engineering and growth of functional 

biological substitutes in vitro and/or the stimulus to the regeneration and remodeling of 

tissues in vivo for the purpose of repairing, replacing, maintaining, or enhancing tissue and 

organ functions [111].” Currently, regenerative medicine has three main areas of application. 

1) Cell therapy, which uses living cells to restore, maintain and enhance the function of a 

specific organ or tissue without scaffolds or encapsulation. Typical examples are the 
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transplantation of bone marrow, and pancreatic islets transplantation for the treatment of 

T1DM, and hepatocyte transplantation to cure liver disease [112, 113]. 2) Tissue engineering 

(Fig.2.4) requires the aid of scaffolds as physical support structures which also regulate 

molecular cues that are grafted on the scaffolds to stimulate cell growth and function. This 

approach is obviously more complex and expensive than cell therapy, and examples include 

engineered skin, artificial bone, cartilage substitutes and cornea reconstruction [114-116] 3) 

Bioartificial organs, which extend the concept of tissue engineering by combining several 

different types of tissues so as to design and fabricate a functioning implantable organ with 

the main goal of supporting the patients failing organ, such as the liver or kidney. 

Preliminary clinical trials of bioartificial livers and implantable artificial renal dialysis 

devices indicate positive effects for patients with both acute and chronic liver failure and 

patients suffering from renal failure [117, 118].  

 

 

Figure 2. 4 . Tissue Engineering Method. Seeding of cells and/or growth factors on scaffolds 

and subsequently implanting the viable composite construct into the host [111]. 
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2.3.1 Current Clinical Experience 

Islet transplantation has proven to be an effective treatment for a select population of 

individuals with T1DM, but many obstacles remain before it can be applied more widely. 

The need for a large number of islets to achieve euglycemia, and the progressive 

deterioration in islet function over time, represent two significant barriers. The cause of these 

problems is not yet fully understood because allo- or autoimmune-mediated damage to the 

islets cannot fully account for these issues. The transplantation of islets into the liver may 

contribute to islet dysfunction and necrosis loss due to an impaired blood supply. Thus, one 

priority in the field of islet transplantation is to develop an extrahepatic site. The renal 

subcapsular space is a well-established site for islet transplantation in rodent models, but 

anatomic differences have precluded the use of this site in nonhuman primates and humans. 

The peritoneal cavity and omentum have been suggested as alternative sites for islet 

transplantation as these sites are safe in humans. In one particular clinical study, 

intraperitoneal fat was selected as the site for islet transplantation. In fact the findings clearly 

demonstrate a beneficial effect of the polymer scaffold on islet function by using a polymer 

scaffold to support cell viability following transplantation into abdominal fat [119, 120]. In 

previous animal studies transplanting islets in to the peritoneal cavity of rodents has 

produced inconclusive results. In the present study we use a microporous polymer scaffold 

with the goal of enhancing integration of transplanted islets into the host tissue.  
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2.3.2 Various Biomaterials Used for Islet Cell Scaffolds 

Islet transplantation has been reported as an ideal therapy for the treatment of T1DM. The 

islets normally are cultured for a period of time in vitro to achieve the desired population for 

transplantation. However, islet viability and function are limited by using a 2D culture plate, 

and for this reason a 3D in vitro culture environment is necessary. In the last few years, much 

progress has been made in this field, including the use of hydrogel encapsulation, fibrin glue, 

and various polymeric biomaterial scaffolds made of PLA, PGA, PCL and PLCL [121, 122].  

 

The desired properties of the scaffold are biocompatibility and degradation into non-toxic by-

products within the desired time frame so as to not provoke any adverse tissue response. The 

rate of biodegradability of the scaffold depends mainly on the selection of the polymer [123]. 

Currently 3D scaffolds made from either natural or synthetic biomaterials, serve as a primary 

research tool to mimic the essential features of the natural islets’ ECM. Their role is to 

support cell adhesion and provide a source of nutrition and growth factors by immobilizing 

ECM components on the surface. In this way they promote islet cell attachment, growth and 

proliferation on the surface of the scaffold [124]. The key properties of currently used 

polymers are summarized in Table 2.1 [123-127]. Poly(lactic acid) (PLA) is widely used in 

tissue engineering because this polymer is biodegradable and has been approved by the US 

Food and Drug Administration for clinical use in a variety of applications. Due to the 

presence of an extra methyl group in lactic acid, PLA is more hydrophobic than PGA and 

less soluble in aqueous systems [126]. Polycaprolactone (PCL) is also an aliphatic polyester 
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that has been investigated intensively as a biomaterial. PCL has a longer degradation period 

compared to PGA and PLA. Hence it is more suitable for long term degradation implants or 

devices. Poly (lactide-co-ε-caprolactone) (PLCL) is a random copolymer synthesized from 

both lactic and caprolactone. Since it is less crystalline, it has a lower modulus and high 

elongation at break, which makes this aliphatic polyester copolymer more suitable for soft 

tissue applications such as skin, liver and pancreas. Porous PLCL materials have also been 

prepared for controlled drug release experiments using freeze-drying or salt-leaching 

techniques to generate the pores [127].  
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Table 2. 1-  Properties of Biodegradable Polymers 

 

 

Polymer 

 

Thermal/ Mechanical Properties 

 

 

Degradation 

(months) 

 

Tm 

(◦C) 

 

Tg 

(◦C) 

 

Modulus 

(Gpa) 

Tensile 

Strength 

(MPa) 

 

Elongation 

(%) 

PLA 

173 

- 

178 

60 - 

65 
2 - 5 

55 - 82 

(900 - 

fiber) 

5 - 10 >24 

PGA 

225 

- 

230 

35 - 

40 
7.0 

>70 

(890- 

fiber) 

15 - 20 6 - 12 

PCL 
58 - 

63 
-65 20 - 35 22 - 38 300 - 500 >24 

PLCL 
90 - 

120 
-17 23 - 25 12 (film) 600 (fiber) 6 - 8 

 

2.3.2.1 Fiber-based Tissue Engineering Scaffolds  

In order to design more complex constructs, fibers can be formed in to three-dimensional 

(3D) structures such as knitted, braided and woven fabrics, and nonwoven webs. The 
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orientation of the fibers in these structures may range from being highly oriented to 

completely random. In fact the final density and orientation of the textile structure will affect 

the behavior of the fibers in the different layers. For example, woven fabrics have a more 

stable and less porous structure than the other types of textile structures. One of their major 

disadvantages is that they can unravel at the edges when they are cut squarely or obliquely 

for implantation.  

 

Warp knit structures on the other hand, have an inherent ability to resist raveling when cut 

and are flexible and porous, but some of their flexibility is reduced when additional yarns are 

used to interlock the loops and obtain a more stable structure. The spaces between the yarns, 

which loop around each other, make them porous and help fluid transport during the cell 

culture process. Nonwoven webs can have a wide range of porosities. If the web is laid down 

in a random process their isotropic structure provides good mechanical and thermal stability 

in all directions. If a carded or oriented web is prepared then multiple layers are cross-lapped 

at different orientations before bonding, like plywood, so as to give a uniform and isotropic 

mechanical performance.  

 

After the scaffolds have been fabricated, sterilization is also an important subsequent step of 

tissue engineering applications. Due to the fact that polymers generally have lower thermal 

and chemical stability than metallic and ceramic materials, they are also more difficult to 

sterilize using conventional techniques. In addition, the polymers used for pancreatic islet 
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cell scaffolds are biodegradable, which requires sterilization methods that do not interfere 

with the material’s bulk properties. The most common commercial sterilization techniques 

are dry heat, moist heat or autoclaving, gamma or electron beam radiation and ethylene oxide 

gas [123]. The biodegradable scaffolds used for islet transplantation in previous experimental 

studies were sterilized using alcohol and ultra-violet light [127]. The scaffolds were soaked 

in 70% ethanol about 30 min. However, for cell culture the alcohol needs to be completely 

removed before the cells are seeded. Therefore several washes with a phosphate buffered 

saline were necessary followed by drying on a sterile bench and exposure to ultraviolet light 

for 1 hour [123, 128]. Before the islets cells were seeded, the scaffolds were washed three 

times in islet growth medium and soaked in the medium for 30 min. However, these 

experimental procedures are complicated and include uncontrolled humid conditions that 

may have damaged the scaffolds. In this study, we used a standard exposure to ethylene 

oxide gas to sterilize our scaffolds and reduce the potential damage to a minimum.  

 

2.3.3 Surface Modification and Collagen Immobilization on Scaffolds 

In any implantable medical device good biocompatibility is required so that the device can 

function in subcutaneous tissue. The implantable constructs for culturing pancreatic islet cells 

are composites of biological material (islets of Langerhans) and a supporting polymeric 

scaffold. The successful implantation of this polymeric scaffold depends on good 

biocompatibility with the biologic tissue and the formation or angiogenesis of a viable 

vasculature for reliable blood supply. Surface modification of the polymeric scaffold is 
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important to improve its biocompatibility. Often the goal of the engraftment is hindered by 

the normal tissue inflammatory reaction to the implant device, which must support the 

growth and function of the islets while maintaining the graft in an immunologically 

privileged state. Viability of the graft requires nutrient and oxygen supply, and metabolite 

removal. In general, synthetic polymers themselves do not generate sufficient angiogenic 

signals, and so one approach to improved vascularization is to modify the chemistry and or 

physical characteristics of the implants’ surface. The chemical composition, reactive groups, 

and leachable component, such as monomers, inhibitors and catalysts, determine whether a 

given polymer is likely to behave as a biocompatible and nontoxic implant. The surface 

polarity and hydrophobicity is another important characteristic which influences protein 

adsorption and subsequent steps involving cell interactions. It is well known that cell 

adhesion, spreading and proliferation are strongly dependent on providing a hydrophilic solid 

surface [128]. 

 

Among the many different techniques for surface modification, there are three methods to 

modify the scaffold’s surface. 1) Non-thermal plasma technology produces a high 

concentration of energetic and active species including ions and free radicals at room 

temperature which can physically ablate and chemically modify the scaffold surface, making 

it more hydrophilic or hydrophobic depending on the conditions (Fig.2.5) [129]. 2) Free 

radical graft polymerization technique is an effective way to chemically modify a scaffold’s 

surface by growing and crosslinking of polymer chains on or near the surface. Our laboratory 
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has recently demonstrated how this approach can be used to activate a synthetic PLA 

polymer surface by the formation of an interpenetrating polymer network. 3) The use of a 

living free radical graft polymerization technique, differs from the above two methods, 

because it does not break or crosslink any chain during the reaction, while minimizing 

bimolecular termination and prolonging the life of the living free radical [130, 136].  

 

Figure 2. 5. Schematic of Atmospheric Pressure Plasma Reactor [129]. 

 

As we have discussed above, collagen is the most abundant and important macromolecule in 

the ECM. As well as being biodegradable and non-immunogenic, it improves islet cell 

attachment. Various methods have been described to physically immobilize collagen to a 

scaffold’s surface, including microwave energy, UV radiation and thermal drying treatments. 

However, the degree of crosslinking is unpredictable. In response to this, chemical 

crosslinking agents have been used, such as aldehydes, polyepoxys and diols. However most 

of them are cytotoxic [131]. So to solve this problem in this study, we have used genipin, 

which is a natural crosslinking agent or spacer molecule (Fig.2.6) obtained from the fruit of 

the Genipa Americana plant [132, 133, 136].  
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Figure 2. 6. Chemical Structure of Genipin [132].  
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Chapter 3 Experimental 

 

3.1 Introduction 

Islet transplantation offers the potential to successfully treat patients with T1DM. However, 

the shortage of organ donors and the immunologic issues associated with islet transplantation 

have limited widespread application of this therapy. In addition to these two issues, the 

disruption of a critical vascular tube and its accompanying extracellular matrix have impaired 

the engraftment and function of transplanted islets during the isolation process. These 

interactions play important roles in regulating many aspects of islet cells physiology, such as 

viability, proliferation, functionality and insulin secretion. Thus, the reconstruction of an 

extracellular matrix becomes necessary following islet isolation. In this chapter, tissue-

engineering scaffolds are described as a platform for islet cells by providing a 3D matrix 

which supports islet cells attachment, proliferation and function. The materials and methods 

used throughout the experiments are described in detail in this chapter. The whole study is 

composed of three parts. To begin with in the first part, two types of porous scaffold were 

fabricated from PET yarns using a 12 gauge (12E6GBXII) and a 24 gauge (24E6GBXII) 

warp knitting machine. These two different structures were included in order to find out 

which one would be better at supporting islet cell attachment and proliferation. Then, after 

determining the preferred structure, it was necessary to modify the scaffold’s surface so as to 

improve its rate of resorption and biocompatibility. So in the second part, 2D scaffolds 
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fabricated from PLA nonwoven fabric were activated and then treated by three different 

surface modification techniques (two involving collagen and one with genipin alone), and 

evaluated to determine which technique was most appropriate for the culture of beta-cells. In 

the third and last part we extended the work of the previous two sections. Based on the 

results  from the first two parts of the study, the third part was designed to evaluate the 24 

gauge warp knitted 3D PET scaffold coated with type I collagen. Previously collagen has 

been shown to support a variety of cell types, including mouse liver and pancreatic islet cells. 

This previous series of experiments has demonstrated that collagen promotes islet cell 

viability, proliferation, cytocompatibility and a positive response to glucose stimulation. 

These studies provide some insight into how our 3D scaffolds after coating with type I 

collagen may enhance the viability and functionality of cultured islet cells in vitro and further 

their usage both as basic research tools and as therapeutic agents in the clinic.  

 

3.2 Materials and Methods 

3.2.1 Scaffold Structure Evaluation 

Poly(ethylene terephthalate) (PET), which has good mechanical stability and 

biocompatibility, is not bioresorbable. The 150 denier 48 filament textured polyester (PET) 

yarn was obtained from Unifi Inc. Yadkinville, NC, USA, and was used to fabricate warp 

knitted 3D spacer fabric samples for this study. The structural and mechanical properties of 

the PET yarn as provided by the manufacture are listed in Table 3.1. 
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Table 3. 1 - PET Yarn Properties 

Propertie

s 

Cross-

section 

Breaking 

tenacity 

Elongatio

n 

at break 

Shrinkag

e 
Density 

Twist 

direction 

PET yarn Round 4.7 gpd 20.4% 
14.8% 

(180F) 

1.38 

(g/cm3) 
S 

 

The PET yarns were knitted at NCSU on a double needle bed narrow width (26 inches) tricot 

Karl Mayer DR 10 warp knitting machine with two interchangeable sets of needles, 12 gauge 

and 24 gauge. The two types of knitted samples were identified as 12E6GB and 24E6GB, 

according to the gauge (E), needles per inch, and the number of guide bars (GB), as shown in 

Figs. 3.1 and 3.2.  
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Figure 3. 1. Circular Specimens Cut from PET Warp Knitted Spacer Fabric Scaffold Samples 

(Diameter 10 mm). (a) Face and (b) Cross-section of 12 Gauge 6 Guide Bar sample with XII 

Spacer Yarn Structure (12E6GBXII). (c) Face and (d) Cross-section of 24 Gauge 6 Guide 

Bar Sample with XII Spacer Yarn Structure (24E6GBXII). 
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Figure 3. 2. Top Face and Cross-sectional Views of 3D PET Warp Knitted Spacer Fabric 

Scaffold Samples. (a) and (b) computer software generated images, (c) and (d) optical 

microscopic images (Magnification 50x). [137] 

The samples were thoroughly cleaned by scouring to remove dirt, oil and other impurities 

with 1% Triton TM X - 100 detergent for 10 min at 60 ° C followed by rinsing with deionized 

water three times and then drying in a vacuum oven at 50 ° C overnight. When dry the 

samples were cut into 10 mm diameter discs with a punch.  

 

After the samples were cut into 10 mm disks, the scaffold specimens were immersed in 70% 

EtOH for 15 min to remove any oil during the punching process. This was followed by 3 

washes in PBS, allowing the scaffolds to dry overnight in a vented hood and then sterilizing 

them in ethylene oxide gas overnight in a sealed container.  

 

Beta-TC-6 insulinoma cells were acquired from American Type Culture Collection (ATCC, 

VA, USA). They are an insulin-secreting cell line derived from transgenic mice expressing 

the large T-antigen of simian virus 40 (S40) in pancreatic beta-cells. They were expanded in 
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ATCC complete growth medium (15% heat-inactivated fetal bovine serum, 1% Penicillin 

and 84% Dulbecco’s Modified Eagle’s Medium) and incubated with 5% CO2 at 37 °C for up 

to 7 days in order to generate enough cells. The medium was replaced every 3 days. Before 

seeding, the culture medium was removed and discarded. The cells were briefly rinsed with 

PBS to remove all traces of serum. Then 3.0 ml trypsin solution were added to one T-75 flask 

and the flask was returned to the incubator for 3 min. After 3 min the flask was taken out and 

the cells observed under an inverted microscope until the cell layer had dispersed. Six ml 

complete growth medium were added to stop the reaction and the cells were aspirated by 

pipet. The cell suspension was centrifuged at 1100 rpm for 2 min so the cells could form a 

pellet. The supernatant was carefully removed and an appropriate amount of complete 

growth medium was added to dilute the cells to 0.5 x 106 cells/ml. The scaffolds, which had 

previously been put into a 24-well plate, were seeded by adding 1 ml cell suspension to each 

well. The scaffolds in the 24-well plate with a density of half million cells/well were cultured 

for 7 days with the medium being replaced every 2 days. At the seventh day the scaffolds 

were harvested by washing 3 times in PBS to remove any traces of serum. They were then 

fixed by immersing in 3ml of 2% gluaraldehyde in PBS (Fixatives, VT, USA) and keeping 

them at 2-8 °C for at least 24 hours. Then after drying they were mounted for viewing under 

SEM. In order to visualize the cells migrating through the thickness of the scaffolds, the 

cross-section of the scaffolds was viewed under laser scanning confocal microscopy (LSCM). 

The same cell seeding method as described above was used to culture the cells for 5 and 10 

days. The scaffolds were then fixed by immersing them in 3ml of 2% gluaraldehyde in PBS 
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(Fixatives, VT, USA) and keeping them at room temperature for 20 min before DAPI 

staining.  

 

To coat the PET spacer fabric samples directly with collagen without any activation the 

scaffolds were immersed in 0.01% Type I collagen solution and the protein was allowed to 

penetrate and bond overnight at 2-8 °C. The next day the excess fluid was removed, and the 

scaffolds were washed three times with PBS to remove any unbound protein before drying in 

a vented hood at room temperature. 

 

3.2.1.1 Scanning Electron Microscope (SEM)  

Scanning electron microscopy (SEM) was harnessed in order to see how the beta-TC-6 cells 

attached themselves to the spacer fabric scaffolds, and also to determine if there was a 

significant difference in cell attachment between the 12 gauge and 24 gauge scaffolds. 

Specimens were viewed in a JEOL JSM-5900LV scanning electron microscope (JEOL USA, 

Inc. Peabody, MA, USA) under high vacuum conditions with an accelerating voltage of 20 

kV.  

 

The cells cultured on the scaffolds were harvested after 7 days. They were fixed using a 

standard protocol. A monobasic phosphate buffer (PBS) was prepared at a pH of 7.2 – 7.4. 

The scaffolds were fixed in 3% glutaradehyde solution (Ladd research) in PBS, and then 

stored at 4 °C for at least 24 hrs before post-fixation procedures, which were carried out 
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using a standard protocol in the Department of Biology SEM laboratory within the College of 

Agriculture. The scaffold specimens were mounted on aluminum stubs using conductive 

carbon tape and sputter-coated with gold-palladium before storing in a desiccator. The JEOL 

software was used to align the specimens and capture the images taken at random on the top 

and bottom surfaces at a range of different magnifications.  

 

3.2.1.2 Laser Scanning Confocal Microscope (LSCM)  

It is important to know if the cells migrated through the thickness of the 3D spacer fabric 

scaffolds. To answer this question, laser scanning confocal microscopy (LSCM) was used to 

visualize the extent of cell migration throughout the thickness of the scaffolds. A Zeiss 

Model LSM 710 laser scanning confocal microscope (Carl Zeiss MicroImaging, NY, USA) 

was employed. This type of microscope is capable of generating a series of 2D cross-

sectional images (spatial resolution: 512 x 512 pixels) from the top surface to the bottom of 

the whole scaffold since the scan head attached to the Zeiss Axio Observe Z1 inverted 

microscope had a motorized x, y and z stage. Zen software (Carl Zeiss MicroImaging, NY, 

USA) was used to reconstruct 3D images from the series of 2D captured images and to 

perform the analysis.  

 

The cells were seeded on scaffolds and cultured for 5 and 10 days. Prior to viewing at each 

time point, the scaffolds were removed from the medium, followed by three washes in PBS 

buffer to remove any traces of cell culture medium. In order to expose the cross-section of 
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the scaffolds to LSCM imaging, each scaffold was then cut in half by a sharp surgical blade. 

Then DAPI stain was used to identify and determine the number of live cells.  

 

3.2.2 Surface Modification Evaluation 

A sample of polylactic acid (PLA) 2D nonwoven web was obtained from Ahlstrom 

Nonwovens LLC (Windsor Locks, CT). The basis weight of the web was 20 gsm, and it was 

bonded by needle punching. A mixture of D- and L- mixed isomer  resin (D < 2%) was used 

to spin the fibers, which were supplied by Nature Works LLC. This nonwoven textile 

structure was referred to as two dimensional (2D) because the web of PLA fibers was laid 

down in the x, y plane without orienting any significant numbers of fibers in the thickness 

direction (3 plane). Upon arrival in our laboratory the nonwoven sample was thoroughly 

cleaned by scouring in 1 g/L soda ash and 1 g/L nonionic surfactant (Triton x100) at 60 °C 

for 30 min, followed by three rinses with deionized water to remove any oil and other 

impurities. After scouring, the samples were dried overnight in a vacuum oven, and then 

stored in sealed paper envelopes in a desiccator.  

 

Because the PLA polymer does not have any reactive groups in its structure to graft collagen 

or other protein to its surface, it is necessary to functionalize the fiber surface. In our 

laboratory, we used maleic acid as the monomer to impart functionality to the surfaces of the 

PLA fibers. The monomer was grafted onto the surfaces by a plasma initiated polymerization 

technique. The activated PLA sample was then reacted with genipin (Wako Chemicals, 
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Fisher Scientific) by immersing the activated nonwoven samples in genipin solution for 

about 6 hour at room temperature. Genipin is a naturally occurring cross linker, which acts 

like a spacer molecular to immobilize matrix protein and improve the cytocompatibility of 

the scaffold. Type I Collagen (MP Biomaterials LLC) derived from calfskin was 

immobilized by immersing the genipin treated PLA samples in a collagen/glacial acetic acid 

solution for 24 hrs at 2 – 8 °C. Then the samples were sterilized in ethylene oxide gas 

overnight, followed by three washes in PBS so as to achieve the desired pH 7.2 – 7.4 for cell 

culturing.  

 

For the cell studies, Beta-TC-6 insulinoma cells acquired from the American Type Culture 

Collection (ATCC, VA, USA) were expanded in ATCC complete growth medium (15% 

heat-inactivated fetal bovine serum, 1% Penicillin and 84% Dulbecco’s Modified Eagle’s 

Medium), incubated with 5% CO2 at 37 °C and prepared for seeding on the scaffolds. Six 10 

mm diameter PLA scaffold specimens were prepared from each treated and untreated PLA 

sample (see Fig. 3.3) and placed in a 24-well plate.  
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Figure 3. 3. PLA 2D Nonwoven Sample as Received (diameter 10 mm). (a) Surface of the 

PLA sample (b) Cross-section of the PLA sample. 

 

Three kinds of the treated PLA samples were included in this cell study. They included:  

a) The collagen coated PLA sample without surface activation.  

b) The PLA sample which had been functionalized by maleic acid, treated by genipin and 

exposed to collagen immobilization.  

c) The PLA sample which had been grafted with maleic acid and genipin, but without any 

collagen immobilization.  

 

The expanded cells were harvested and then seeded onto the scaffolds with a seeding density 

of 7,500 cells/well and allowed to grow onto the scaffolds for 3 and 7 days in order to 

evaluate cell viability. At the same time, scaffold specimens without cells, blank wells and 

wells with cells only served as negative controls and were processed in the same manner as 
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the cell cultured specimens. At each time point, the scaffolds were analyzed by the MTT 

assay for cell viability.  

 

3.2.2.1 MTT Cell Viability Assay 

The cell viability test was performed by incubating beta-TC-6 islet cells seeded scaffolds 

with 3-(4,5-dimethylthiazol-2yl)-2,5-diphenyl tetrazolium bromide (MTT, Sigma-Aldrich Co. 

LLC, MO, USA), which is reduced to an insoluble purple formazan product by the 

mitochondria of living cells.  

 

A MTT solution was freshly prepared by dissolving the MTT powder in phosphate buffer 

solution (PBS) to achieve a concentration of 5 mg/ml solution. It was then filter sterilized 

using a 0.22 µm filter (Millipore, USA). At each time point, the scaffolds were transferred to 

a new 24-well plate, followed by three washes in PBS. One ml complete cell culturing 

medium (without phenol red) was added to each well together with 50 µL of prepared MTT 

solution prior to incubation for 4 hours at 37 °C/ 5% CO2. After 4 hrs, the supernatant was 

carefully removed without disturbing the formed formazan. One ml of dimethyl sulfoxide 

(DMSO) was then added to dissolve the formazan followed by incubation for 30 min at 37 

°C/ 5% CO2 to allow the formazan to dissolve. After 30 min, the solution in each of the 24 

wells was then transferred into four separate wells (250 µL/ well) in a new 96 well plate for 

absorbance measurements, which were read by a microplate reader (Genios, Tecan US Inc., 

Durham, NC, USA) at 540 nm.  
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3.2.3 Evaluation of Collagen Coated 3D Scaffold (24 Gauge) 

The presence of Type I collagen on PLA 2D nonwoven tissue engineering scaffolds has been 

shown to improve the viability and proliferation of beta-TC-6 islet cells in previous in vitro 

studies [54]. Also the previous results obtained from the 3D scaffold structure evaluation in 

this study showed that the 24 gauge scaffolds supported beta-TC-6 islet cell attachment better 

than the 12 gauge scaffolds, since the 24 gauge spacer fabric had a smaller average pore size. 

However, the effect on cell growth of combining a 3D scaffold structure with PLA surface 

modification is not well understood. In this section of experiments, the cell viability, 

proliferation, migration through the scaffold, and response to glucose stimuli were assessed 

directly by culturing beta-TC-6 islet cells on the 3D 24 gauge PET scaffolds coated with 

Type I collagen. Additionally, cell morphology was assessed by a scanning electron 

microscope at 3, 7 and 10 days following cell seeding on the collagen coated scaffolds.  

 

3.2.3.1 Material 

The 3D PET scaffolds used in this section of experiments were the same PET 24 gauge 

scaffolds, that had been used previously and described in Section 3.2.1 (see Figures 3.1, 3.2 

and 3.4).  
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Figure 3. 4. PET Warp Knitted Spacer Fabric Scaffold Samples with 24 Gauge, 6 Guide Bar 

and XII spacer Yarn Structure (Diameter 10 mm) with 24 gauge, 6 Guide Bars, XII Spacer 

Yarn Structure. (a) Surface appearance. (b) Cross-sectional view.  

 

3.2.3.2 Methods 

3.2.3.2.1 Time-of-Flight Secondary Ion Mass Spectrometry (TOF-SIMS) 

An experimental method for the identification and possible relative quantification of collagen 

on the PET 3D spacer fabric, face and back as well as on the cross-sectional views has been 

developed. The TOF-SIMS technique which is a highly sensitive surface analytical method 

with high spatial and mass resolution [134], has been used in this study for the acquisition of 

elemental and molecular information from the scaffolds within the top, middle and bottom 10 

to 20 Å. The principle behind this technique is to use a finely focused, pulsed primary ion 

beam to scan across the surface of the sample and the secondary ions emitted at each 

irradiated point or pixel are extracted and fed into a time of flight mass spectrometer where 
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their mass is filtered and the number of positive and negative ions for each mass number are 

counted. For example, an image with sub micrometer (< 0.3 µm) spatial resolution can be 

acquired with a full mass spectrum for each pixel. In this study, the TOF-SIMS analysis was 

done using a TOF-SIMS V (ION TOF, Inc. Chestnut Ridge, NY) instrument equipped with a 

Bin
m+ (n = 1 - 5, m = 1, 2) liquid metal ion gun. The vacuum system of this instrument was 

composed of two parts, a load lock for sample loading and an analysis chamber, which were 

separated by a gate valve. In order to avoid sample contamination, the analysis chamber 

pressure was always maintained below 5.0 x 10-9 mbar. In order to achieve high mass 

resolution with a 128 by 128 pixel spectrum of a 100 µm by 100 µm area a Bi+ primary ion 

beam was used. However for a 256 by 256 pixel image of a 200 µm by 200 µm area a Bi3
+ 

primary ion beam was used instead. To avoid charge buildup on the analyzed sample surface, 

an electron gun was used to achieve a primary ion accumulation during spectral image 

acquisition of less than 1 x 1013 ions/cm2  (within the static SIMS regime) After acquiring an 

initial signal, the secondary ions were extracted and fed into a TOF mass spectrometer with 

post acceleration in order to improve the detection sensitivity. The positive secondary ion 

mass spectra obtained were calibrated by the H+, C+, CH+, CH2
+, C2H5

+. C3H7
+ ions, and at 

the same time, the negative secondary ion mass spectra were calibrated in terms of the C-, O-, 

OH- and Cn
- ions. After calibration and signal smoothing a mass resolution of approximately 

5000m/Dm was obtained at 29AMU. 
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In this study, the distribution of collagen on the 3D PET scaffolds was obtained by 

comparing the two-dimensional mapping of the TOF-SIMS signal distribution for collagen in 

green and comparing it to that for polyester (PET) in red. The homogeneity on the treated 

scaffolds was assessed by evaluating the uniformity of the red or green color on the face and 

back surfaces of the cross-sectional views.  

3.2.3.2.2 Contact Angle 

Wettability refers to the phenomenon that describes how a liquid behaves once it is deposited 

on a solid substrate. High wettability reflects its ability to spread and interact with the 

substrate, and subsequently to support cell adhesion and proliferation, which is one of the 

more important properties of tissue engineering scaffolds. Measurement of the contact angle 

is one way to determine a textile scaffold’s surface wettability before and after surface 

modification. It is often used to provide information about the hydrophilic or hydrophobic 

character of a fabric, and it can also reflect the surface energy of a fabric. See Fig. 3.5.  

 

Figure 3. 5. Contact Angle Results of Hydrophobic and Hydrophilic Surfaces. 
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Contact angle (Θ) is the angle formed between the liquid-vapor and liquid-solid interfaces at 

the solid-liquid-vapor phase contact point. To simplify this definition, the contact angle is 

measured between the tangent of the drop and the solid interface as shown in Figure 3.6.  

 

Figure 3. 6. Measurement of Contact Angle 

The calculation of contact angle measurements relies on using Young’s equation as shown in 

Figure 3.6. The Young’s equation assumes a smooth, rigid and homogeneous surface and the 

use of an inert liquid droplet.  

 

Because textile surface have a fibrous and rough structure, the base line and construction 

points at the intersection of the 3 phases have to be estimated. This leads to inherent 

variability in the measurements. In addition, the size of the open pores in the textile surface 

will cause some variation in the case of droplet absorption into the textile. In this study, the 
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contact angle measurements were performed on an OCA 20 Model DataPhysics video based 

optical contact angle measuring system with SCA 20 software. The instrument was also 

equipped with a CCD video camera (resolution 768 x 576 pixels), an electronic dosing 

system, an electrically driven sample stage and an electronic syringe unit for delivery of the 

droplet, as shown in Figure 3.7.  

 

Figure 3. 7. Experimental Set Up for Measuring Contact Angle. 

 

The treated and untreated 3D 24 gauge knitted PET scaffold fabrics were cut into rectangular 

shaped specimens measuring 1 cm x 4 cm in size and they were taped down onto the 

specimen stage before testing. The static contact angle was measured by the sessile drop test 

of 5 μl of PBS from a 500 μl syringe dropped at 10 μl/min volume rate. Before the test the 

syringe was filled with sterile PBS and attached to the electronic dosing system. The SCA 20 

software then adjusted the stage to acquire a clear vision of the needle and the specimen. The 

PBS droplets were then dropped onto the scaffold’s surface one at a time, and images were 

taken at 0, 30s, 60s and 90s with the SCA software following the droplet’s arrival time. To 
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obtain an average contact angle, the same procedure was repeated at five different locations 

across the specimen’s surface.  

3.2.3.2.3 Cell Viability Assay (MTT) 

Cell viability was determined using the 3-(4,5-Dimethylthiazol-2-yl)-2,5-

diphenyltertrazolium bromide (MTT) test after 0, 3, 7 and 10 days of culture. The samples 

that were collagen coated and those without collagen were sterilized by ethylene oxide 

overnight and washed three times with PBS before introducing the cells and medium. At 

each time point, the scaffolds were removed and placed in a clean 24-well plate before 

addition of the MTT solution. The MTT stock solution was made by directly adding MTT 

powder to sterilized PBS at a concentration of 5 mg/mL, and then filtering it through a 0.22 

μm filter to remove any impurities. The MTT solution was added in an amount that is 15% 

of the culture volume and the cultures were incubated for 4 hours. After 4 hours, the cultures 

were carefully removed without disturbing the formed formazan crystals and 1mL DMSO 

was added to dissolve them. The 24-well plates were placed in an orbital shaker operating at 

60 cycles / min for 15 min to promote the dissolution of the formazan crystals. The 

absorbance rate was measured at a wavelength of 540 nm. A reproducible linear calibration 

curve of absorbance rate vs. cell numbers was obtained. The linear correlation was found 

experimentally to equal: y = 0.4998x - 0.4722 (R² = 0.99862).  
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3.2.3.2.4 Cell Morphology on Scaffold Surface (SEM) 

Scanning electron microscope was employed to investigate the morphology and attachment 

of cells to the scaffolds, with and without collagen coating after 3, 7 and 10 days of cell 

culture. After each time point, the specimens were first fixed in 4% glutaraldehyde and 

0.01M phosphate buffer solution (PBS) for 24 hr. They were then dehydrated gradually by 

immersing the specimens in the following series of aqueous ethanol solutions: 30%, 50%, 

70%, 90% and 3 x 100% ethanol each for 30 min. After this process, the specimens were 

exposed to liquid CO2 for 10 min at equilibrium (1350 psi, 40 ° C) using a critical point dryer 

(Tousimis Samdri-795, Rockville, MD) before mounting them on aluminum stubs using 

conductive carbon tape. The specimens were then coated with gold/palladium using a 

Hummer TM 6.2 Sputter Coating System (Anatech, CA, USA) to achieve a coating around 

100 Å thick. Images were obtained using a JEOL JSM 5900-LV scanning electron 

microscope and an accelerating voltage of 20 kV.  

 

3.2.3.2.5 Cell Migration throughout the 3D Scaffold (LSCM) 

To visualize the cell migration throughout the thickness of the scaffolds, a laser scanning 

confocal microscope (Zeiss LSCM 710, Carl Zeiss MicroImaging, NY, USA) was used with 

a 10 X 0.45 NA dry Plan Apochromat objective. Before acquiring any images, the specimens 

were fixed with 2% glutaraldehyde in PBS buffer at room temperature for 30 min, and then 

stained with propidium iodide solution (PI, Sigma, USA) for 5 min at room temperature. The 
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PI solution was prepared freshly by adding 100 µL of 2 mg/mL PI stock solution to 10 mL 

PBS buffer. The scan head was attached to a Zeiss Axio Observer Z1 inverted microscope 

with motorized x, y and z stage. Excitation was achieved with a 405 nm diode and the 

emission absorbance was in the range of 409 to 507 nm during the image capturing process. 

Sections of the confocal 2D sliced images were generated from the top through to the bottom 

in 100 µm slices for each specimen. The spatial resolution of the images was 512 x 512 

pixels. ZEN software (Carl Zeiss MicroImaging, NY, USA) was used for the 3D image 

reconstruction.  

 

3.2.3.2.6 Detection of Islet Cell Function (ELISA Immunoassay) 

Beta-TC-6 islet cells (n = 5 x 105 cells/ well) were seeded onto the scaffolds. Both specimens 

coated with and without collagen were placed in a 24-well plate prior to cell culturing for 0, 

3, 7 and 10 days for islet cell function using the ELISA assay. At each time point, the 

specimens were washed three times in PBS buffer, and then one group was stimulated in 

serum and glucose free DMEM culture solution for low glucose (0 mMg/mL), while the 

other group was stimulated by the same culture solution but with a high glucose solution 

(100 mMg/mL). Cultured cells were incubated for 30 min, 1 hr, 2 hr, and 4 hr at 37 ° C in the 

presence of 5% CO2 for detection of insulin in the culture solution. The supernatants 

collected from the specimens (Fig. 3.8) were evaluated by an insulin (mouse) ELISA 

(Enzyme-Linked ImmunoabSorbant Assay) immunoassay (ALPCO TM, NH, USA) for the 

quantitative determination of insulin in mouse serum and plasma (Fig. 3.9). The ALPCO 



 

 

54 

insulin (Mouse) ELISA is a two parts enzyme immunoassay. The mouse insulin antibodies 

were first immobilized on the 96-well micro plate as a solid phase before the test. Then the 

samples, standards, controls were added to the specific wells with the conjugate. Fig. 3.10 

shows the ELISA plate will arrangement for end color development. After incubation on a 

microplate shaker (Fisher Vortex Genie 2, PA, USA), which was operated at 700-900 rpm at 

room temperature for 2 hours, the microplate was washed 6 times with PBS buffer to remove 

unbounded conjugate. The 3,3′,5,5′-Tetramethylbenzidine (TMB) Substrate was added to 

each well, followed by another 15 min incubation on a microplate shaker at 700-900 rpm at 

room temperature. After 15 min incubation, a blue color was produced by the TMB substrate 

reacting with bound conjugate, and the stop solution was added to stop the reaction and turn 

the blue color to yellow. The optical density values were measured by a microplate reader 

(BioTech, VT, USA) at 450 nm with a reference wavelength of 620-650 nm. The amount of 

insulin in the sample was directly proportional to the optical density of the yellow color 

generated. The insulin release index was calculated as the ratio of the high glucose value 

divided by the low glucose value.  
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Figure 3. 8. Specimen Supernatant Collecting Map. (L: Low 0 mM Glucose/mL; H: High 

100 mM Glucose/mL; MO: Medium Only; CO: Cell Only; TG: Collagen Coated Scaffold 

with cells; C1: without collagen coated scaffold with cells; C2: collagen coated scaffold 

without cells; C3: without collagen coated scaffold without cells) 
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Figure 3. 9. ELISA Immunoassay Analysis Principle 
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Figure 3. 10. ELISA Analysis Plate Design with End Color Development. Arrangement of 

the samples on a 96-well plate 01–88: samples (sample dilution L: 1:10; H: 1:20); BL, L1–

L5: standards, QC1 and QC2 quality controls). 

 

3.3 Statistics 

The cell viability assay (MTT) experiments were performed two times with a sample size of 

n = 4 per replicate. The SEM, LSCM experiments were performed two times with a sample 

size of n= 2 per replicate, while the ELISA analysis was performed only once with a sample 

size of n = 2. All values were reported in terms of the mean ±	 standard deviation. A 

comparison between the test group and the controls was performed by an ANOVA test. A p-

value of ≤	 0.05 was considered statistically significant. 
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Chapter 4 Results and Discussion 

 

4.1 Scaffold Structure Evaluation 

The first part of the study was to evaluate the structure of the scaffolds. We included two 

kinds of warp knitted scaffolds in our study; a 12 gauge and 24 gauge spacer fabric. The 

major difference between them was the average pore size and total porosity of the structures, 

which resulted in quite different biological performances for the specific cell line of islet 

cells. The objective of this experiment was to find the preferred structure that would support 

Beta-TC-6 islet cells viability and proliferation.  

 

4.1.1 Scanning Electron Microscope (SEM) 

A scanning electron microscope was utilized to visualize and confirm the level of cell 

attachment on the surface of the scaffolds after 7 days of culture. As shown in Figures 4.1 

and 4.2, it was clear that the cells had attached and were proliferating on both the 12 gauge 

and 24 gauge scaffold surfaces. However, by Day 7 there appeared to be more cells and 

larger clusters of cells on the 24 gauge scaffold than 12 gauge sample.  
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Figure 4. 1. SEM Images of 12 Gauge Polyester 3D Scaffold after 7 Days of Culture. 
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Figure 4. 2. SEM Images of 24 Gauge Polyester 3D Scaffold after 7 Days of Culture. 
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4.1.2 Laser Scanning Confocal Microscope (LSCM) 

Since SEM was limited to only viewing the surface of the scaffolds, laser scanning confocal 

microscopy (LSCM) with DAPI staining of the nuclei (shown in green in the LSCM images) 

was used to observe the amount of cell attachment and migration through the thickness of the 

scaffolds (Figures 4.3 and 4.4). It was evident that the islet cells had migrated through the 

thickness of scaffolds in 5 days of culture, and were continuing their migration on both the 

12 gauge and 24 gauge fiber scaffolds during the 10-day culture period. However, it was 

difficult to quantify the total cell number on the two types of scaffolds and determine 

whether there were differences.  

 

Figure 4. 3. LSCM Images of Polyester 3D Scaffold after 5 Days of Culture. (a) 12 Gauge 

Scaffold; (b) 24 Gauge Scaffold.  
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Figure 4. 4. LSCM Images of Polyester 3D Scaffold after 10 Days of Culture. (a) 12 Gauge 

Scaffold; (b) 24 Gauge Scaffold. 

 

4.2 Surface Modification Evaluation 

The MTT cell viability assay was used to evaluate the effect of surface modification on cell 

growth. The PLA nonwoven 2 dimensional (2D) scaffold without coating (S1) was compared 

with three different surfaces: collagen coated without activation (S2); maleic acid activated, 

genipin treated and immobilized collagen (S3) and maleic acid activated and genipin treated, 

but without immobilized collagen (S4) (See Table 4.1). A 3 day and 7 day static cell culture 

experiment was performed with beta-TC-6 islet cells. Cells were seeded in duplicate onto the 

four different kinds of treated and untreated PLA scaffolds as described above with a seeding 
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density of 7,500 cells/well using 24-well plates. At each time point, the scaffolds were 

transferred to new plates for the MTT assay.  

 

Table 4. 1. Description of Four Samples of PLA Nonwoven Scaffolds. 

Sample ID Sample Description 

S1 (PLA control) PLA untreated 

S2 (collagen) PLA without surface activation, coated with 

collagen 

S3 (maleic acid + genipin + 

collagen) 

PLA grafted with maleic acid, and genipin and 

then immobilized with collagen 

S4 (maleic acid + genipin) PLA grafted with maleic acid and genipin only 

 

4.2.1 MTT Cell Viability Assay 

The MTT viability assay was performed in order to obtain a direct count of viable beta-TC-6 

islet cells. Regression analysis of the results indicates that there was a direct and positive 

correlation between the number of cells counted and the MTT absorbency reading at 540 nm. 

The linear relationship between the cell number and the optical density (OD) values can be 

expressed by the formula: y = 0.4998x - 0.4722 (R² = 0.99862) as shown in Figure 4.5. The 

viable cell numbers attached to the 3D PET 24 gauge scaffolds at different time points was 

determined from this calibration curve.  
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Figure 4. 5. Cell Number Calibration Curve for MTT Assay. 

 

For the purpose of evaluating cell attachment and proliferation, another MTT assay using 

static culture conditions was conducted at 3 and 7 days as shown in Figure 4.6. The MTT 

results were acquired as optical density values in the form of absorbance readings at 540 nm. 

A higher absorbance value indicates higher amount of cell viability. For each well after the 

reaction, the supernatant was carefully transferred (100 μ-L/ time) to 3 new 96-well plates 

for spectrophotometric analysis. The MTT assay results are reported as relative absorbance 

as shown in Table 4.2 and Figure 4.6 with the mean value and the standard deviation of the 

mean represented by an error bar (sample size = 4).  The relative values were obtained by 

subtracting the mean absorbance of the blank wells, which was 0.025 with a standard 

deviation of 0.001.  
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Figure 4. 6. MTT Assay of PLA Nonwoven Scaffolds Seeded with Beta-TC6  Murine 

Pancreatic Cells.   Error bars = standard deviation.  WC = well control. 

 

Table 4. 2. Optical Density (OD) Values for Each Sample. (mean ± standard deviation) 

  3 Days 7 Days 

S1 0.208±0.012 0.206 ± 0.033 

S2 0.214 ±0.023 0.283 ± 0.050 

S3 0.233±0.020 0.347 ± 0.023 

S4 0.219±0.013 0.198 ± 0.045 

WC 0.257±0.020 0.193 ± 0.031 

 

The above results indicate that S3, the sample with collagen immobilized on a maleic acid 

activated and genipin treated surface had the highest average OD values. This means that it 

had the largest number of viable cells after both 3 days and 7 days in culture. Sample S1, the 
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untreated sample, the sample without collagen S4 and the well controls (WC) showed similar 

behavior. Among them the well controls showed the least cell viability among all the samples. 

Sample S2, the collagen coated scaffold, but without any surface activation to immobilize the 

collagen onto the scaffold, showed some cell proliferation, but less than Sample S3, which 

had collagen immobilized on the activated and genipin treated surface.  

 

4.3 Evaluation of Collagen Coated 3D Scaffold (24 Gauge) 

In this section of the study, we extended the work described in the previous two sections by 

examining the performance of one particular scaffold structure with the objective of 

determining which surface modification method would best support beta-TC-6 cells viability 

and proliferation. Consequently we evaluated the ability of the 24 gauge 3D PET scaffold 

coated with Type I collagen to promote beta-TC-6 cell viability, proliferation and insulin 

secretion at 0, 3, 7 and 10 day time points. This experiment would provide insight into how 

the scaffold coated with ECM protein might enhance both the survival and function of beta-

TC-6 cells. 

 

4.3.1 Time-of-Flight Secondary Ion Mass Spectrometry (TOF-SIMS) 

The TOF-SIMS technique is a surface sensitive approach to providing semi-quantitative data 

about surface chemistry. It was used to monitor the presence and uniformity of the collagen 

coating on the 3D PET 24 gauge scaffold top (face) surface and cross-sectional surface after 
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collagen coating. The collagen coated scaffold samples were compared with untreated 

scaffold samples. The results of chemical mapping conducted using the TOF-SIMS signals 

are shown in Figures 4.7 and 4.8. 

 

Figure 4. 7. Positive Ion Images of Coated Surface (200 um X 200 um) 

 

Figure 4. 8. Positive Ion Images of Cross Section (500 um X 500 um) 

 
Figure 4.7 shows the images obtained from the top (face) surface of the scaffolds. It can be 

seen that the collagen was coated and distributed uniformly on the face of the scaffold. 
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Figure 4.8 shows the images obtained from the cross-sectional views of the 3D scaffold. 

They confirm that the collagen was able to penetrate through the thickness of the scaffold. 

Both Figures 4.7 and 4.8 show good continuous collagen coverage with only a few red spots, 

which identify exposed PET substrate. This suggests that the 3D scaffolds were successfully 

coated with Type I collagen and achieved a satisfactory uniform collagen distribution.  

 

4.3.2 Contact Angle 

The contact angle images were obtained using an OCA 20 Model DataPhysics video-based 

optical contact angle system with SCA 20 software. The treated and untreated scaffolds were 

compared under the same test conditions as shown in Figures 4.9, 4.10 and 4.11. This was 

repeated at five different locations across each sample so as to obtain representative data 

from the whole sample.  
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Figure 4. 9. Contact Angle Results of Collagen Coated 24 gauge PET Scaffold v.s. Without 

Collagen Coated 24 gauge PET Scaffold. 

 

 

Figure 4. 10. Contact Angle Results for Collagen Coated PET Scaffold. 

. 

 

Figure 4. 11. Contact Angle Results for PET Scaffold Without Collagen Coating. 
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Figure 4.10 shows that after Type I collagen coating, the droplet instantly disappeared within 

the first second compared to the PET scaffold without collagen coating. In this case, the 

droplet disappeared after at least 60 s due to the lower hydrophilicity and the slower moisture 

transport of the scaffold surface (see Figure 4.11).  

 

4.3.3 Cell Viability Assay (MTT) 

For the purpose of evaluating cell attachment and proliferation, MTT assay using static 

culture conditions was conducted at 0, 3, 7, and 10 days as shown in Figure 4.12. The 

original data set is presented in Table 4.3. In addition to the test group, beta-TC-6 cells were 

also cultured on a scaffold without collagen and without any scaffold material, which served 

as controls. Throughout the 10-day culture period, increasing numbers of cells attached and 

proliferated on the collagen-coated scaffold, showing significant differences during the 

culture period (p < 0.05).  
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Figure 4. 12. Results of MTT Assay for Cell Viability. TG: Test Group (Collagen Coated 

Scaffold)C1: Control Group Scaffold Without Collagen; CO: Cell Only. 

 

Table 4. 3. Results of MTT Assay for Cell Viability Means and Standard Deviations of 

Absorbance at O.D. = 540 nm. TG: Test Group (Collagen Coated Scaffold); C1: Control 

Group Scaffold Without Collagen; CO: Cell Only. 

 TG C1 CO 

 Mean S.D. Mean S.D. Mean S.D. 

0 Day 0.256 0.009 0.243 0.007 0.05 0.005 

3 Day 0.442 0.015 0.344 0.019 0.12 0.021 

7 Day 0.563 0.025 0.453 0.019 0.11 0.029 

10 Day 0.656 0.025 0.550 0.03 0.09 0.022 
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4.3.4 Cell Morphology on Scaffold Surface (SEM) 

The scanning electron microscope was utilized to visually confirm the level of cell adhesion 

and proliferation on the surfaces of the both collagen coated scaffolds and the scaffolds 

without collagen. Figure 4.13 shows the fibrous structure of the scaffolds before cell seeding. 

From the SEM images it is evident that the collagen coating process improved the 

smoothness of the fibers compare to the fibers without collagen. This meant that the collagen 

coating process may have created more cell adhesion points. This was confirmed by viewing 

the 3 day (Figure 4.14), 7 day (Figure 4.15) and 10 day (Figure 4.16) SEM images. These 

results are in agreement with the findings of the MTT cell proliferation assay, LSCM cell 

migration observations and insulin production analysis. These images provide two consistent 

observations. First, more cells were visualized on the collagen coated scaffold surface. 

Second, better cell adhesion and proliferation with larger aggregates of cells were observed 

on the collagen coated scaffold surface, which agrees with later MTT results.  
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Figure 4.13. 24 Gauge 3D PET Scaffolds before Cell Seeding. (a). 150x scaffold without 

collagen coating; (b) 1,000x scaffold without collagen coating; (c). 150x collagen coated 

scaffold; (d) 1,000x collagen coated scaffold. 
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Figure 4.14. Day 3 Results of 24 Gauge 3D PET Scaffold after Cell Seeding. (a). 150x 

scaffold without collagen coating; (b) 1,000x scaffold without collagen coating; (c). 150x 

collagen coated scaffold; (d) 1,000x collagen coated scaffold. 
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Figure 4.15. Day 7 Results of 24 Gauge 3D PET Scaffold after Cell Seeding. (a). 150x 

scaffold without collagen coating; (b) 1,000x scaffold without collagen coating; (c). 150x 

collagen coated scaffold; (d) 1,000x collagen coated scaffold. 
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Figure 4.16. Day 10 Results of 24 Gauge 3D PET Scaffold after Cell Seeding. (a). 150x 

scaffold without collagen coating; (b) 1,000x scaffold without collagen coating; (c). 150x 

collagen coated scaffold; (d) 1,000x collagen coated scaffold. 

 

4.3.5 Cell Migration throughout the 3D Scaffold (LSCM)  

The PI stain is capable of staining the nuclei of dead cells red under the laser scanning 

confocal microscope. LSCM is a technique that is used to observe cell migration inside the 

scaffold structure so as to provide information about cell migration and proliferation 
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throughout the thickness of the scaffold. This approach differs from SEM which is used to 

observe cell morphology and attachment on the outside of the scaffold surface. The LSCM 

images were obtained at 3, 7 and 10 days of cell culture, and are presented in Figures 4.17, 

4.18 and 4.19 respectively.  

 

Figure 4. 17. Day 3 LSCM Results. (a) Cross-section of collagen coated scaffold;  

(b) Cross-section of scaffold without collagen coating; (c) 90° view of cross-section of 

collagen coated scaffold; (d) 90° view of cross-section of scaffold without collagen coating. 

 



 

 

78 

 

Figure 4. 18. Day 7 LSCM Results. (a) Cross-section of collagen coated scaffold;  

(b) Cross-section of scaffold without collagen coating; (c) 90° view of cross-section of 

collagen coated scaffold; (d) 90° view of cross-section of scaffold without collagen coating. 
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Figure 4. 19. Day 10 LSCM Results. (a) Cross-section of collagen coated scaffold;  

(b) Cross-section of scaffold without collagen coating; (c) 90° view of cross-section of 

collagen coated scaffold; (d) 90° view of cross-section of scaffold without collagen coating. 

 

Figure 4.17 shows that by Day 3 the cells were starting to migrate along the collagen coated 

fibers of the coated scaffold, whereas the untreated scaffold appeared to have few observable 

cells. Figure 4.18 shows the LSCM images after 7 days of culture. In this figure we observe 

that the cells have migrated half-way through the thickness of the collagen coated scaffold 

whereas the cells on the untreated fibers appeared to aggregate close to the top surface of the 

scaffold. After 10 days of cell culture the LSCM images showed that the cells on the collagen 
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coated fibers had migrated throughout the thickness of the scaffold, in contrast, to the 

untreated scaffold images, which showed that the cells had migrated only about one quarter 

the depth of the whole scaffold thickness (Figure 4.19).  

 

4.3.6 Detection of Islet Cell Function (ELISA Immunoassay) 

Using an ELISA immunoassay the functionality of the beta-TC-6 islet cells was analyzed in 

terms of insulin production under high and low glucose conditions. Insulin generation was 

measured after 0, 3, 7 and 10 days of cell culture on both types of scaffolds with and without 

collagen coating. Empty wells containing no scaffold and without any scaffold material were 

also included as a control group. Figures 4.20, 4.21, 4.22 and 4.23 illustrate the original data 

that is presented in Tables 4.4, 4.5, 4.6, and 4.7 respectively. The overall trend shows that 

insulin production increased during the first hour, but then began to decrease between 2 and 4 

hours. At each time point, the beta-TC-6 islet cells cultured on 3D scaffolds indicated an 

enhanced production compared with cells cultured in the control 2D plate wells (p < 0.05). 

This was especially true for those cells cultured on collagen coated scaffolds which exhibited 

the highest insulin release index among all three groups. From this we conclude that a 3D 

scaffold, and especially a 3D scaffold with an ECM collagen protein coating, is an essential 

scaffold requirement in order to support the proliferation and functionality of beta-TC-6 islet 

cells to express insulin in vitro. 
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Figure 4. 20. Day 0 Results of Insulin Releasing Index.  

TG: Test Group (Collagen Coated Scaffold) CO: Cells Only; C1: Control Group  Scaffold 

Without Collagen. Error bar = standard deviation 
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Table 4. 4. Day 0 Results of Insulin Releasing Index. Means and Standard Deviations: TG: 

Test Group (Collagen Coated Scaffold) CO: Cells Only; C1: Control Group Scaffold Without 

Collagen 

0 Day 30 min 1 hr 2 hr 4 hr 

TG Mean 0.963 1.256 1.273 1.125 

TG S.D. 0.156 0.010 0.232 0.168 

CO Mean 1.111 1.026 0.860 0.750 

CO S.D. 0.231 0.243 0.164 0.218 

C1 Mean 0.823 1.026 1.087 1.025 

C1  S.D. 0.219 0.259 0.048 0.197 
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Figure 4. 21. Day 3 Results of Insulin Releasing Index.  

TG: Test Group (Collagen Coated Scaffold) CO: Cells Only; C1: Control Group Scaffold 

Without Collagen. Error bar = standard deviation 
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Table 4. 5. Day 3 Results of Insulin Releasing Index. Means and Standard Deviations: TG: 

Test Group (Collagen Coated Scaffold); CO: Cells Only; C1: Control Group Scaffold 

Without Collagen 

3 Day  30 min 1 hr 2 hr 4 hr 

TG Mean 1.023 1.339 1.986 1.280 

TG S.D. 0.206 0.109 0.112 0.194 

CO Mean 0.822 0.811 1.430 0.983 

CO S.D. 0.051 0.195 0.199 0.084 

C1 Mean 0.891 1.071 1.527 1.144 

C1 S.D. 0.190 0.251 0.298 0.093 

 

 

 

 



 

 

85 

 

Figure 4. 22.  Day 7 Results of Insulin Releasing Index.  

TG: Test Group (Collagen Coated Scaffold); CO: Cells Only; C1: Control Group Scaffold 

Without Collagen. Error bar = standard deviation 
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Table 4. 6. Day 7 Results of Insulin Releasing Index. Means and Standard Deviations: TG: 

Test Group (Collagen Coated Scaffold) CO: Cells Only; C1: Control Group Scaffold Without 

Collagen. 

7 Day  30 min 1 hr 2 hr 4 hr 

TG Mean 5.523 6.988 6.480 4.118 

TG S.D. 0.178 0.236 0.317 0.243 

CO Mean 4.729 3.897 2.425 2.154 

CO S.D. 0.316 0.211 0.255 0.253 

C1 Mean 5.635 5.041 5.225 3.154 

C1 S.D. 0.283 0.319 0.199 0.188 
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Figure 4. 23.  Day 10 Results of Insulin Releasing Index.  

TG: Test Group (Collagen Coated Scaffold) CO: Cells Only; C1: Control Group Scaffold 

Collagen Coated. Error bar = standard deviation 
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Table 4. 7. Day 10 Results of Insulin Releasing Index. Means and Standard Deviations: TG: 

Test Group (Collagen Coated Scaffold); CO: Cells Only; C1: Control Group Scaffold 

Without Collagen 

10 Day  30 min 1 hr 2 hr 4 hr 

TG Mean 5.585 6.402 7.752 4.227 

TG S.D. 0.248 0.345 0.203 0.498 

CO Mean 0.534 1.800 2.838 0.641 

CO S.D. 0.350 0.242 0.371 0.306 

C1 Mean 2.606 3.836 4.661 1.601 

C1 S.D. 0.204 0.327 0.357 0.278 
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Chapter	  5	  Conclusions	  and	  Recommendations	  

 

5.1 Conclusions 

In Chapter 1 the goals and three specific objectives of this study are described. Here in the 

conclusion section, we return to those objectives and comment on whether each one was 

achieved, and if so what were the specific findings for each conclusion.  

1) The 24 gauge 3D PET warp knitted spacer fabric scaffold with the smaller pore size 

was more effective in supporting beta-TC-6 islet cell proliferation and migration 

through the thickness of the 3 mm thick scaffold.  

2) The 2D nonwoven PLA scaffold activated with maleic acid, treated with genipin and 

immobilized with Type I collagen offers superior beta-TC-6 islet cell viability 

according to the MTT assay.  

3) The results from the beta-TC6 islet in vitro cell culture experiment on a Type I 

collagen coated 3 mm thick 24 gauge 3D PET spacer fabric scaffold showed that the 

presence of collagen is advantageous for beta-TC-6 islet cell growth, migration, and 

functionality in terms of insulin production. In conclusion, it is believed that the 

smaller average pore size and better cell-collagen interface supports the growth, 

proliferation and function of islet-like aggregates in vitro.  
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5.2 Further Work 

In the future it is recommended that more detailed beta-TC-6 islet cell proliferation and 

function experiments be undertaken to help in gathering useful information on different types 

of scaffolds in terms of polymer type, rate of resorption, geometric structure and surface 

modification. The experiments should be performed in triplicate in order to confirm the 

results with statistical confidence.  

 

Another additional step in this research study would involve the fabrication of a surface 

modified 3D 24 gauge scaffold knitted from PLA yarns and activated with maleic acid, 

treated with genipin and immobilized with Type I collagen. This scaffold will be 

biodegradable, and the degradation time needs to be investigated to better integrate the time 

to maturity for the islet cells with the rate of resorption of the scaffold after implantation.  

 

An additional study would involve the generation of a surface modified 3D PLA scaffold 

containing a prevascularized tissue engineered network of endothelial cells before seeding 

islet cells. This prevascularized construct would likely play an essential role in islet 

transplantation, because it would provide easy access for islet seeding, promote islet viability, 

proliferation and function, and could be easily retrieved and transplanted to alternative 

anatomical sites by microvascular methods [135].  
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In addition, the use of the surface modified 3D biodegradable knitted spacer fabric scaffolds 

fabricated by our group will serve as an interesting candidate for further studies in a range of 

different tissue engineering applications including vascular, urological, orthopedic and dental 

end-uses. They could be used as basic tissue engineering research tools, and ultimately find 

applications in clinical therapy.  
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APPENDIX A 

 

ANOVA Test for MTT Assay of Collagen Coated 3D 24E6GBXII Scaffold 

 

ni = 4 
CO TG C1 

Mean Sd Mean Sd Mean Sd 

0 Day 0.050 0.005 0.260 0.009 0.240 0.007 

3 Day 0.120 0.021 0.440 0.015 0.340 0.019 

7 Day 0.110 0.029 0.560 0.025 0.450 0.019 

10 Day 0.090 0.022 0.660 0.025 0.550 0.030 

 

ni =4 SST MST SSE MSE F p-value 

0 Day 0.107 0.054 0.000 0.000 1040.000 0.000 

3 Day 0.214 0.107 0.003 0.000 313.145 0.000 

7 Day 0.440 0.220 0.005 0.001 361.467 0.000 

10 Day 0.731 0.366 0.006 0.001 546.142 0.000 
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APPENDIX B 

 

ANOVA Test for Insulin Releasing Index (0 Day) 

 

Insulin Releasing Index (0 Day) 

ni = 

2 

CO TG C1 

Mean Sd Mean Sd Mean Sd 

0.5hr 1.111 0.231 0.963 0.156 0.823 0.219 

1 hr 1.026 0.243 1.256 0.010 1.026 0.259 

2 hr 0.860 0.164 1.273 0.232 1.087 0.048 

4 hr 0.750 0.218 1.125 0.168 1.025 0.197 

 

ni = 2 SST MST SSE MSE F p-value 

0.5 hr 0.0830 0.0415 0.1257 0.0419 0.9904 0.4676 

1 hr 0.0705 0.0353 0.1262 0.0421 0.8382 0.5139 

2 hr 0.1711 0.0856 0.0830 0.0277 3.0918 0.1867 

4 hr 0.1508 0.0754 0.1146 0.0382 1.9750 0.2836 
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APPENDIX C 

 

ANOVA Test for Insulin Releasing Index (3 Day) 

 

Insulin Releasing Index (3 Day) 

ni = 2 
CO TG C1 

Mean Sd Mean Sd Mean Sd 

0.5 hr 0.822 0.051 1.023 0.206 0.891 0.190 

1 hr 0.811 0.195 1.339 0.109 1.071 0.251 

2 hr 1.430 0.199 1.986 0.112 1.527 0.298 

4 hr 0.983 0.084 1.280 0.194 1.144 0.093 

 

ni = 2 SST MST SSE MSE F p-value 

0.5 hr 0.0417 0.0209 0.0811 0.0270 0.7714 0.5368 

1 hr 0.2788 0.1394 0.1129 0.0376 3.7040 0.1548 

2 hr 0.3528 0.1764 0.1409 0.0470 3.7547 0.1525 

4 hr 0.0884 0.0442 0.0533 0.0178 2.4864 0.2309 
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APPENDIX D 

 

ANOVA Test for Insulin Releasing Index (7 Day) 

 

Insulin Releasing Index (7 Day) 

ni = 2 
CO TG C1 

Mean Sd Mean Sd Mean Sd 

0.5 hr 4.729 0.316 5.523 0.178 5.635 0.283 

1 hr 3.897 0.211 6.988 0.236 5.041 0.319 

2 hr 2.425 0.255 6.480 0.317 5.225 0.199 

4 hr 2.154 0.253 4.118 0.243 3.154 0.188 

 

ni = 2 SST MST SSE MSE F p-value 

0.5 hr 0.9759 0.4879 0.2116 0.0705 6.9169 0.0752 

1 hr 9.7692 4.8846 0.2020 0.0673 72.5516 0.0029 

2 hr 17.2387 8.6194 0.2051 0.0684 126.0661 0.0013 

4 hr 3.8577 1.9289 0.1584 0.0528 36.5311 0.0078 
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APPENDIX E 

 

ANOVA Test for Insulin Releasing Index (10 Day) 

 

Insulin Releasing Index (10 Day) 

ni = 2 
CO TG C1 

Mean Sd Mean Sd Mean Sd 

0.5 hr 0.534 0.350 5.585 0.248 2.606 0.204 

1 hr 1.800 0.242 6.402 0.345 3.836 0.327 

2 hr 2.838 0.371 7.752 0.203 4.661 0.357 

4 hr 0.641 0.306 4.227 0.498 1.601 0.278 

 

ni = 2 SST MST SSE MSE F p-value 

0.5 hr 25.7868 12.8934 0.2256 0.0752 171.4397 0.0008 

1 hr 21.2720 10.6360 0.2845 0.0948 112.1478 0.0015 

2 hr 24.6833 12.3417 0.3063 0.1021 120.8786 0.0014 

4 hr 13.7846 6.8923 0.4189 0.1396 49.3571 0.0051 

 


