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Dissertation Director: 

Ronke M. Olabisi 

 

Wound healing is a hierarchical process of intracellular and intercellular signaling. Insulin is a 

potent chemoattractant and mitogen for cells involved in wound healing. Insulin‘s potential to 

promote keratinocyte growth and stimulate collagen synthesis in fibroblasts is well described. 

However, there currently lacks an appropriate delivery mechanism capable of continuously 

supplying a wound environment with insulin; current approaches require repeated applications of 

insulin, which increase the chances of infecting the wound. In addition to insulin, exogenous 

mesenchymal stromal cell or mesenchymal stem cell (MSC) application is a promising treatment 

strategy for chronic wounds, yet MSC therapies are still far from a clinical reality. MSCs have 

been shown to improve islet viability and function, regulate inflammation and secrete pro-wound 

healing factors. MSC-assisted wound healing is elicited through distinct pathways from insulin-

assisted wound healing. In this dissertation, a potential synergistic effect of these two differing 

modes of wound healing was investigated.  

Since topical insulin creams preclude using MSCs, here insulin-producing cells (IPCs) and MSCs 

were combined in a dual-cell therapy approach for wound healing. Polyethylene glycol diacrylate 

(PEGDA) was used to encapsulate IPCs and/or MSCs and results showed that the encapsulation 

did not alter insulin or MSC secretion profiles. It was hypothesized that MSCs would improve 

IPC viability and insulin secretion and that the combination of encapsulated IPCs and MSCs 

would release factors that synergistically accelerate wound repair at greater rates than either cell 
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used alone. The resulting coencapsulated IPC-MSC hydrogel system was applied to a diabetic 

mouse model of chronic wounds and provided prolonged release of insulin and soluble MSC 

factors without the need for reapplication.  

The results showed that IPCs encapsulated within PEGDA hydrogels improved wound healing by 

1.6 times, and remarkably IPC and MSC coencapsulation further accelerated wound closure 2.5 

times faster, thus supporting the hypothesis. Results further showed increased release of insulin, 

vascular endothelial growth factor (VEGF), and transforming growth factor β1 (TGF-β1) when 

IPCs and MSCs were combined than when they were encapsulated singly. Since each of these 

factors support wound healing, it is unsurprising that wound healing proceeded faster in these 

groups. In addition, coencapsulated IPCs and MSCs stimulated Akt phosphorylation in myoblasts 

more than any other treatment group. The phosphatidylinositol 3-kinase (PI3K)-Akt pathway 

stimulates growth, proliferation, migration and secretion by keratinocytes, endothelial cells and 

fibroblasts and induces angiogenesis by promoting VEGF secretion. Thus, the PI3-AkT pathway 

was another pro-wound healing mechanism recruited by the IPC-MSC system. Wounds healed 

without intermediate scab or scar formation and histology showed mature skin features in IPC-

MSC treated wounds. The system‘s ability to accelerate healing in chronic wounds with a single 

application has broad clinical and research implications. 

 

 

 

 

 

 

 

 

 



 

iv 
 

DEDICATION 

To my loving mother and father (late) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

v 
 

ACKNOWLEDGEMENTS 

The journey towards completion of this dissertation has been a profound and memorable one 

which, could not have been possible without the many special people in my life. First and 

foremost, I am grateful to Dr. Ronke Olabisi for providing me the opportunity to pursue this work 

under her expertise. Dr. Olabisi has been a tremendous support throughout my five years at 

Rutgers University and I have benefited from her work, professional and career advice. I am 

grateful for her generous guidance, understanding and she been a source of endless motivation 

and confidence in me. Even apart from daily activities in the lab, Dr. Olabisi made sure I was 

doing well and felt at home while away from my family. All the recognitions that I have received 

for my work in these years would not have been possible without her support. She is the best 

supervisor anyone can ever ask for! I would like to thank Dr. Francois Berthiaume without whom 

the initial animal studies would not have been possible. His generous advice has been 

instrumental in guiding me through this dissertation and has been available whenever I needed 

quick answers. I also have to thank Dr. Joseph Freeman and Dr. Debabrata Banerjee for their 

encouragement and for taking out the time to mentor and advise me on this dissertation. No thesis 

is complete without the support of the academic department; I would like to thank Dr. David 

Shreiber, Dr. Noshir Langrana, Ms. Robin Yarborough and Mr. Lawrence Stromberg (Larry) for 

helping me successfully navigate through fellowships and administrative requirements. Tied to 

this, I am grateful to the Department of Biomedical Engineering for their funding support. 

This is an excellent opportunity for me to acknowledge my sources of funding during these five 

years; United States Education Foundation in Pakistan (USEFP) and Institute of International 

Education (IIE) for giving me the initial thrust to pursue this graduate research and later 

Schlumberger Foundation for their generosity. 

I have had an unparalleled experience at the Olabisi lab and I would like to thank all past and 

present members, especially Corina White and Kristopher White for timely processing of supply 

orders for me. Thank you to Matthew Teryek for providing me a very responsible and effective 



 

vi 
 

helping hand in the experiments, Luke Fritzky at the Digital Imaging and Histology Core at 

Rutgers-NJMS Cancer Center for his expertise in histological sectioning and staining, and the 

Lab Animal Services at Rutgers University for their help during animal studies. 

Last but my most dependable, unconditional and amazing support system; my fiancé, my mother 

and my brother for always being there for me regardless of the time of the day and for your 

endless motivation, understanding and confidence in me. Because of you I have been able to live 

my passion and dream. This dissertation would have very unlikely reached completion without 

them. Thanks for making me your priority.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

vii 
 

TABLE OF CONTENTS 

 

 

Abstract of The Dissertation ……………………………………….................. ii 

Dedication ………………………………………………………........................ iv 

Acknowledgements.............................................................................................. v 

List of Illustrations.............................................................................................. x 

Abbreviations....................................................................................................... xi 

Chapter 1: Introduction...................................................................................... 

References............................................................................................................. 

 

1 

4 

Chapter 2: Literature Review............................................................................. 

2.1 Skin Histology................................................................................................ 

2.2 Dermal Wounds............................................................................................. 

2.2.1 Phases Of Wound Healing............................................................... 

2.2.2 Cytokines And Growth Factors In Wound Healing........................ 

2.2.3 Chronic Wounds.............................................................................. 

2.3 Wound Healing Therapies............................................................................ 

2.3.1 Growth Factor Therapies................................................................. 

2.3.2 Insulin Therapies............................................................................. 

2.3.3 Cell Therapies................................................................................. 

2.3.3.1 Encapsulated Cell Therapies........................................................ 

2.3.3.2 Stem Cell Therapies..................................................................... 

2.3.3.3 Insulin Producing Cell (IPC) Therapies....................................... 

2.3.3.3.1 Acellular Strategies To Improve Islet Survival And 

Function 

2.3.3.3.2 MSC Co-culture Strategies To Improve Islet Survival 

And Function 

2.3.3.3.3 Role Of TGF-β In Islet Survival................................... 

2.4 Summary......................................................................................................... 

2.5 References......................................................................................................  

 

6 

6 

9 

9 

13 

14 

15 

15 

19 

22 

24 

27 

28 

29 

 

30 

 

33 

33 

35 

Chapter 3: Encapsulation of Insulin-Producing Cells in PEGDA 

Microspheres 

3.1 Introduction.................................................................................................... 

3.2 Materials and Methods.................................................................................. 

3.2.1 Cell Culture..................................................................................... 

3.2.2 Microencapsulation......................................................................... 

3.2.3 Cell viability..................................................................................... 

3.2.4 Static glucose stimulation................................................................. 

3.2.5 Keratinocyte Scratch Assay............................................................. 

3.2.6 Statistical Analysis........................................................................... 

3.3 Results 

3.3.1 Effect of microencapsulation on cell viability................................. 

3.3.2 Insulin release kinetics ……………................................................ 

3.3.3 Insulin stimulated cell migration …………………………………. 

3.4 Discussion …………………………………………………....................…... 

3.5 Conclusion ………………………………………………………………….. 

3.6 References ………………………………………....................................….. 

 

47 

 

47 

48 

48 

48 

50 

50 

50 

51 

51 

51 

53 

54 

57 

59 

59 

Chapter 4: Hydrogel Microencapsulated Insulin-Producing Cells Increase 61 



 

viii 
 

Epidermal Thickness, Collagen Fiber Density, and Wound Closure in a 

Diabetic Mouse Model of Wound Healing. 

4.1 Introduction.................................................................................................... 

4.2 Materials and Methods.................................................................................. 

4.2.1 Cell Culture...................................................................................... 

4.2.2 Microencapsulation.......................................................................... 

4.2.3 Animal Studies................................................................................. 

4.2.4 Histological Analysis....................................................................... 

4.2.5 Statistical Analysis.......................................................................... 

4.3 Results............................................................................................................. 

4.3.1 In vivo assessment of wound closure in diabetic mice.................... 

4.3.2 Histological analysis........................................................................ 

4.4 Discussion....................................................................................................... 

4.5 Conclusions..................................................................................................... 

4.6 References....................................................................................................... 

 

 

61 

62 

62 

63 

63 

64 

64 

65 

65 

66 

68 

69 

70 

 

Chapter 5:Encapsulation of Insulin-Producing Cells in PEGDA Hydrogel 

Sheets 

 5.1 Introduction................................................................................................... 

5.2 Materials and Methods.................................................................................. 

5.2.1 Cell Culture ……………………………………………………..... 

5.2.2 Cell Encapsulation........................................................................... 

5.2.3 Cell viability..................................................................................... 

5.2.4 Insulin Secretion profile………………………………………....... 

5.3 Results ……………………………………………………………….....…… 

5.3.1 Assessment of encapsulated cell viability ……………………....... 

 5.3.2 Glucose Stimulated Insulin Release ………………………....…... 

5.3.3 Insulin Secretion is dependent on cell encapsulation density.......... 

5.4 Discussion........................................................................................................ 

5.5 Conclusion....................................................................................................... 

5.6 References....................................................................................................... 

 

 

72 

 

72 

73 

73 

73 

73 

74 

74 

74 

76 

77 

78 

79 

79 

Chapter 6: Coencapsulation of Insulin-Producing Cells and Mesenchymal 

Stem Cells an PEGDA Hydrogels  

6.1 Introduction.................................................................................................... 

6.2 Materials and Methods.................................................................................. 

6.2.1 Cell Culture...................................................................................... 

6.2.2 Cell Encapsulation …………………………….....……………….. 

6.2.3 Concentration of insulin and released MSC factor.......................... 

6.2.4 Keratinocyte Scratch Assay ……………………………………… 

6.2.5 Akt phosphorylation......................................................................... 

6.3 Results............................................................................................................. 

6.3.1 MSCs Improve Insulin Secretion..................................................... 

6.3.2 MSC Factor Release......................................................................... 

6.3.3 Presence of insulin and MSC factors promote in vitro keratinocyte 

migration 

6.3.4 Akt Phosphorylation is stimulated by both insulin and MSC 

factors 

6.4 Discussion........................................................................................................ 

6.5 Conclusion....................................................................................................... 

6.6 References....................................................................................................... 

80 

 

80 

81 

81 

82 

82 

83 

83 

83 

83 

84 

86 

 

88 

 

90 

91 

92 



 

ix 
 

 

Chapter 7: Insulin-Producing Cells and Mesenchymal Stem Cells Dual-

Cell PEGDA Hydrogels Accelerates Wound Closure and Reduces Scar and 

Scab Formation in a Diabetic Mouse Model of Wound Healing 

 

7.1 Introduction ………………………………………………………………... 

7.2 Materials and Methods.................................................................................. 

7.2.1 Cell Culture......................................................................................  

7.2.2 Cell Encapsulation...........................................................................  

7.2.3 Animal Studies................................................................................. 

7.2.4 Histological Analysis....................................................................... 

7.2.5 Statistical Analysis ……………………………………………….. 

7.3 Results............................................................................................................. 

7.3.1 In vivo Wound Healing Response................................................... 

7.3.2 Histological Analysis …………………………………………….. 

7.4 Discussion....................................................................................................... 

7.5 Conclusion..................................................................................................... 

7.6 References………………………………………………………………....... 

 

 

94 

 

 

 

94 

95 

95 

95 

96 

96 

97 

97 

97 

99 

106 

108 

109 

Chapter 8: Conclusions........................................................................................ 

8.1 Key Findings................................................................................................... 

8.1.1 Microencapsulation of IPCs in PEGDA hydrogel microspheres 

maintains cell viability and insulin secretion. 

8.1.2 RIN-m IPCs demonstrate superior in vitro keratinocyte migration 

and in vivo wound closure. 

8.1.3 Coencapsulation has a cooperative effect on IPCs and MSCs......... 

8.1.4 IPC and MSC combination improves wound healing in diabetic 

mice by promoting accelerated transition through the wound healing 

phases. 

8.2 Possible Mechanism....................................................................................... 

8.3 Limitations...................................................................................................... 

8.4 Future Directions........................................................................................... 

8.5 References...................................................................................................... 

111 

111 

111 

 

112 

 

112 

112 

 

 

113 

115 

117 

119 

 

 

 

 

 

 

 

 

 



 

x 
 

LIST OF ILLUSTRATIONS 

Fig. 2.1: Structure of the epidermal layer................................................... 

Fig. 2.2: Dermis and skin appendages........................................................ 

Fig. 2.3: Phases of wound healing.............................................................. 

Fig. 2.4: Comparison of healthy and chronic wound.................................. 

Fig. 2.5: Insulin regulated ERK1/2 and Akt signaling................................ 

Fig. 2.6: MSC factors and their role in wound healing............................... 

 

Fig. 3.1: Representative images of viability stains of microencapsulated IPCs. 

Fig. 3.2: Percentage viability curve of microencapsulated cells over time. 

Fig. 3.3: Static glucose stimulation of microencapsulated IPCs. 

Fig. 3.4: Representative bright-field images of scratches in monolayer 

keratinocytes. 

Fig. 3.5: Quantification of keratinocyte scratch assays of cell migration and 

insulin bioactivity. 

Fig. 3.6: Concentration of insulin in insulin-conditioned media................ 

 

Fig. 4.1: Representative images and quantification of wound closure over time.  

Fig. 4.2:  Histological analysis of harvested wounds.................................. 

 

Fig. 5.1: Representative maximum intensity projection images of viability 

stains of encapsulated IPCs at low (LCD), intermediate (ICD) and high (HCD) 

cell densities. 

Fig. 5.2: Percentage viability curve of encapsulated IPCs at low (LCD), 

intermediate (ICD) and high (HCD) cell densities over time. 

Fig. 5.3: Static glucose stimulation of monolayer and encapsulated ISCs at low 

(LCD), intermediate (ICD) and high (HCD) cell densities.  

Fig. 5.4: Concentration of insulin in insulin-conditioned media sampled from 

encapsulated IPCs at low (LCD), intermediate (ICD) and high (HCD) cell 

densities. 

 

Fig. 6.1: Concentration of insulin in insulin-conditioned media sampled from 

cell laden hydrogel sheets. 

Fig. 6.2: Concentration of TGF-β1 in conditioned-media.......................... 

Fig. 6.3: Concentration of VEGF in conditioned-media............................ 

Fig. 6.4: Quantification of keratinocyte scratch assays of cell migration and 

insulin/MSC bioactivity.  

Fig. 6.5: Quantification of Akt phosphorylation and insulin/MSC bioactivity. 

 

Fig. 7.1: Representative images and quantification of wound closure over time.  

Fig. 7.2: Images of H & E stained histological sections of wounds........... 

Fig. 7.3: The PASR-stained histological sections imaged under bright field. 

Fig. 7.4: Images of picric acid sirius red stain histological sections........... 

Fig. 7.5: (A) Quanitfication of relative content of collagen type I and III in 

PASR-stained histological sections of wound tissue. 

Fig. 7.6: Images and quantification of Ki67 immunohistochemical staining of 

wounds. 

Fig 7.7: Images of α-SMA immunohistochemical staining of wounds...... 

Fig. 7.8: Images of CD31 immunohistochemical staining of wound......... 

7 

8 

10 

15 

20 

28 

 

52 

53 

54 

56 

 

56 

 

57 

 

65 

67 

 

75 

 

 

76 

 

77 

 

78 

 

 

 

84 

 

85 

86 

87 

 

89 

 

98 

100 

101 

102 

103 

 

104 

 

105 

106 

 



 

xi 
 

LIST OF ABBREVIATIONS 

α-SMA   alpha-Smooth Muscle Actin  

µs AtT-20ins  Microencapsulated AtT-20ins  

µs RIN-m  Microencapsulated RIN-M  

BM   Bone Marrow 

CM   Conditioned media 

DPBS   Dulbecco‘s Phosphate Buffered Saline 

DFU   Diabetic Foot Ulcer 

EGF   Epidermal Growth Factor 

EGFR   Epidermal Growth Factor Receptor  

EPO   Erythropoietin 

ECM   Extracellular Matrix  

ERK   Extracellular Signal Regulated Kinases 

FDA   Food and Drug Administration 

FGF   Fibroblast Growth Factor  

GSK   Glycogen Synthase Kinase 3 

G-CSF   Granulocyte-Colony Stimulating Factor  

GM-CSF  Granulocyte-Macrophage Colony Stimulating Factor  

Grb2   Growth Factor Receptor-Bound Protein 2 

H & E   Hematoxylin and Eosin  

HCD   High Cell Density 

HGF   Hepatocyte Growth Factor  

HUVEC  Human Umbilical Vein Endothelial Cells  

IR   Insulin Receptor 

IRS   Insulin Receptor Substrate  

IGF-1   Insulin-like Growth Factor-1  

IPC   Insulin-Producing Cell 

IFN   Interferon  

IL   Interleukin  

IL-1RA   Interleukin-1 Receptor Antagonist  

ICD   Intermediate Cell Density 

KGF   Keratinocyte Growth Factor  

KHB   Krebs Henseleit Buffer 

LPS   Lipopolysaccharides  

LCD   Low Cell Density 

MCP   Macrophage Chemoattractant Protein 

MIP   Macrophage Inflammatory Protein  

MMP   Matrixmetalloproteinases 

MSC   Mesenchymal Stem Cell 

MAPK   Mitogen-Activated Protein Kinases 

NOS   Nitric Oxide Synthase  

NOD   Non-Obese Diabetic 

PI3K   Phosphatidylinositol 3-Kinase  

PASR   Picric Acid Sirius Red  

PBS   Phosphate Buffered Saline 

PDGF   Platelet-Derived Growth Factor  

PLGA   Poly(Lactic-Co-Glycolic Acid)  

PEG   Polyethylene Glycol  

PEGDA  Polyethylene Glycol Diacrylate  

POD   Postoperative Days  



 

xii 
 

RGD   Arginine Glycine Aspartic Acid  

s-TNF-R1  Soluble Tumor Necrosis Factor Receptor-1  

SOS   Son-of-Sevenless  

SH2   Src Homology-2  

SDF-1   Stromal Cell-Derived Factor-1  

TGF-α   Transforming Growth Factor-α 

TGF-β   Transforming Growth Factor-β 

TIMP-1   Tissue Inhibitor of Metalloproteinases-1  

TNF   Tumor Necrosis Factor  

VEGF   Vascular Endothelial Growth Factor  

  



1 
 

 

CHAPTER 1: INTRODUCTION 

Note: Portions of this chapter have been published in: ‗A. Aijaz et al., Hydrogel 

microencapsulated insulin-secreting cells increase keratinocyte migration, epidermal 

thickness, collagen fiber density, and wound closure in a diabetic mouse model of wound 

healing. Tissue Eng Part A. 2015 Nov;21(21-22):2723-32. doi: 10.1089/ten.TEA.2015.0069‘, 

and represent the original work of the candidate. 

 

Chronic or non-healing wounds suffer from chronic wound inflammation, abundant neutrophil 

and macrophage infiltration, delayed cell proliferation, reduced collagen synthesis and decreased 

angiogenesis [1]. Chronic wounds are both biologically and biochemically complex, 

characterized by altered growth factor and cytokine expression [2] and presence of proteases and 

reactive oxygen species in the wound, thus requiring concerted therapeutic strategies. According 

to the American Diabetes Association, chronic wounds affect more than 6.5 million people in the 

United States, resulting in an annual toll of $25 billion on the health care system [5]. Diabetic 

foot ulcers are a devastating subset of chronic wounds that affect the diabetic population, with 

estimates as high as 25 % of all diabetics developing a foot ulcer in their lifetimes [3, 4]. 

According to the Center for Disease Control Diabetes fact sheet, approximately 71,000 patients 

with diabetic foot ulcers (DFUs) undergo lower limb or digit amputation every year [13]. This 

number continues to grow due to an aging population and a sharp rise in diabetes and obesity [7]. 

Additionally, with an aging population the risk of developing a pressure ulcer due to immobility 

is increasing; annually 2.5 million pressure ulcers are treated in the US with yearly expenditures 

of $11 billion [7]. These chronic ulcers have a propensity to infection and are associated with 

prolonged hospital stays, immobility and a diminished quality of life [8, 9]. Therapeutic 

approaches such as local debridement, skin grafts, dermal scaffolds and growth factor treatments 

often yield less than satisfactory results due to the pro-inflammatory state of the wound [10]. This 

is described by a hostile extracellular microenvironment in which high levels of pro-inflammatory 
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cytokines and proteases are secreted by immune cells [14]. The presence of these proteolytic 

enzymes and an imbalance of their inhibitors leads to abnormal fragmentation of extracellular 

matrix (ECM) molecules in dermal scaffolds and skin grafts, cell senescence and apoptosis in 

skin grafts, and degradation of applied growth factors [14]. Thus, there is a pressing need to 

develop therapies that can regulate the pro-inflammatory wound environment. Insulin regulates 

the inflammatory state by regulating the hyperglycemic wound environment [11].
 

Current treatment approaches using topical insulin require repeated applications, increasing the 

chances of wound infection [12]. Mesenchymal stem cells (MSCs) secrete wound healing factors 

and have shown accelerated healing when applied to wounds [15-19]; however, MSCs migrate 

from target wounds [20, 21]. These challenges with using insulin and/or MSCs for wound healing 

have limited their widespread use. The work described in this dissertation overcomes these 

challenges by providing a bio-inert hydrogel barrier that prevents MSC migration and uses cells 

to deliver continuous insulin, thereby supplying a sustained dose of biological factors capable of 

promoting wound healing.  

In chapter 2, a literature search is presented and relevant findings from previous studies are 

elucidated. 

In chapter 3, a sustained-release insulin delivery system was developed in which insulin-

producing cells (IPCs) were encapsulated in synthetic non-immunogenic and non-degradable 

polyethylene glycol diacrylate (PEGDA) hydrogel microspheres. Two IPC cell lines were 

employed, which differ in their response to glucose, for insulin release: RIN-m, which is a 

constant insulin producing β-cell line derived from a rat insulinoma and AtT-20ins, which is a 

cell line derived from a mouse sarcoma modified to express insulin cDNA such that the cell line 

increases insulin release in response to increasing glucose concentration in the microenvironment. 

In this chapter, the encapsulated cell viability and insulin secretion profiles were characterized, 

and compared to monolayer IPC controls to confirm that the microencapsulation procedure was 
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not detrimental to cell viability or insulin release. Bioactivity of the released insulin was 

confirmed by performing a scratch assay of keratinocyte migration in vitro. 

In chapter 4, the performance of PEGDA-encapsulated RIN-m and AtT-20ins cells was 

investigated in vivo and compared to empty microsphere controls. The study was conducted in 

mice that are homozygous for diabetes spontaneous mutation in the leptin receptor. These mice 

become obese at 3-4 weeks of age and show elevations in blood sugar at 4-8 weeks. In this study 

10-week old mice were used, which is an accepted diabetic mouse model for chronic wounds [22-

24]. Cell-laden or empty hydrogel microspheres were applied to full-thickness excisional wounds 

created on the dorsa of diabetic mice and wound closure was followed for 35 days, after which 

mice were sacrificed and explants were processed for histology. The histological outcome was 

evaluated at the end point of the study and compared against controls. 

In chapter 5, the limitations of the study described in chapter 3 and 4 were addressed. The 

hydrogel geometry was optimized, moving from hydrogel microspheres to hydrogels sheets for 

cell encapsulation. Cell viability and glucose-stimulated insulin release were re-validated for the 

new hydrogel geometry. At the end of this study, hydrogel sheet thickness was selected by 

assessing cell viability at multiple sheet thicknesses and multiple cell encapsulation densities. The 

sheet thickness selected here was used for subsequent studies in the following chapters. 

In chapter 6, IPCs and MSCs were coencapsulated in hydrogel sheets. Employing MSCs served a 

dual purpose; (1) MSCs preserve IPC survival and improve their insulin secretory function, (2) 

MSCs themselves release soluble paracrine factors that accelerate wound healing. The goal of this 

chapter was to encapsulate IPCs and MSCs at multiple coencapsulation ratios and then to select 

the best ratio(s) that maximized insulin and MSC factor release. In this chapter, bioactivity of the 

secreted factors was also assessed by conducting the scratch assay for cell migration and Akt 

phosphorylation assay. The Akt phosphorylation assay served dual purposes; it tested a potential 

mechanism of the wound healing responses to the combined insulin and MSC factors stimulated 

and confirmed factor bioactivity. The studies conducted in this chapter also highlighted the 
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synergistic effect of insulin and MSC factors released from coencapsulation constructs by 

comparing them to single-cell encapsulation constructs. At the end of this chapter, the constructs 

that maximized insulin and/or MSC factor release and bioactivity were selected for in vivo studies 

in chapter 7. 

In chapter 7, the wound healing responses of the chosen hydrogel constructs were evaluated in 

vivo by applying cell-hydrogel constructs to wounds on the dorsa of genetically diabetic mice. An 

animal study with two sacrificial time points (day 14 and day 28) is reported in this chapter. Mice 

(N=24 total; n=6/experimental group) were sacrificed on day 14 and wound tissue was collected 

to investigate the potential mechanism of accelerated wound healing during a time point when 

signaling pathways relevant to inflammation, proliferation, migration and angiogenesis are still 

active. Signaling molecules were elucidated by western blot and immunohistochemical analysis. 

To assess end-point histological outcomes, mice (N=12 total; n=3/experimental group) were 

sacrificed on day 28.  

In chapter 8 of this dissertation, key findings are summarized, limitations in the study are 

acknowledged and future directions are mentioned. 
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CHAPTER 2: LITERATURE REVIEW 

2.1 SKIN HISTOLOGY 

The skin is divided into three layers; epidermis, dermis and hypodermis, each composed of 

particular cell and tissue structures for functional specialization [1]. The epidermis is the 

outermost layer of skin and is the keratinized squamous epithelium. Epidermis predominantly 

contains keratinocytes along with a smaller proportion of melanocytes, Langerhans cells, Merkel 

cells and fibroblasts. Keratinocytes, the principal cell type of this layer, is responsible for distinct 

features during keratinocyte maturation that subdivide this layer into five strata; stratum 

germinativum, spinosum, granulosum, lucidum, and corneum (Figure 2.1) [2, 3]. The stratum 

germinativum or stratum basale contains a single cell layer of basal keratinocytes separated from 

the basement membrane by hemidesmosomes. These cells are considered the columnar stem cells 

of the epidermis and are responsible for continuous renewal of the layers of epidermis. Upon 

mitotic division, half of the daughter cells migrate to the outer layers where they mature in a 

process known as keratinization. The other half of the daughter cells divide continuously to 

replenish the cells in the basal layer. As these cells continue to actively divide and mature in the 

stratum spinosum, they transform from a columnar to polygonal morphology and are attached to 

one another by desmosomes. In this layer cells begin to synthesize keratin [4]. The stratum 

granulosum has a granular appearance due to the accumulation of basophilic keratohyalin 

granules, which contain lipids and provide the necessary water-proofing and prevention of fluid 

loss. Keratinocytes continue to differentiate in this layer and transform from polygonal and plump 

to a flatter polygonal morphology. The stratum lucidum is only present in regions where 

protection against frictional and shear forces is required, such as in the palms of hands and soles 

of feet. Cells within the stratum corneum are called corneocytes. These are dead cells containing 

mature keratin and provide the physical barrier to skin [5]. As new cells are formed in stratum 

granulosum, cells in the stratum corneum are pushed to the surface forming ‗squames‘ which 

eventually slough off, a process known as desquamation [6]. 
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Melanocytes are present in the stratum basale in a 1:10 ratio with keratinocytes. These are 

dendritic in morphology and contain melanosomes that are responsible for the production of skin 

pigment, melanin. Melanin protects keratinocytes against solar ultraviolet radiation [7]. Present in 

the stratum basale are Merkel cells. Merkel cells though relatively scarce in number, are believed 

to provide touch perception and discrimination of shapes and textures [8]. Langerhans cells are 

dendritic cells of the skin predominantly present in the stratum spinosum and papillary dermis. 

These cells engulf invading pathogens and mature into antigen presenting cells migrating via the 

lymphatic system to the local lymphoid tissue [9]. 

 

Fig. 2.1: Structure of the epidermal layer [208]. 

The dermis underlies the basement membrane and primarily functions in providing 

thermoregulation and supplies the avascular epidermis with nutrients. The nutrients diffuse 

through the intercellular channels that lie between the desmosomes. The dermis is characterized 

as a dense fibrous connective tissue and its predominant component collagen subdivides it into 

two regions; papillary dermis and the reticular layer [1]. The papillary dermis lies adjacent to the 

epidermis and consists of fine textured collagen. Reticular dermis lying underneath the papillary 

dermis is composed of an irregular network of collagen fibers and houses sweat and sebaceous 
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glands and hair follicles (Figure 2.2). Fibroblasts in the dermis produce collagen, elastin, and 

ground substance, providing structural support and elasticity to the skin [9]. The dermis 

transitions into the hypodermis, which is largely composed of loose connective tissue and 

adipocytes, while collagen and elastin fibers attach it to the dermis. 

 

Fig. 2.2: Dermis and skin appendages [210]. 

 

Several structures are associated with skin, called skin appendages that help in thermoregulation, 

lubrication and other mechanical functions. Among these are sweat glands, sebaceous glands and 

hair follicles [2]. Sweat glands consist of a secretory portion lying deep in the dermis while it 

communicates with the surface via a duct through the epidermis. The sweat glands consist of 

cuboidal epithelial cells scattered among myoepithelial cells that contract to discharge sweat. 

Sweat glands are responsible for thermoregulation as sweat is secreted and evaporated as a 

regulator of body temperature. They are also involved in electrolyte balance [9]. Sebaceous 

glands consist of an outer layer of basal cells and multiple layers of sebocytes that are laden with 

lipids. Sebaceous glands mostly empty into the hair follicles [10].  
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2.2 DERMAL WOUNDS 

A wound is described as a defect or discontinuity in the epithelium and a subsequent disruption of 

the integrity and protective function of skin. Several factors may be attributed to the occurrence 

of a wound, such as: a physical, chemical, or thermal insult to the skin, due to mechanical trauma, 

continuous pressure on the skin, or as a result of an underlying pathological condition. For the 

proper treatment of a wound, it is imperative that the wound type be categorized. Primarily, 

wounds are categorized as either acute or chronic. Acute wounds usually arise due to frictional 

forces on the skin such as abrasions and tears, surgical incisions, or penetrating injuries such as 

gunshots or sharp cuts. These wounds generally progress through the wound healing phases in a 

timely manner and heal completely. Wounds resulting from chemical or thermal insults are also 

classified as acute wounds; however, these wounds may or may not heal within the expected time 

frame depending on the degree of tissue damage. 

 

2.2.1 Phases of Wound Healing 

Wound healing occurs in a complex cascade of events or phases that overlap in both time and 

phase, namely: hemostasis, inflammation, proliferation, and remodeling. These phases of wound 

healing are characterized by a dynamic synchrony of cellular activities including phagocytosis, 

chemotaxis, cell proliferation, mitogenesis and collagen metabolism [11].  
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Fig. 2.3: Phases of wound healing. Modified from [209, 215]. 

 

Shortly after injury, hemostasis sets into play by intense vasoconstriction as a reflex to blood loss 

from severed vessels. The fibrillar collagen, fibronectin, and matrix proteins from the exposed 

extracellular matrix in the vessel wall activate the circulating platelets. Once activated, these 

platelets adhere and aggregate to form the platelet plug, thus triggering the initiation of an 

intrinsic coagulation cascade that transforms prothrombin to thrombin. Thrombin subsequently 

converts fibrinogen to fibrin leading to clot formation to achieve hemostasis [11-13].  Factors 

secreted by these platelets such as platelet-derived growth factor (PDGF), insulin-like growth 

factor-1 (IGF1), epidermal growth factor (EGF), transforming growth factor-β (TGFβ) and 

platelet factor-IV are key mediators of the healing cascade. These factors are responsible for 

attracting fibroblasts, endothelial cells and macrophages into the wound area while the clot 

provides the provisional matrix for cell migration. The hemostasis phase typically lasts 5-10 

minutes followed by the vascular and cellular responses of the inflammatory phase [11, 13]. 

Platelets are also store houses of serotonin and histamine that increase capillary permeability, 

accumulation of lymphatic drainage, and fluid exudate into the extravascular space. This leads to 

the hallmarks of inflammatory phase; calor, dolor, rubor, and tumor. In response to the 
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chemoattractants released by the platelets, neutrophils and monocytes extravasate into the wound 

area where monocytes undergo phenotypic changes to become tissue macrophages. Within 24-48 

hours after injury neutrophils begin to arrive at the wound site, eliciting the early inflammatory 

phase. They continue to infiltrate for a few days and clean up tissue debris and phagocytose 

foreign particles by releasing free oxygen radicals and lysosomal enzymes [11-13]. The 

prolonged presence (beyond 48 hours) of neutrophils at the site of injury signifies wound 

contamination and may lead to delays in wound healing [13]. Neutrophils that are rendered 

redundant after killing bacteria are phagocytosed by macrophages. Macrophages are key 

regulators of wound healing during the inflammatory phase. During the late inflammatory phase 

of wound healing, macrophages continue to phagocytose cellular and tissue debris and secrete 

growth factors such as PDGF, transforming growth factor-α (TGF-α), TGF-β, tumor necrosis 

factor (TNF) and fibroblast growth factor (FGF). Macrophages upon activation play an integral 

role in wound repair through secretion of these bioactive molecules [14] that affect extracellular 

matrix composition [15, 16] and influence proliferation and differentiation of keratinocytes, 

fibroblasts, and endothelial cells [17-19]. However, excess infiltration of macrophages into the 

wound area can lead to impaired wound healing and the wound may become chronic. The 

inflammatory phase sets the necessary framework for the proliferation phase that begins on day 3 

post-injury and may continue until weeks 2-3. This phase is dominated by reepithelialization by 

keratinocytes, migration of fibroblasts to deposit new extracellular matrix, and formation of 

granulation tissue. The newly constructed ECM composed of fibronectin, hyaluronan, collagen, 

and proteoglycans supports cell adhesion and further ingrowth of cells. Reepithelialization is a 

requirement for successful wound healing. Within 24 hours of tissue injury, epidermal 

keratinocytes are mobilized from the free wound edges and epidermal appendages appendages 

[20] due to loss of contact inhibition and production of matrixmetalloproteinases (MMPs) [21]. 

Keratinocytes flatten and elongate and form a keratinocyte migration tongue by projecting 

lamellipodia to migrate as a sheet by ―walking‖ on the extracellular matrix [22] and cover the 
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exposed area where they increase their mitotic activity. Once the advancing keratinocytes meet, 

their further migration is halted due to contact inhibition. Cellular growth and differentiation 

establishes the new stratified epithelium. This process of reepithelialization requires EGF, 

keratinocyte growth factor (KGF) and TGF-α. Following reepithelialization, the basement 

membrane anchors the basal keratinocytes to the underlying dermis. The interstitial matrix within 

ECM is later organized to form the basement membrane with an orderly arrangement of 

keratinocytes, endothelial cells and smooth muscle cells. Optimal healing of the injured tissue is 

signified by the presence of granulation tissue that appears to be formed by day 3-5 [13]. It is 

characterized histologically by the presence of proliferating fibroblasts and angiogenesis, 

indicated by newly formed capillaries in loose ECM sprouting from pre-existing vessels and by 

proteolytic degradation of the basement membrane. During angiogenesis, endothelial cells 

migrate to the wound site, proliferate and mature into capillary tubes. The metabolic needs of 

fibroblasts are fulfilled by the accompanying angiogenesis in response to biochemical stimuli 

from macrophages and platelets. Angiogenesis is essential for fibroblast migration and thus 

proper progression of wound healing. While the granulation tissue forms, fibroblasts also 

transform into specialized cells called myofibroblasts, which extend and retract to contract the 

wound along the lines of skin tension. Smooth muscle differentiation markers such as α-smooth 

muscle actin, smooth muscle myosin, and desmin are highly expressed during wound contraction, 

beginning on day 6 post injury and peaking  around day 15 then progressively regressing shortly 

afterward. Changes in the composition of ECM are characteristic of the remodeling phase and 

occur simultaneously with the formation of granulation tissue. It has also been reported that 

wound tissue metabolism shifts from anaerobic metabolism during proliferation to aerobic 

metabolism during later phases, which favors collagen synthesis [23]. The tensile strength of the 

wound increases during this period due to continuous production of collagen. At approximately 3 

weeks, homeostasis is reached where synthesis of collagen equals its degradation by specific 

metalloproteinases. As wound margins close, capillary outgrowth ceases, blood flow and 



13 
 

 

metabolic activity is reduced and the granulation tissue transforms into an avascular scar 

containing inactive fibroblasts, collagen and other ECM components.  

2.2.2 Cytokines and Growth Factors in Wound Healing 

A normal wound healing process undergoes a well-regulated sequence of events orchestrated by 

cells, growth factors and cytokines. Cytokines play an important role as mediators of host-injury 

response and as regulators of subsequent repair. Cytokines and growth factors are predominantly 

secreted by platelets and immune cells and act both locally at the site of injury and systemically 

to initiate reparative responses.  

PDGF is released by degranulating platelets upon injury and plays a vital role during each stage 

of wound healing. PDGF stimulates mitogenesis and chemotaxis of neutrophils and macrophages 

during inflammatory phase, recruits pericytes and smooth muscle cells to improve structural 

integrity of blood vessels and promotes keratinocyte migration by stimulating production of IGF-

1. In addition, PDGF also stimulates proliferation of fibroblasts, differentiation of fibroblasts to 

myofibroblasts, production of ECM and organization of the healing tissue [26, 27]. Cytokines 

such as interleukin (IL)-1α, IL-β, TNF-α and interferon [24] mediate the inflammatory phase in 

which immune cells infiltrate the wound to kill pathogens and phagocytose cellular debris. 

Macrophages are an important source of growth factors including granulocyte-macrophage 

colony stimulating factor (GM-CSF), TGF-α, TGF-β, basic FGF (bFGF), PDGF and VEGF 

during granulation tissue formation [25]. GM-CSF, a cytokine that exerts diverse biological 

effects during acute injury, has been shown to be an immune stimulator involved in local 

recruitment of inflammatory cells, epidermal proliferation, promotion of myofibroblast 

differentiation and wound contraction [28-38]. TGF-β, secreted by platelets, macrophages and 

fibroblasts, activates fibroblasts to secrete collagen which gives a structural framework to the 

newly formed stroma. VEGF has been known as a powerful angiogenic factor which stimulates 

endothelial cells to transmigrate through the basement membrane to the wound and form new 

blood vessels. Erythropoietin (EPO), a glycoproteic hormone, has been demonstrated to stimulate 
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angiogenesis in synergy with VEGF by stimulating endothelial cell mitosis, granulation tissue 

formation and dermal regeneration [39]. Delayed wound healing has partly been implicated to 

impaired VEGF expression. 

 

2.2.3 Chronic Wounds 

Normal wound healing is governed by the complex orchestrated cytokine milieu of the wound. 

Specific temporal and spatial expression of cytokines and growth factors in the wound ensure 

proper transition through the various phases of wound healing. These factors have both inhibitory 

and stimulatory effects. Wound healing is compromised in several medical conditions including 

diabetes, immobility, venous insufficiency, and continued chemotherapies. Chronic wounds, 

characterized by an inability to self-repair in a timely and orderly manner, demonstrate aberrant 

expression of the cytokines and growth factors integral to the wound healing process. Under these 

aberrant conditions, the dynamic synchrony of cellular activities including phagocytosis, 

chemotaxis, cell proliferation, mitogenesis, and matrix remodeling can be disrupted (Figure 2.4) 

[40]. The inflammatory phase is prolonged due to a rise in inflammatory cytokines (such as IL1, 

IL6 and TNFα) [41], and altered ratio of M1 (pro-inflammatory) to M2 (anti-inflammatory and 

healing) macrophages [195]. The prolonged inflammatory phase also increases levels of MMPs 

and reactive oxygen species, which degrade the ECM. Moreover, chronic wounds enter 

prolonged hypoxia due to vascular disruption and insufficient angiogenesis, contributing to the 

dysregulated cellular functions of keratinocytes and fibroblasts [42]. Each of these events is a 

contributing factor that leads to chronic wounds, thus concerted therapeutic strategies are required 

to tackle them.  



15 
 

 

 

Fig. 2.4: Comparison of healthy and chronic wound. Reprinted from ‗Trends in Molecular 

Medicine, 18, Paul R. Hiebert,  David J. Granville, Granzyme B in injury, inflammation, and 

repair‘, 732-741, 2012, with permission from Elsevier. 

 

2.3 WOUND HEALING THERAPIES 

Cytokine and growth factor therapies provide a promising tool for altering the wound 

microenvironment [43] that can minimize inflammation and augment the healing capacity. 

However, success of growth factor clinical trials is limited by the inefficient delivery and 

biological degradation in the hostile environment.  

 

2.3.1 Growth Factor Therapies 

Growth factors are signaling peptides that modulate wound healing and cellular activities by 

binding to cell surface receptors and inducing signal transduction pathways that are involved in 

cell migration, proliferation, differentiation and synthesis of extracellular matrix molecules. 

Several growth factors have been reported that participate in wound healing including EGF, 

PDGF, FGF, GMCSF, KGF and TGF-β1 [171, 172]. Of these only PDGF is approved by the 

Food and Drug Administration (FDA). 
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PDGF has shown significant improvement in healing and its B chain dimer, PDGF-BB is 

approved by FDA for application to wounds [44]. Autologous PDGF treatment in 49 patients 

suffering from chronic cutaneous wounds led to complete wound closure in ten and a half weeks 

[176]. Encouraging animal studies in which PDGF improved granulation tissue formation and 

increased wound tensile strength [174, 175] led to development of recombinant human PDGF (rh-

PDGF). Robson et al. reported a double-blind placebo-controlled study using rh-PDGF in 20 

patients with pressure ulcers. Treatment with 10 µg rh-PDGF improved reduced wound size by 

21 % compared to 6.4 % in placebo controls [177]. Another randomized controlled trial that 

inducted 118 patients [178] with lower extremity diabetic neuropathic ulcers used a daily topical 

application of 22 mg of rh-PDGF per square centimeter of ulcer area and 48% of the patients 

underwent complete healing. However, these results may only have been significant compared to 

placebo controls because of a large difference in initial mean ulcer area; 90 cm
2
 in placebo group 

vs. 55 cm
2
 in rh-PDGF group.  Becaplermin, marketed as Regranex© is rh-PDGF and 

carboxymethyl cellulose gel, demonstrated complete healing in chronic pressure ulcers [45]. In a 

double-blind randomized clinical trial, patients with diabetic ulcers receiving becaplermin gel 

demonstrated significant increases in wound closure by 3 weeks of treatment. Additionally, four 

multicenter, randomized, placebo-controlled studies evaluating daily topical application of rh-

PDGF demonstrated success with diabetic ulcers [46]. These trials concluded that 100 µg/mL 

becaplermin applied once daily was effective in improving healing. However, treatment with 

becaplermin is expensive ($400/100 g), requires frequent dressing changes, and most alarmingly 

has been shown to increase the incidence of cancer with prolonged repeated use [179]. 

TGF-β has also been shown to accelerate wound healing in animal models. Effects of 

recombinant TGF-β2 on diabetic foot ulcers in a double-blind randomized placebo-controlled 

trial by Robson et al. demonstrated higher healing rates compared to placebo [182]. However, 

patients receiving standard wound care alone healed the best. A review by Khan et al. elucidated 
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that the small sample size in the study by Robson et al. might be a contributing factor for their 

insignificant results [183]. 

bFGF, the most extensively studied of the nine homologous polypeptides is approved for clinical 

use in Japan and has shown to reduce scar formation in acute incisional wounds [47]. In animal 

studies FGF has been shown to increase tensile strength when injected around lesions [184] and 

has reversed the healing defect in diabetic wounds [185, 186]. Unfortunately, FGF has not 

demonstrated convincing results in human clinical trials on diabetic ulcers. In one such trial, only 

three of the nine patients receiving FGF healed compared to five out of eight in the placebo group 

[187]. In contrast, King et al. saw encouraging results in treating leg ulcers [188]. 

KGF also belongs to the FGF family. A multi-center double-blind placebo-controlled study using 

two doses (20 µg and 60 µg) of recombinant KGF-2 (repifermin) was conducted on patients 

suffering from venous leg ulcers [192]. Patients received standard wound care for leg ulcers and 

topical repifermin twice weekly. Statistically significant results were achieved and reductions in 

the wound size were 56%, 75%, and 73 % in placebo, repifermin at 20 µg, and repifermin at 60 

µg, respectively. 

GM-CSF has fundamental importance in wound healing and it has been reported by Mann et al. 

that deficiency of GM-CSF delays wound repair and results in poor quality of newly formed 

tissue [173]. Recombinant human-GM-CSF (rh-GM-CSF) has demonstrated therapeutic efficacy 

in the healing of pressure ulcers and formation of firm granulation tissue [48]. A small sample-

size study with 10 chronic leg ulcer patients was conducted by Barbolla-Escaboza et al. [180] 

using a single perilesional injection of rh-GM-CSF (300 µg) and 80% complete healing occurred 

within 4 weeks. In a study conducted by Da Costa et al. on patients with chronic venous ulcers, 

50 % of the wounds injected perilesionally with rh-GMCSF (leucomax) healed by 8 weeks 

compared to 11 % treated with placebos [49]. In a another double-blind randomized and placebo-

controlled study, 200-400 µg perilesion injections of rh-GM-GSF improved healing in patients 
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with chronic venous ulcers and prevented recurrence for at least 40 months [50]. These studies 

led to the recommendation that 400 µg is the optimal GM-CSF dose. Another trial with topical 

application of GM-CSF reported complete healing in 47 of 52 ulcers with a mean healing time of 

19 weeks [181]. Investigations into the molecular basis of the beneficial effects of GM-CSF 

treatment reveals that GM-CSF increases blood vessel density and VEGF in the wound bed with 

the inflammatory cell-derived VEGF possibly acting as a mediator of angiogenesis [51]. There 

have been other studies on sequential or combined cytokine therapies with GM-CSF/bFGF. 

Patients with pressure ulcers receiving bFGF daily for 35 days demonstrated the most significant 

reduction in wound volume, followed by patients treated sequentially with GM-CSF for 10 days, 

and bFGF for 25 days [52]. In this study, patients receiving only GM-CSF did not show 

significant wound closure compared to placebo [52]. In addition to their efficacy treating pressure 

ulcers, subcutaneous injections of granulocyte-colony stimulating factor (G-CSF) (Filgrastim) 

eradicated pathogens and prevented the need for amputations in insulin-dependent patients with 

infected diabetic foot ulcers [53]. This result was attributed to the ability of G-CSF to augment 

the wound neutrophil response and increase superoxide production, which is compromised in 

diabetic foot ulcers [54]. 

EGF was the first growth factor to be studied in wound healing [183]. A double-blind randomized 

study [189] was conducted with 18 venous leg ulcer patients in the placebo group and 17 patients 

receiving 10 µg/mL recombinant human EGF (rh-EGF). Six of the seventeen rh-EGF patients 

demonstrated complete ulcer reepithelialization at 10 weeks. These patients had a mean 48 % 

reduction in the ulcer size. However, the results were not statistically significant, possibly 

because of the small sample size or the low EFG dose [183]. The same study showed that up to 

40 µg of rh-EGF per day can be safely used [189]. EGF has shown more promising results in 

experimental animal wounds [190] and human acute wounds [191]. 
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2.3.2 Insulin Therapies 

The insulin signaling pathway is critical in diabetes as it is known to control glucose homeostasis; 

lesser known is its role in wound healing. Insulin plays a vital role in several cellular processes. It 

stimulates mitogenesis and inhibits apoptotic cell death in fibroblasts, neuronal cells and 

endothelial cells [205]. Insulin is essential for glucose utilization by fibroblasts to produce 

collagen. Insulin promotes glycogen and protein synthesis, activates and inactivates enzymes, and 

regulates gene expression and cell survival [206]. One of the key components of the insulin 

signaling pathway is the insulin receptor (IR). IR is a heterotetrameric transmembrane 

glycoprotein consisting of two alpha (α) and two beta (β) subunits held by disulphide bridges and 

therefore functions as a dimer [207]. The α-subunits constitute the extracellular domain where the 

insulin binding occurs, while the β-subunit contains extracellular, transmembrane, and cytosolic 

domains. It is the cytosolic domain that contains the ATP-binding site, tyrosine phosphokinase 

and tyrosine-autophosphorylation site [62]. Insulin binds to one of the two binding sites present 

on each αβ monomer, implying negative cooperativity i.e., the binding of a ligand to the receptor 

decreases affinity of the IR for a second ligand.  One of the roles of the α-subunit is to inhibit 

kinase activity of the β-subunit in the absence of insulin, while the presence of insulin activates it: 

binding of insulin to the α-subunit leads to autophosphorylation of the receptor at the β-subunit 

and activation of its tyrosine kinase activity [62]. Once the IR is activated, it phosphorylates the 

insulin receptor substrate 1(IRS1) at tyrosine residues and generates phosphotyrosine residues, 

which bind to receptor tyrosine kinases of effector molecules containing the Src homology-2 

(SH2) domain [62]. This leads to activation of several downstream signaling proteins such as 

PI3K, extracellular signal regulated kinases (ERK), RAS, and the Mitogen-activated protein 

kinases (MAPK) cascade [62]. 

Activation of PI3K occurs via binding of tyrosine-phosphorylated IRS1 protein to its SH2 domain, 

leading to subsequent activation of its downstream target Akt and its recruitment to the plasma 
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membrane. It is through Akt that PI3K mediates metabolic targets of insulin signaling. 

Phosphorylated Akt enters the cytoplasm where it phosphorylates and inactivates glycogen 

synthase kinase 3 (GSK3). GSK3 plays a role in inhibiting glycogen synthesis by 

phosphorylating its substrate glycogen synthase, a key enzyme in the final step of glycogen 

synthesis. The PI3K/Akt pathway is activated in an insulin-dependent manner and is implicated in 

wound healing. Insulin also prevents apoptotic cell death induced by inflammatory stimuli by 

counteracting the dephosphorylation of Akt by TNF-α and promotes angiogenesis by stimulating 

expression of VEGF via Akt signaling [63]. The insulin-induced PI3K pathway is also involved 

in stimulating production of nitric oxide synthase (eNOS) in endothelial cells and its 

phosphorylation by Akt increases its activity [63]. 

 

Fig. 2.5: Insulin regulated ERK1/2 and AKT signaling. Modified from [62]. 

Epidermal Growth Factor Receptor (EGFR) has also been shown to promote wound healing by 

inducing keratinocyte migration through activation of PI3K/Akt and ERK signaling [64]. Insulin 

plays an important role in EGFR signaling by inducing its phosphorylation; however, only 

insulin-induced ERK signaling and not insulin-induced PI3K signaling is dependent on EGFR. 
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This suggests that insulin induced keratinocyte migration is governed by both EGFR-dependent 

and EGFR-independent mechanisms [65]. 

Activation of the RAS-MAPK pathway is necessary for mitogenesis and occurs via adaptor 

molecule growth factor receptor-bound protein 2 (Grb2) containing the SH2 domain. Grb2 

associates with son-of-sevenless (SOS) to bind to phosphotyrosine residues on IRS proteins, 

triggering a kinase cascade phosphorylating dual-specificity kinases MEK1 (MAPK and ERK 

kinase 1) to activate the pathway [66].  Moreover, activation of the RAS pathway leads to 

activation of MAP kinases and ERK, which are serine/threonine kinases. MAP and ERK kinases 

alter gene transcription and the cellular processes of cell growth, survival, and differentiation. 

Several mechanisms have been delineated through which the activity of IR is regulated: by 

protein tyrosine phosphatases that dephosphorylate tyrosine residues; suppressors of cytokine 

signaling, which block the interaction of IR with IRS; or through receptor internalization and 

degradation that reduce its activity [66]. 

Lima et al. elucidated that the insulin signaling pathway plays an important role in wound healing 

and demonstrated that the expression of components of this pathway, particularly IRS, ERK and 

Akt is decreased in the wounded skin of diabetic subjects with a resulting increase in time to 

complete wound closure [202]. They further demonstrated that application of topical insulin 

normalizes and reverses this defective signal transduction and improves wound healing. The 

effects of insulin on epithelial cells, fibroblasts and endothelial cells have been studied 

extensively [75, 77, 78]. In a study employing corneal epithelial cells, Shanley et al. demonstrated 

that insulin promoted closure of in vitro monolayer scratches by activating the ERK1/2 and PI3K 

signaling [75]. Von Haam and Cappel showed that insulin increases fibroblast growth rates in in 

vitro cultures [77]. Hermann et al. elucidated the anti-apoptotic role of insulin in endothelial cells. 

They demonstrated that insulin prevents TNF-α induced apoptosis in human umbilical vein 

endothelial cells (HUVEC) by counteracting the dephosphorylation of Akt by TNF-α [78]. 

Proliferation and migration of endothelial cells is necessary for the formation of new blood 
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vessels. It is through the process of angiogenesis that required nutrients and oxygen is provided to 

the injured tissue and thereby accelerates wound healing. Liu et al. in their study demonstrated 

that insulin injection in the skin of mice stimulated angiogenesis, lead to longer and more 

branched blood vessels and were positive for α-smooth muscle actin. They also highlighted that 

this mechanism occurred independently of VEGF signaling albeit insulin stimulates secretion of 

VEGF by various cells types [79]. Joseph. in his 1930 study reported that insulin injection 

administered in non-diabetic patients with decubitus sores showed accelerated healing by day 10 

[80]. Acceleration of wound closure following topical insulin administration has been reported in 

both diabetic and non-diabetic animals [197-202]. Insulin does so by increasing collagen 

deposition and serves as a chemoattractant and mitogen to cells necessary for wound healing [81]. 

In vitro studies on human skin fibroblasts have also shown increased collagen secretion in 

response to insulin [82]. Insulin therapy has shown efficacy in the healing of burn wounds. In a 

study by Madibally et al. in 2003, insulin administered subcutaneously after burn injury to rats 

diminished inflammation and increased collagen deposition [84]. One of the earliest studies 

conducted by Rosenthal et al in 1968 showed that rats treated with 8 units of topical protamine 

zinc insulin suspension demonstrated increased wound tensile strength on the seventh day [74]. 

Ulcerin, a zinc protamine insulin cream compound, was also used in an early study by Belfield et 

al. in 1969. The study was conducted to heal surgical wounds, bite wounds, lacerations or 

infected lesions in small animals and decubitus ulcers proteus ulcers and pressure sores in humans. 

The wounds were found to be infected with prolonged inflammation. After treatment with ulcerin, 

healing began from the wound periphery, insulin served as an auto-debridement agent and 

promoted cellular proliferation [85]. 

 

2.3.3 Cell Therapies 

Cell therapies are a promising strategy to promote healing in both acute and chronic cutaneous 

wounds. Cell therapies provide several advantages over conventional negative pressure wound 
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therapy and hyperbaric oxygen therapy for chronic wounds, such as patient discomfort and pain. 

Also cell therapies circumvent the need for skin grafts and overcome the disadvantages of 

surgical procedures and donor site morbidity. In addition, cell therapies are advantageous for 

elderly and immobile patients who cannot tolerate the burden of skin grafting. However, applying 

cells as a suspension or in a spray without ECM or a carrier has inherent limitations; cell-only 

treatments do not benefit wound contraction [162]. In all, the goal of cell therapies as opposed to 

skin substitutes is to induce the host cells to migrate from the wound edges and reepithelialize the 

defect, and to trigger host fibroblasts in the wound bed to lay granulation tissue [162]. Fibroblasts, 

keratinocytes, stem cells, and platelet cell suspensions have been abundantly employed in various 

studies to promote wound closure. Keratinocytes have been used in cutaneous wound cell 

therapies since 1981 and have since then been used as autografts and allografts [163]. Like 

keratinocytes, fibroblasts are a representative treatment in diabetic foot ulcers [164-166]. Sheets 

of keratinocytes and fibroblasts over synthetic or natural polymers are being developed and 

characterized. Alternatively, platelets (as platelet-rich plasma) have been applied to supply 

chronic wounds with growth factors and promote healing [167, 168]. However in most cases 

autologous platelets are used, which is not recommended since generally patients with chronic 

wounds are immobile or suffer from systemic diseases or anemia, and thus drawing large blood 

volumes can have detrimental effects on hemodynamic stability [163]. However, single cell 

therapies do not compensate for all the growth factors presence in a healthy wound environment: 

for example, keratinocytes secrete several growth factors but lack the ability to rebuild the 

damaged ECM. Healthy wound healing is a complex mechanism requiring a cocktail of growth 

factors, cytokines, and cell interactions that cannot be effectively achieved with cells offering an 

epidermal and/or a dermal component only. Bone marrow-derived cells secrete factors that are 

required in all stages of wound healing and have the capacity to activate and accelerate the 

healing process. However, a study showed that only 4 % bone marrow-derived cells engraft as 

keratinocytes in the presence of injury [159]. Others have reported that stem cells respond to 
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these signals by tissues requiring repair and engrafting in those zones [160]. While in a chronic 

wound model, only 27 % bone marrow mesenchymal stem cells engrafted in the wound tissue 

[161].  

Nevertheless, cells applied in a suspension are lost over time leading to engraftment failure and 

do not remain viable in the hostile chronic wound environment. Thus cell therapies require 

concerted efforts to prevent cell migration and provide a supporting matrix, scaffold or delivery 

vehicle. Polymers are excellent candidates for this application. 

2.3.3.1 Encapsulated Cell Therapies 

Hydrogels serve not only as delivery vehicles preventing cell migration and providing 

immunoisolation but also offering cells a microenvironment that preserves their viability and 

allows maintenance of their normal cellular functions. Cells require a three-dimensional scaffold 

that functions like the organ-interactive native ECM in order to maintain their characteristic 

phenotype and morphology. Apart from the repair and regeneration of diseased tissue, cell 

therapies are also being employed for controlled drug delivery [114]. Several natural and 

synthetic polymers have been explored in an attempt to provide cells with this critical need for an 

artificial ECM and the versatility to allow or prevent cell attachment. 

Alginate, a widely used natural biomaterial, especially in wound dressings, is extracted as a 

polysaccharide from brown algae [112]. It has been utilized as a scaffold in regenerative medicine, 

as a delivery vehicle for drugs, and as a model extracellular matrix for cells [113]. Alginate is 

considered relatively bioinert and natively alginate gels do not promote cell attachment; however, 

coupling alginate with laminin [115], fibronection [116], collagen [117] or the fibronectin-

derived adhesion peptide arginine glycine aspartic acid (RGD) [118] can mediate cell adhesion 

onto alginate substrates. Alginate forms a gel in the presence of calcium chloride and can be used 

to encapsulate or immobilize cells; however, the gelling reaction is reversible and the scaffold 

degrades in vivo when exposed to ions such as sodium [119-121]. Therefore, when permanent 

hydrogels are required, alginate is often coated with a polycation to increase its stability. The 
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most popular polycation is polylysine, which is unfortunately immunogenic [203, 204]. Alginate 

is approved by the U.S. Food and Drug Administration (FDA) and is used in commercially 

available wound dressings such as SeaSorb and Kaltostat [127]. Alginate has been widely 

characterized as a bio-occulusive moist wound dressing [133, 134]. It has been used for healing 

of split graft donor site wounds [135, 136]. Alginate has been used as a hydrogel matrix to form a 

bilayered structured in which keratinocytes are cultured over encapsulated fibroblasts [122]. In 

this approach autologous keratinocytes and fibroblasts were used, alginate degraded over time 

and fibroblast-secreted ECM replaced alginate over time and the construct integrated into the host 

wound. Though this seems to be an ideal strategy for healing dermal wounds, it is only successful 

when autologous cells are available. Moreover, such a strategy does not address the detrimental 

effects of inflammatory cytokines and MMPs on cell scaffolds placed in a chronic and diabetic 

wound environment. Tissue engineering approaches utilizing alginate employ it as dermal 

analogue intended to replace the lost ECM. Some studies have also shown that alginate gels 

applied to dermal wounds induce macrophages to produce elevated levels of TNFα, IL-6 and IL-

1β [131, 132]. This may seem advantageous in induction of inflammation in recalcitrant wounds; 

however, it is strongly contraindicated in chronic wounds which are already arrested in the 

inflammatory phase.  

Like alginate, fibrin has found applications in skin tissue engineering. Following injury, increases 

in local microvascular permeability allows the extravasation of fibrinogen and its subsequent 

conversion to fibrin by thrombin forms a fibrin gel at the wound site. Later, this is remodeled into 

mature collagenous tissue through migration and secretion by fibroblasts. Brown et al. confirmed 

this in vitro [137]. Fibrin has been attractive in wound healing applications as a dermal analogue 

[138] and an in vitro ECM model system [140], providing a 3D scaffold or encapsulation device 

for fibroblasts. A study by Cox et al. demonstrated that fibroblast migration, proliferation, and 

cytokine secretion in fibrin gels is dependent on the starting concentration of fibrinogen and 

thrombin [138]. Other studies reported culturing keratinocytes on fibrin as dermal equivalents and 
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developing composite bi-layered skin for wound coverage [139]. Fibrin polymer sprays have 

been used to deliver autologous MSCs to wound sites [130]. This MSC-fibrin polymerized gel 

adheres to wounds; however, fibrin degrades over time allowing migration of MSCs, thus 

requiring repeated applications. Since fibrin is a natural polymer that is rapidly degraded by 

enzymes present in the body, it is rationally only feasible in applications that require a degradable 

matrix with the end goal of integration of cells into the host.  

In skin tissue engineering, collagen is used as a dermal substitute and as a hydrogel for cell 

encapsulation. However, collagen carries the risk of disease transmission and immune rejection 

[123, 124] because it is derived from animal sources. Also, studies have shown that collagen can 

inhibit the healing process by limiting the migration of endothelial cells, keratinocytes and 

macrophages into wounds [125, 126]. Another limitation of using collagen for cell encapsulation 

is maintaining suitable oxygen and nutrient access and concentration throughout the scaffold 

[141]. Chitosan-gelatin-hyaluronic acid composite hydrogels have also been explored for 

keratinocyte-fibroblast co-culture to construct artificial skin [128]. 

All the polymers mentioned thus far are utilized in the category of bioactive or biological 

polymers for dermal wounds, implying that they themselves take part in the wound healing 

process and become part of the wound tissue over time. Unlike natural polymers, synthetic 

materials provide greater mechanical strength and product consistency. Another concern with 

natural polymers is their reduced mechanical strength, which limits the ease of handling. 

Synthetic polymers such as polyethylene glycol (PEG) are non-reactive with biological tissues, 

non-adherent, non-irritant, and provide a cool surface thus reducing pain [142]. PEG is widely 

used as a cell scaffold and for cell encapsulation [146] and provides a ―blank slate‖ that can be 

functionalized with biomolecules according to the application, allowing control over physical and 

biochemical properties. Mammalian cells encapsulated in PEG-based hydrogel microstructures 

remained viable for several days after encapsulation [158]. PEGDA, a PEG chain with two 

acrylate groups on either side, is well accepted and has been extensively used as a delivery 
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vehicle for pancreatic islets in diabetic applications [143-145]. In fact, subcutaneous implantation 

of PEGDA-encapsulated human islets in Type I diabetic patients have shown promising results 

with sustained islet function and no evidence of autoimmune reaction [144]. PEGDA 

encapsulation has permitted successful transplantation of xenogeneic pancreatic islet cells when 

porcine islets were implanted into diabetic rats; the animals achieved normoglycemia for up to a 

year [145]. Others have employed PEGDA for encapsulation of MSCs in differentiation studies 

[147-149]. Various types of fibroblasts such as human foreskin fibroblasts and pulmonary 

fibroblasts have been cultured on PEG hydrogels and the effect on cell culture and cell secretion 

has been elucidated [150]. Studies have demonstrated the effect on fibroblasts when modifying 

PEG substrates with varying matrix stiffnesses [151-154], growth factors [155, 156], and 

adhesion peptides [152].  

2.3.3.2 Stem Cell Therapies 

Several strategies have been explored that employ the use of growth factors and stem cells to 

accelerate wound repair in non-healing wounds. Bone marrow stromal cells or MSCs are 

multipotent non-haematopoeitic stem cells that have the ability to differentiate into osteogenic, 

chrondrogenic, and adipogenic lineages.  MSCs are known for their immunomodulatory function, 

and production and secretion of a vast array of cytokines and growth factors that are involved in 

tissue repair and regeneration. MSCs express TGF-β1, EGF, VEGF, PDGF, KGF, FGF, IGF-1, 

EPO, stromal cell-derived factor-1 (SDF-1), soluble tumor necrosis factor receptor-1 (sTNF-R1) 

and hepatocyte growth factor (HGF); these growth factors are expressed constitutively or in the 

presence of pro-inflammatory factors and their expression is further increased under hypoxic 

conditions [55]. Liu et al. elucidated the role of MSC growth factors and demonstrated that the 

secretion of TGF-β1, FGF and VEGF from MSCs is stimulated and increased in a time-dependent 

manner in the presence of wound tissue fluid. PDGF, KGF, HGF and EGF are generally weakly 

expressed in normal tissue fluid but increased in the presence of pro-inflammatory signals such as 

lipopolysaccharides (LPS), TNF-α and IL-1 [55]. Several studies report that MSCs promote 
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healing in cutaneous wounds and chronic ulcers [56, 57], decrease the time to complete wound 

closure, differentiate into myofibroblasts to promote wound contraction, and participate in dermal 

rebuilding [58]. 

The presence of MSCs at the wound site has been separately shown to circumvent wound 

inflammation and promote wound repair. An effective wound healing response requires 

recruitment of a variety of cell types to the wound bed followed by subsequent survival and 

proliferation of these cells. MSCs recruit macrophages to the wound site by secreting the 

chemoattractant macrophage inflammatory protein (MIP) and macrophage chemoattractant 

protein (MCP) [59, 60]. In addition, MSCs have a chemoattractive and mitogenic effect on 

keratinocytes, endothelial progenitor cells, and endothelial cells [59]. MSCs promote 

angiogenesis and vascularization of the wound bed, which is necessary for the sustenance of the 

newly formed granulation tissue and survival of keratinocytes.  

 

Fig. 2.6: MSC factors and their role in wound healing. 

2.3.3.3 Insulin Producing Cell (IPC) Therapies  

With the efficacy of insulin as a wound healing agent and the successful use of insulin producing 

cells (IPCs) as a cell therapy in diabetes, the logical next step would be to explore IPCs in wound 
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healing. However, with the exception of the work presented in subsequent chapters, no other 

groups have explored IPC therapies for wound healing. Nevertheless, many of the challenges 

delivering these cells remain the same, whether for wound healing or blood glucose regulation.  

2.3.3.3.1 Acellular Strategies to Improve Islet Survival and Function 

The use of islets for transplantation and regenerative medicine faces significant obstacles to 

achieve optimum therapeutic efficacy.  The primary reasons for this include apoptosis due to 

hypoxic stress and decreased beta cell function. Islets are delicate cells to culture in vitro with 

approximately 60 % undergoing apoptosis following isolation [87]. Numerous strategies have 

been explored to improve islet culture conditions in order to promote survival and function. In a 

study conducted by Ling et al., fetal calf serum in combination with 

isobutylmethylxanthine increased cell survival to 78 %, partly due to the presence of low 

molecular weight constituents in the serum [88]. Peptide hormones such as glucagon, insulin-like 

growth factor-1, serum constituents such as ultroser, and metabolizable nutrients such as leucine 

and glutamine also promote beta cell survival for at least 9 days when added to culture media [88]. 

Achieving the optimum functional efficiency of islet transplantation requires a minimum number 

of days of islet culture in vitro. However, this results in a loss of viability and morphology of a 

substantial number of islets, resulting in a non-functional islet mass. Woods et al. investigated the 

potential of small intestinal submucosa for improving islet function in vitro [89].  They cultured 

human islets on membrane inserts coated with porcine-derived small intestinal submucosa and 

demonstrated that islets cultured employing this technique exhibited higher secretion indexes and 

improved morphology [89]. 

Rutzky et al. examined the effect of microgravity on islet culture [90]. The group demonstrated 

that culturing islets in modeled microgravity bioreactors improved pancreatic islet function and 

reduced immunogenicity, thereby promoting long term survival to achieve normoglycemia in 

diabetic allogenic recipients. They also reported that fewer islets were required to achieve 

euglycemia or normal blood glucose when cultured in microgravity prior to transplantation. 
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Ultrastructural analysis revealed a higher number of high-density hormone granules, development 

of multiple channels, and a decrease in tight junctional complexes, possibly for oxygen and 

nutrient transport or angiogenesis [90].
 
Murray et al. demonstrated that epithelial cells derived 

from the pancreas sustain islet function in rotational cultures [91]. 

In another attempt to maintain post transplantation pancreatic islet function, Miki et al. developed 

a pre-transplantation co-culture system with transduced human pancreatic islet-derived fibroblasts. 

The transduced islet-derived fibroblasts expressed α-smooth muscle actin, bFGF and type 1 

collagen. Mouse, rat, and pig islets co-cultured with these transduced fibroblasts maintained their 

morphology, viability, and glucose responsive insulin secretion [92]. When transplanting islets, 

their morphology is critical. It has been shown that small islet aggregates perform better than 

large aggregates because of the efficient diffusion of oxygen and nutrients to the avascular islets, 

thus enhancing survival. Likewise, intra-islet architecture and interaction is required for normal 

insulin secretory function and responses to glucose in the environment. 

2.3.3.3.2 MSC Co-Culture Strategies to Improve Islet Survival and Function 

Soluble trophic factors such as vascular endothelial growth factor, hepatocyte growth factor, 

MMP-2, MMP-9, IL-6, and IL-10 have also been shown to improve islet survival and function 

[93-95]. Along these lines, Racham et al. demonstrated the effect of MSCs on islets in direct and 

indirect co-culture configurations [96].
 
Islet culture prior to transplantation is detrimental to 

survival of β-cells and produces inferior transplantation outcomes compared to fresh islet 

transplants. Racham et al. observed that the insulin content of co-cultured islets with MSCs in 

direct contact was similar to that of fresh islets and had a higher islet mass and number of insulin-

positive β-cells as well as superior islet function in vivo compared to islet-alone cultures. MSCs 

have also been shown to promote intra-islet endothelial cell survival and engraftment of islet 

transplantation grafts [97-99]. However, pretransplantation culture of islets that had been in direct 

contact with MSCs demonstrated low endothelial cell and vascular density in grafts, which may 
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indicate that MSCs are also required at the graft site in order to promote graft revascularization 

[96].
 

MSCs contribute to maintenance of islet survival and preservation of glucose-induced insulin 

secretion by providing a suitable microenvironment that promotes islet longevity and function. 

MSCs regulate inflammatory cytokine production, specifically decreasing MCP-1 and TNF- α, 

and increase tissue inhibitor of metalloproteinases-1 (TIMP-1) and VEGF levels [100]. Islets 

cultured in vitro lose their structural integrity while in co-cultures where MSCs are directly in 

contact with islets, MSCs prevent islet fragmentation and maintain islet morphology by 

physically surrounding islets. In co-cultures where islets are separated from MSCs by a physical 

compartment such as a Transwell® system, islet morphology is preserved possibly through MSC-

secreted soluble factors; however, the preservation is for a shorter duration, and islets begin to 

fragment and undergo apoptosis later on in culture. 

Loss of a supportive microenvironment and damage to islets during the isolation procedures 

decrease islet longevity and function. Bone marrow (BM) or bone marrow cells (rich in MSCs) 

have been utilized to provide a favorable microenvironment and exploit their regenerative and 

reparative properties. Luo et al. reported preservation of islet morphology, insulin release and 

formation a pancreatic-like three dimensional tissue in 190 days of bone marrow cell and islet co-

culture. The group also reported that beneficial effects on islet growth, longevity, and function 

were only achieved with bone marrow co-cultures, which provided a supportive milieu, and not 

with other cell sources including whole umbilical cord blood cells, mobilized peripheral blood 

cells, and isolated mobilized peripheral CD 34+ cells [101].
 
Luo et al. also demonstrated the 

interaction between BM cells and islets and reported that PKH26-marked BM cells migrate 

towards islets, the two cell types merge together and form an integrated tissue, while in the 

absence of BM cells, as culture proceeds, islets lose structure and begin to form monolayers [102].
 

Sorti et al. proposed that the possible mechanism of BM cells MSCs migration towards islets 

might be due to MSC cell surface markers CXCL12 and CX3CL1 [103]. MSCs are known to 
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migrate to sites in need of repair; it has been shown that MSCs are able to do so by secreting 

matrix-metalloproteases to degrade the extracellular matrix and promote migration of endothelial 

progenitor cells [104]. 

The same group also reported that a three week preculture of human islets with bone marrow 

improved islet viability, increased size, promoted vascularization, and achieved euglycemia in 

diabetic animals; the authors were able to detect human insulin in these animals. They 

demonstrated that achieving euglycemia in the animals was dependent on the transplants and 

removal of the islets on day 126 resulted in hyperglycemia [102]. Other studies have also reported 

that bone marrow co-culture reduces IL1β-mediated glucotoxicity of islets by reducing the release 

of the proinflammatory cytokine from resident islet macrophages. IL1β inhibits β-cell function 

and promotes FAS upregulation by activation NFkB to induce islet apoptosis and DNA 

fragmentation.  IL1β also abolishes glucose-stimulated insulin release while IL-1Ra protects 

against glucose-induced β cell apoptosis and restores glucose stimulation of islets [105]. In 

addition to IL1β, paracrine factors such as HGF, IL-6, and TGF-β secreted from MSCs also 

protect from hypoxia and prevent apoptosis in islets. 

Another study showed that MSCs display immunomodulatory functions. In this study, non-obese 

diabetic (NOD) or human type 1 diabetes mice were co-injected with MSCs and diabetogenic T 

cells. MSCs prevented beta-cell destruction and development of diabetes mellitus by reducing the 

capacity of diabetogenic T cells to infiltrate pancreatic islets and inducing regulatory T cells [106]. 

Similar to primary islets, maintenance of an unlimited in vitro replication potential and insulin 

secretion potential in insulinoma cell lines remains a challenge. Gartner et al. reported that long 

term persistence of in vitro insulinoma cell proliferation and the capacity to synthesize and 

secrete insulin depends on co-cultured fibroblasts and presence of trophic factors in culture media 

derived from other cell types [86]. 
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2.3.3.3.3 Role of TGF-β in Islet Survival 

TGF-β signaling plays a central role in islet biology where it is involved in immune modulation, 

differentiation, development, regulation of proliferation and apoptosis, glucose metabolism and 

regeneration of β-cells [107, 108]. Both TGF-β1 and EGF stimulate ERK 1/2 and PI3k in β-cells. 

TGF-β1 increases insulin release [109, 110] and proliferation of β-cells [109], dependent on TFG-

β1 dose
 
[109] and glucose concentration [109, 110]. TGF-β1 retains the structural integrity of 

islets in culture, maintains islet cell viability and prevents inflammatory-cytokines triggered 

apoptosis such as that in the presence of interferon (IFN)-γ and IL1β. The anti-apoptotic effect of 

TGF-β1 has also been confirmed in mouse insulinoma cell lines where TGF-β1 inhibited 

cleavage of caspase 3, 8 and 9 [107]. Islets isolated from transgenic TGF-β1 mice with high TGF-

β1 mRNA expression and high TGF-β1 levels in the serum and in the secretions from islets 

showed bigger islets with enhanced insulin-positive β-cells and superior function even following 

cytokine assault [107].
 
Alternatively, transgenic mice lacking TGF-β signaling (dominant-

negative TGF-β RII transgenic mice) exhibited significant increases in IL-1β, IL-2, TNF-α, and 

IFN−γ inflammatory cytokines, while only slight increases in anti-inflammatory cytokines IL-4 

and IL-10 were observed compared to wild-type mice [111].
 
TGF-β is also an important regulator 

of MMPs and TIMPs. 

 

2.4 SUMMARY 

Repair of injured skin is vital for human survival and requires a coordinated response from 

hematopoietic cells, immune cells and resident cells of the skin. Studies, some of which were 

reported in this chapter, have improved our understanding of cutaneous wound healing and have 

guided us towards targeted therapeutic approaches to enhance repair. Despite the number of 

treatment modalities currently available, chronic wounds fail to heal in a timely manner. It is well 

established that growth factors influence the wound healing process by acting on the local wound 

environment and may serve as catalysts to improve healing in chronic wounds. However, TGF-β, 
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bFGF, KGF-2 (repifermin), GMCSF (leucomax), and EGF have not demonstrated convincing 

results in human trials, with the exception of PDGF (becaplermin). Becaplermin is FDA-

approved for treatment of diabetic ulcers and improves healing in clinical trials; however, FDA 

placed a cancer risk warning on becaplermin in 2008, highlighting a potential drawback of direct 

growth factor-based therapeutics in wound healing. The use of a single growth factor has shown 

limited clinical efficacy because a single growth factor cannot augment the complex wound 

healing process. Like single growth factor delivery, treatments involving grafting a single cell 

type are insufficient and aid in either reepithelization with the use of keratinocytes or wound 

contraction when fibroblasts are used. Intuitively, MSC therapies provide a plausible solution as 

MSCs are a source of a multitude of growth factors that potentiate the entire wound healing 

process. Although clinical translation of MSC-based wound therapy is still in the early stages, the 

potential use of these cells holds great promise. In addition to the drawbacks of single growth 

factor and single cell transplantation therapies, as previously reviewed in this chapter, a major 

challenge in growth factor therapeutics and cell therapies is the protease-rich chronic wound 

environment onto which the growth factors or cells are administered. These proteases minimize 

the therapeutic benefit of these strategies as growth factors undergo rapid breakdown and 

clearance in this hostile wound environment, while cell therapies suffer from engraftment failure, 

loss of cell viability and/or morphology and fail to act physiologically. Cell entrapment in 

polymers such as alginate, fibrin and collagen have been explored for wound healing applications; 

however, these polymers are themselves immunogenic [203, 204], degrade in the proteolytic 

wound environment [40], allow entry of the harmful proteases [131, 132], or risk disease 

transmission [123, 124]. The protease-rich and chronic inflammatory wound environment can be 

circumvented by the application of insulin [212], a peptide hormone that regulates wound 

inflammation and decreases protease production by neutrophils. The wound healing mechanism 

of insulin is well known and has been traditionally delivered to cutaneous wounds as a topical 

ointment, which requires reapplication. Topical insulin administration precludes the use of cells 
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and insulin in a single therapy. In this thesis, the benefits of insulin were exploited and the need 

for reapplication was circumvented by using IPCs. PEGDA has demonstrated excellent 

compatibility for IPC encapsulation for diabetic applications and has shown success in human 

trials [144], while IPC and MSC co-culture has benefits to IPC performance. This knowledge has 

paved the way towards developing a cell therapy approach for wound healing whereby IPCs and 

MSCs are encapsulated in non-degradable PEDGA hydrogels. The hydrogels localize the cell 

secretome at the wound site, insulin and MSC factors execute their roles in promoting wound 

healing and the cells benefit from one another by inducing factor secretion and preserving cell 

viability. This thesis addresses some limitations of existing studies while exploiting their 

successes. 
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CHAPTER 3: ENCAPSULATION OF INSULIN-PRODUCING CELLS IN PEGDA 

MICROSPHERES 

Note: Portions of this chapter have been published in: ‗A. Aijaz et al., Hydrogel 

microencapsulated insulin-secreting cells increase keratinocyte migration, epidermal 

thickness, collagen fiber density, and wound closure in a diabetic mouse model of wound 

healing. Tissue Eng Part A. 2015 Nov;21(21-22):2723-32. doi: 10.1089/ten.TEA.2015.0069‘, 

and represent the original work of the candidate. 

 

3.1 INTRODUCTION 

The use of insulin for wound healing applications dates back to the 1920‘s. As described in the 

previous chapter, several in vivo and in vitro studies have demonstrated the beneficial effects of 

insulin on wound healing [1-4]. However, even with the reported benefits and acceleration of 

wound healing by insulin, one barrier
 
to widespread use of topical insulin therapies is the lack of 

a delivery system that maintains a steady dose and does not require repeated exposure of the 

wound. Attempts have been made at sustained-release insulin delivery for wound healing 

applications in which crystalline insulin has been encapsulated within poly(lactic-co-glycolic acid) 

PLGA microspheres and embedded in alginate-PEG sponge dressing; however, the hydrolysis 

products of these polymers reduced bioactivity of the released insulin over time [6]. Though a 

reservoir of soluble insulin may seem to be a plausible solution, this may result in a potentially 

dangerous bolus release of insulin. Moreover, even reservoir systems would need frequent 

replenishing (every 2-3 days) since insulin contained in a reservoir loses effectiveness and 

potency over time. There have been applications which have successfully used cell therapies to 

achieve constant delivery of therapeutic products. IPCs encapsulated within a non-immunogenic 

barrier present a solution to overcome these limitations. Insulin secretory granules in IPCs serve 

as cellular factories where fresh insulin is produced and released for a therapeutic effect. PEGDA 

was chosen to encapsulate IPCs because it has previously shown success; in internal cell therapies 
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when cells were enclosed within PEGDA hydrogels that protected them from the host immune 

response, the viability and secretory characteristics of the encapsulated cells were prolonged [7-9]. 

In fact, pancreatic islet cells encapsulated within PEGDA injected into diabetic humans and 

animals have successfully returned them to normoglycemia without the tissue typing required 

when these cells are not encapsulated [7, 9]. 
 

In this chapter, insulinoma insulin-producing cells (RIN-m) or mouse anterior pituitary tumor 

cells that were transduced to produce insulin (AtT-20ins) were encapsulated within PEGDA 

hydrogel microspheres and characterized their viability and insulin secretion profiles. The 

bioactivity of their secreted insulin was assessed and the potential of the secreted insulin in 

promoting keratinocyte migration across in vitro scratches in monolayers was investigated. The 

present chapter focuses on in vitro assessment of these IPC-laden microspheres; following 

chapter describes their use for in vivo diabetic wound healing. 

 

3.2 MATERIALS AND METHODS 

3.2.1 Cell Culture  

The constant insulin producing rat insulinoma beta cell line, RIN-m, and the glucose-stimulated 

insulin releasing mouse sarcoma line, GLUT-2 cDNA transfected AtT-20ins-(CGT6) cells, were 

purchased from American Type Culture Collection (ATCC, Manassas, VA) and propagated in 

RPMI-1640 medium (ATCC) or Dulbecco‘s modified Eagle‘s medium (Sigma, St. Louis, MO), 

respectively, supplemented with 10% fetal bovine serum (FBS; Sigma), 1% w/v penicillin-

streptomycin (pen-strep; Sigma) in a humidified incubator at 37 °C/5% CO2.  

 

3.2.2 Microencapsulation  

Cell-laden microspheres were formed as previously reported [10, 11]. Briefly, hydrogel precursor 

solution was formed by combining 0.1 g/mL 10 kDa PEGDA (10% w/v; Laysan Bio, Inc.) with 

(1.5% v/v) triethanolamine/HEPES-buffered saline (pH 7.4), 37 mM 1-vinyl-2-pyrrolidinone, 0.1
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mM eosin Y, and RIN-m cells or AtT-20ins cells for a final concentration of 1.5×10
4
 cells/μL. A 

hydrophobic photoinitiator solution containing 2,2-dimethoxy-2-phenyl acetophenone in 1-vinyl-

2-pyrrolidinone (300 mg/mL) was combined in mineral oil (3 μL/mL; embryo tested, sterile 

filtered; Sigma). The cell-prepolymer suspension was added to the mineral oil solution, 

emulsified by vortexing for 4 seconds in ambient light, then for an additional 3 seconds under 

white light, then the vortex was stopped and the emulsion was exposed to white light for 20 

seconds with a vortex pulse at 10 seconds. Crosslinked microspheres were isolated by addition of 

1 mL complete media followed by centrifugation at 300 g for 5 minutes. The oil layer was 

removed by aspiration and pelleted microspheres were resuspended in media and placed in 

Transwells® (0.4 mm pore polycarbonate membrane Transwell® inserts; Corning, Inc., Lowell, 

MA) in a 12-well plate with 3 mL culture medium. Microencapsulated cells were maintained in a 

humidified incubator at 37 °C/5% CO2. For glucose stimulation studies and cell migration studies, 

3×10
6
 IPCs were encapsulated and 1×10

6 
IPCs were plated on 6-well tissue culture plates for 

comparisons. Since encapsulation efficiency was reproducibly 37%, 270 % more cells were 

encapsulated when comparing against monolayer cells to equalize cell numbers between 

microencapsulated cell groups and monolayer groups. Briefly, three 20 µl samples of 

microencapsulated cells from each group were placed in Transwells® in a 24-well plate with 1 

mL of culture medium.  Monolayer cells were trypsinized, counted with a hemocytometer and a 

serial dilution was used as a standard curve. CellTiter 96® AQueous One Solution Reagent 

(Promega Corporation, Madison, WI) at 200 µl was added into each well and plates were 

incubated for 3 hours in a humidified incubator at 37 °C/5% CO2. The amount of soluble 

formazan produced by cellular reduction of the tetrazolium compound [3-(4,5-dimethylthiazol-2-

yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt; MTS] was 

measured by reading the absorbance of the medium at 490 nm. Standard curves were used to 

calculate the number of live cells within microspheres, which in turn was used to determine the 

encapsulation efficiency.  
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3.2.3 Cell viability  

Encapsulated cell viability was assessed on day 1, 3, 5, 7, 14, and 21 by incubating microsphere 

samples in media and 2 mM calcein acetoxymethyl ester and 4 mM ethidium homodimer 

(LIVE/DEAD Viability/Cytotoxicity Kit for mammalian cells; Life Technologies, Grand Island, 

NY) for 10 min at 37°C in a humidified, 5% CO2 incubator then imaging the microencapsulated 

cells under an epifluorescent microscope (Zeiss Axiovert Observer Z1 Inverted Phase Contrast 

Fluorescent Microscope). Green fluorescent images for live cells and red fluorescent images for 

dead cells were separately processed on ImageJ software (Rasband, National Institutes of Health) 

to obtain cell counts. 

 

3.2.4 Static Glucose Stimulation  

Cells in monolayer or microspheres were maintained in complete culture medium at 37°C in a 

humidified, 5% CO2 incubator. After 48 hours, microencapsulated cells and monolayer cells 

were washed twice with Krebs Henseleit Buffer (KHB; BIOTANG Inc., Lexington, MA) 

containing 0.1 % bovine serum albumin (Sigma) and pre-incubated in KHB without glucose for 

60 minutes. Glucose was then added to the KHB to obtain glucose concentrations of 0.67 mM, 

1.67 mM, 2.8 mM, 5.56 mM, and 16.7 mM).  Each concentration was used to perform static 

glucose incubations with each cell type for 2 hours. At the end of the stimulation period, the 

incubation buffer was collected from each well and stored at -20
o
C until analysis. The insulin 

concentration of the samples was measured by enzyme linked immunosorbent assay (ELISA) kit 

(EMD Millipore, Billerica, MA). 

 

3.2.5 Keratinocyte Scratch Assay  

Human keratinocytes (HaCaT; Addex Bio, San Diego, CA) were propagated in DMEM (Sigma), 

supplemented with 10% FBS (Sigma), pen-strep (Sigma) in a humidified incubator at 37 °C/5% 
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CO2. For scratch assays, 180,000 HaCaT cells/well were seeded onto 24 well plates (Greiner Bio-

one; Monroe, NC). Cells were cultured for 48 hours to form a confluent monolayer at which time 

a single scratch of 175 µm ± 60 µm was produced in the center of the well with a 10 µl pipette tip. 

The wells were washed twice with Dulbecco‘s Phosphate Buffered Saline (DPBS; Sigma) to 

remove cell debris. HaCaT cells were then stimulated with conditioned-media (CM) from: (1) 

empty microspheres (control); (2) microencapsulated RIN-m cells on days 1, 7, or 21; (3) 

microencapsulated AtT-20ins cells on days 1, 7 or 21; (4) monolayer RIN-m cells on day 1; or (5) 

monolayer AtT-20ins cells on day 1. RIN-m and AtT-20ins cells were not maintained in 

monolayers beyond four days since the cells became over-confluent, resulting in cell death too 

great to collect insulin-conditioned media on days 7 and 21. HaCaT cell migration across 

scratches was imaged at 0, 4, and 24 hours using phase contrast microscopy and analyzed on NIH 

ImageJ software. 

 

3.2.6 Statistical Analysis  

All data were taken in triplicate and reported as mean ± standard deviation.  Viability, insulin 

release and scratch closure were compared between the different treatment groups using a one-

way analysis of variance (ANOVA). Pairwise comparisons were made between groups using 

Fisher‘s Least Significant Difference (LSD) post-hoc test. p-values less than 0.05 were 

considered significant. All analyses were performed using KaleidaGraph statistical software 

version 4.1.0, Synergy Software (Reading, PA). 

 

3.3 RESULTS 

3.3.1 Effect of microencapsulation on cell viability  

The cell viability/cytotoxicity assay demonstrated the effect of microencapsulation on cell 

viability. Live cells within microspheres were identified based on intracellular enzymatic 

conversion of non-fluorescent calcein-AM to green fluorescent calcein while ethidium 
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homodimer-1 penetrated damaged membranes of dead cells and upon binding to nucleic acids 

fluoresced bright red (Figure 3.1). Microencapsulated RIN-m cell viability was 66.5 % ± 8.8 % 

on day 1 and dropped to 80 % of the initial encapsulated cell viability on day 7 (53.9 % ± 3.7 %) 

and then to 64 % of the initial viability post encapsulation on day 21 (42.6 % ± 7.7 %) (Figure 

3.2). Microencapsulated AtT-20ins cells demonstrated higher cell viability at 70.6 % ± 8.23 % on 

day 1, which dropped to 82.5 % of the starting viability by day 7 (58.2 % ± 17.9 %) and 66 % of 

the initial viability on day 21 (46.6 % ±  9.9 %).  

 

Fig. 3.1: Representative images of viability stains of microencapsulated AtT-20ins (A–F) and 

RIN-m (G–L) cells using a LIVE/DEAD
® 

Viability/Cytotoxicity Kit for mammalian cells 

(Invitrogen, Molecular Probes, Eugene, OR). Stains of microencapsulated AtT-20ins cells on (A) 

day 1, (B) day 3, (C) day 5, (D) day 7, (E) day 14, and (F) day 21. Stains of microencapsulated 
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RIN-m cells on (G) day 1, (H) day 3, (I) day 5, (J) day 7, (K) day 14, and (L) day 21. Dead cells 

appear red and live cells appear green. Scale bars = 100 mm. Viability images from Aijaz et al. 

 

Fig. 3.2: Percentage viability curve of microencapsulated cells over time. Microencapsulated 

RIN-m (µs RIN-m) and AtT-20ins (µs AtT-20ins) cell viabilities were not statistically distinct at 

any time point. The viability of µs RIN-m cells on day 1 started at 66.5 % ± 8.8 %, while that of 

µs AtT-20ins cells started at 70.6 % ± 8.23 %. Viabilities of both cell types gradually decreased 

over time by approximately 20 % to 42.6 % ± 7.68 % (µs RIN-m) and 46.6 % ± 9.9 % (µs AtT-

20ins) by day 21. Error bars show standard error of mean. Graph from Aijaz et al. 

 

3.3.2 Insulin release kinetics  

Both monolayer and microencapsulated RIN-m cells did not respond to glucose stimulation and 

maintained a constant insulin secretion profile when exposed to incremental concentrations of 

glucose and on average secreted 0.48 ± 0.03 ng/mL/hr and 0.35 ± 0.16 ng/mL/hr insulin, 

respectively (Figure 2A). AtT-20ins cells responded to glucose stimulation and demonstrated 

significant increases in insulin secretion at incremental glucose concentrations (Figure 3.3). 

Maximum increases in insulin release were observed at 5.56 mM glucose: for the monolayer, 

0.53 ± 0.05 ng/mL/hr, for encapsulated cells, 0.66 ± 0.12 ng/mL/hr, which corresponded to 
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insulin increases of 3.9 and 3.6 fold greater than control (0 mM glucose) for monolayer and 

encapsulated cells, respectively. No significant difference in insulin release was observed 

between microencapsulated and monolayer cells. 

 

Fig. 3.3: Static glucose stimulation of (A) RIN-m and (B) AtT-20ins cells. Trend lines show that 

glucose secretion from AtT-20ins cells is increasing with increasing glucose. Trend lines fit to 

RIN-m cells are relatively flat, indicating no response to glucose stimulation. Asterisks show 

statistically significant differences (p < 0.05) in insulin secretion between incremental glucose 

concentrations versus control (0 mM). Error bars show standard error of mean. µs AtT-20ins: 

microencapsulated AtT-20ins cells, MA: monolayer AtT-20ins cells, µs RIN-m: 

microencapsulated RIN-m cells, MR: monolayer RIN-m cells. Graph from Aijaz et al. 

 

3.3.3 Insulin Stimulated Cell Migration  

Bioactivity of the insulin released from microencapsulated insulin-secreting cells was assessed by 

demonstrating their effect on keratinocyte migration. Keratinocytes were plated in a monolayer to 

simulate the epidermal layer of the skin and a defect (scratch assay) was created to simulate 

wound healing in vitro (Figure 3.4). CM containing insulin released from RIN-m microspheres 

sampled on day 1 demonstrated significantly increased rate of scratch closure compared to media 

from control empty microspheres (p < 0.05) (Figure 3.5). Rate of scratch closure was 29.5 ± 8.7 

µm/hr and 6.9 ± 11.6 µm/hr  for insulin sampled on day 1 from RIN-m microspheres and media 
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from empty microspheres, respectively.  Rate of scratch closure for monolayer scratches 

stimulated with insulin from day 1 monolayer RIN-m cells was 22.9 ± 8.4 µm/hr, which was less 

than the closure observed in the microencapsulated group, but not significantly so. No significant 

difference in scratch closure rate was observed for keratinocyte monolayers treated with insulin-

conditioned media sampled from RIN-m microspheres on day 1, day 7 or day 21. Similar results 

were observed for keratinocyte scratches treated with insulin-conditioned media from AtT-20ins 

microspheres. A significantly greater rate of scratch closure was observed in scratches stimulated 

with insulin released from day 1 AtT-20ins microspheres (19.8 ± 11.7 µm/hr) compared to 

scratches treated with insulin released from AtT-20ins monolayer cells (18.6 ± 9.5 µm/hr) or 

negative control empty microspheres (6.9 ± 11.6 µm/hr; Figure 3.5). Insulin-conditioned media 

sampled on day 7 from AtT-20ins microspheres also showed a significant scratch closure rate 

(19.2 ± 11.1 µm/hr) compared to control empty microspheres (6.9 ± 11.6 µm/hr ). The rate of 

closure in scratches treated with insulin sampled on day 21 from AtT-20ins microspheres was not 

significantly different from the rate of closure in scratch wounds treated with media from empty 

microspheres. Empty microspheres served as insulin-free negative controls and failed to 

demonstrate any stimulation of cell migration across the scratches. 
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Fig 3.4: Representative bright-field images of scratches in monolayer keratinocytes at 0, 4, 24 and 

48 h following stimulation by media from empty microspheres (control) and insulin containing 

CM from MR, MA, µs RIN-m cells on day 1 (µs-R1), and µs AtT-20ins cells on day 1 (µs-A1). 

Black lines depict scratch margins. Scale bars = 100 µm. Scratch images from Aijaz et al. 

 

 

Fig. 3.5: Quantification of keratinocyte scratch assays of cell migration and insulin bioactivity.  
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Bars show experimental groups, solid line shows control closure rate, dashed line shows closure 

rate from monolayer AtT-20ins cells, dotted line shows closure rate from monolayer RIN-m cells. 

Asterisks show significant difference from control (p<0.05), error bars show standard error of 

mean. Both cell types accelerated scratch closure, though CM from RIN-m cells demonstrated a 

more profound effect on scratch closure than CM from AtT-20ins. Asterisks indicate statistically 

significant differences (p<0.05) between the indicated condition(s) and control.  Error bars show 

standard error of mean. Modified from Aijaz et al. 

 

 

Fig. 3.6: Concentration of insulin in insulin-conditioned media sampled from (A) monolayer 

RIN-m cells (MR), microencapsulated RIN-m cells on day 1, 7, and 21 (µs-R1, µs-R7, and µs-

R21, respectively), (B) monolayer AtT-20ins cells (MA), and microencapsulated AtT-20ins cells 

on day 1, 7 and 21 (µs-A1, µs-A7, and µs-A21). Empty microsphere (Control) served as insulin-

free negative controls. Asterisks indicate statistically significant differences (p<0.05) between the 

indicated condition(s) and control.  Error bars show standard error of mean. 

 

3.4 DISCUSSION 

Cell viability and cytotoxicity assays showed that the majority of cells survived the 

microencapsulation process. Data showed a gradual decline in viability over 21 days, which is 

expected since cells do not proliferate in these hydrogels. The total number of insulin-releasing 
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cells is more significant than the percentage of live cells, as demonstrated by the bioactivity and 

wound healing studies. Glucose stimulation studies demonstrated that the encapsulated cells 

maintained their insulin secretory characteristics and the microspheres‘ hydrogel mesh permitted 

free diffusion of insulin through the microspheres.  The insulin molecule has a molecular weight 

of 5,808 Da and a molecular radius of 1.34 nm [12]. Free diffusion of insulin from microspheres 

as confirmed by our data was as expected since the 10% 10 kDa PEGDA hydrogels have a 

reported mesh size of 28 nm [13].
 
Thus, no statistically significant difference in insulin secretion 

was observed between monolayer insulin-secreting cells and microencapsulated insulin-secreting 

cells. 

Once the release of insulin from the microspheres was confirmed, it was also important to 

determine whether the released insulin remained bioactive, which was accomplished by 

demonstrating that the released insulin was capable of stimulating a wound healing response. The 

keratinocyte scratch assay is an in vitro wound healing model and stimulation of HaCaT cell 

migration by insulin is an accepted indicator of insulin bioactivity over time and its ability to 

promote wound healing. Our microencapsulated RIN-m and AtT-20ins cells on average secrete 

2.4 ± 0.2 ng/ml (0.4 nM) insulin and 14.3 ± 1.36 ng/ml (2.4 nM) insulin (Figure 3.6), respectively, 

which is comparable to the typical 10
-7

 M concentration of insulin used to stimulate keratinocyte 

migration [14, 15]. The bioactivity of insulin released from microspheres was maintained over 

time as indicated by its continued ability to accelerate scratch closure. Specifically, cell migration 

studies demonstrated that the insulin released from microencapsulated RIN-m cells remained 

bioactive for at least 21 days, which is sufficient time for a wound to completely heal. Rate of 

closure observed in scratches treated with insulin released from day 1, day 7 and day 21 RIN-m 

microspheres was not significantly different between groups but each group was significantly 

greater than the (control) empty microsphere group (p<0.05). Decreases in scratch closure rates 

were observed in scratches treated with insulin collected on day 21 from microencapsulated AtT-

20ins cells compared to scratches treated with insulin collected on day 1. This reduction in rate of 
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scratch closure could be due to a loss of microspheres during media collection or decreased cell 

viability over time and therefore reduced concentration of insulin in the sample used to stimulate 

HaCaT cell migration.  

 

3.5 CONCLUSION 

The purpose of this chapter was to develop a system that provides a sustained and steady dose of 

insulin to regulate the hyperglycemic wound environment characteristic of diabetic and chronic 

wounds. PEGDA was used to immunoisolate and immobilize IPCs because it is bioinert, non-

degradable and FDA-approved. Microencaspsulation within PEGDA preserved cell viability and 

insulin secretory characteristics of the entrapped ISCs, and the released bioactive insulin 

accelerated keratinocyte migration in scratch wounds in a single application. In the next chapter, 

the in vivo potential of these IPC-laden PEGDA hydrogel microspheres is described. 
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CHAPTER 4: HYDROGEL MICROENCAPSULATED INSULIN-PRODUCING CELLS 

INCREASE EPIDERMAL THICKNESS, COLLAGEN FIBER DENSITY, AND WOUND 

CLOSURE IN A DIABETIC MOUSE MODEL OF WOUND HEALING. 

Note: Portions of this chapter have been published in: ‗A. Aijaz et al., Hydrogel 

microencapsulated insulin-secreting cells increase keratinocyte migration, epidermal 

thickness, collagen fiber density, and wound closure in a diabetic mouse model of wound 

healing. Tissue Eng Part A. 2015 Nov;21(21-22):2723-32. doi: 10.1089/ten.TEA.2015.0069‘, 

and represent the original work of the candidate. 

 

4.1 INTRODUCTION 

Skin acts as a protective barrier against environmental toxins, provides thermoregulation and 

fluid homeostasis [1]. Any injury to the skin results in its loss of structural and functional 

integrity. Following injury, a wound healing cascade sets into play in three sequential phases that 

dynamically interact and overlap in time. The inflammatory response is the key to effective 

wound healing. If inflammation is not controlled and inflammatory cells persist in the wound site, 

it may lead to chronic inflammation. Chronic wounds have a hyperglycemic wound environment 

that causes immune cells to produce pro-inflammatory cytokines and impairs phagocytosis. In 

this environment, proteases such as MMPs rapidly degrade extracellular matrix components 

deposited by fibroblasts [2, 3]. The end result is decreased angiogenesis, reepithelialization, 

wound contraction, and reduced wound strength. Insulin has also been shown to regulate the 

wound inflammatory response even in non-diabetic animals by inducing advanced infiltration and 

resolution of macrophages [4]. Lima et al. reported attenuation of insulin signaling pathways in 

the skin of diabetic animals and an increase in the time to complete wound closure; topically 

applied insulin cream improved wound healing rates in these animals [5]. Greenway et al. treated 

diabetic and non-diabetic volunteers with topical insulin and demonstrated that insulin promoted 

healing 2.4 ± 0.8 days faster than the wounds treated with saline [6]. A double-blind placebo-



62 
 

 

controlled clinical trial was conducted in which patients suffering from type 2 diabetes and who 

were taking subcutaneous insulin and oral anti-diabetic drugs presented with diabetic ulcers [5]. 

Remarkably, topical insulin application significantly improved wound healing in these patients. 

Thus, exogenous insulin administration can be effective in accelerating wound healing in both 

non-diabetic and diabetic patients and animals who may be on systemic insulin treatment [6-10]. 

Nevertheless, no external cell-based therapy involving insulin-secreting cells has yet been 

reported for treating chronic wounds.  

In the previous chapter IPCs were encapsulated within PEDGA microspheres and the effect of the 

microencapsulation procedure on cell viability and bioactivity of the released insulin was 

assessed. This chapter describes the potential of microencapsulated constant insulin producing 

RIN-m cells and microencapsulated glucose dependent insulin-secreting AtT-20ins cells on 

wound closure in a diabetic mouse model. Our hypothesis was that microencapsulation in 

PEGDA hydrogels will provide a delivery system for sustained release of bioactive insulin at the 

wound site and the released insulin will promote wound closure potentially by counteracting the 

hyperglycemic wound environment. 

 

4.2 MATERIALS AND METHODS 

4.2.1 Cell Culture  

Rat insulinoma beta cell line, RIN-m, and GLUT-2 cDNA transfected AtT-20ins-(CGT6) cells, 

were propagated in RPMI-1640 medium (ATCC) or Dulbecco‘s modified Eagle‘s medium 

(Sigma, St. Louis, MO), respectively, supplemented with 10% fetal bovine serum (FBS; Sigma) 

and 1% w/v penicillin-streptomycin (pen-strep; Sigma) in a humidified incubator at 37 °C/5% 

CO2.  
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4.2.2 Microencapsulation  

Cell-laden microspheres were formed as previously reported [16, 17]. 
 
Briefly, hydrogel precursor 

solution was formed by combining 0.1 g/mL 10 kDa PEGDA (10% w/v; Laysan Bio, Inc.) with 

(1.5% v/v) triethanolamine/HEPES-buffered saline (pH 7.4), 37 mM 1-vinyl-2-pyrrolidinone, 0.1

mM eosin Y, and RIN-m cells or AtT-20ins cells for a final concentration of 1.5×10
4
 cells/μL. A 

hydrophobic photoinitiator solution containing 2,2-dimethoxy-2-phenyl acetophenone in 1-vinyl-

2-pyrrolidinone (300 mg/mL) was combined in mineral oil (3 μL/mL, embryo tested, sterile 

filtered; Sigma). The cell-prepolymer suspension was added to the mineral oil solution, 

emulsified by vortexing for 4 seconds in ambient light, then for an additional 3 seconds under 

white light, then the vortex was stopped and the emulsion was exposed to white light for 20 

seconds with a vortex pulse at 10 seconds. Crosslinked microspheres were isolated by addition of 

1 mL complete media followed by centrifugation at 300 g for 5 minutes. The oil layer was 

removed by aspiration and pelleted microspheres were resuspended in media and placed in 

Transwells® (0.4 mm pore polycarbonate membrane Transwell® inserts; Corning, Inc., Lowell, 

MA) in a 12-well plate with 3 mL culture medium. Microencapsulated cells were maintained in a 

humidified incubator at 37 °C/5% CO2 until animal studies. 

 

4.2.3 Animal Studies  

An animal study was performed to determine whether positive in vitro results could be translated 

to promising in vivo results. All procedures were performed in accordance with protocols 

approved by the Rutgers University Institutional Animal Care and Use Committee (IACUC). A 1 

cm x 1 cm full thickness excisional wound was created on the dorsa of genetically diabetic male 

mice (BKS.Cg-m +/+ Leprdb/J; 10 weeks old, N=9 total; n=3/experimental group); Jackson 

Laboratories, Bar Harbor, ME). Microencapsulated RIN-m or AtT-20ins cells or empty 

microspheres were applied to wounds, which were then covered with Tegaderm™ and 

photographed at postoperative days (POD) 3, 7, 14, 21, 28, and 35 for gross appearance. 
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Tegaderm
TM

 began to fail on POD 16, and therefore all microspheres were then removed. Wound 

area was measured by tracing the wound margins using ImageJ. Wound closure was calculated as 

percent area of original wound. Animals were sacrificed by CO2 inhalation on POD 35 and 

wound tissue was collected for histology.  

 

4.2.4 Histological Analysis 

After sacrifice on POD 35, skin tissue was excised around the edges of the wounded area for 

histological analysis. Wound tissues were fixed in 10 % formalin for 24 hours at room 

temperature and then stored in 70 % ethanol at 4 
o
C until serial sectioning (5 μm thick) and 

staining with hematoxylin and eosin (H & E) or Picric Acid Sirius Red (PASR) at the Digital 

Imaging and Histology Core, Rutgers-NJMS Cancer Center. Tissue sections were stained with H 

& E for morphological analysis and PASR stain for collagen fiber density. Histological images 

were analyzed on ImageJ software to find epidermal and dermal thickness and collagen density. 

H & E-stained sections were analyzed in ImageJ to measure the thickness of epidermis and 

dermis using the Line Selection Tool. Lines were created across the thickness of the epidermal or 

dermal boundaries at five random locations in each H & E section and lengths were averaged. 

RGB images of PASR-stained sections were converted to gray scale by splitting the images into 

red, green and blue channels. For accurate visual determination of image threshold for collagen-

stained areas, the red channel was selected as it yielded the best contrast between the stain and the 

background. The thresholded images were analyzed to measure percent area of collagen density 

[18].
 

 

4.2.5 Statistical Analysis  

All data were taken in triplicate and reported as mean ± standard deviation.  Dermal and 

epidermal thickness, collagen density, and wound closure were compared between the different 

treatment groups using a one-way analysis of variance (ANOVA). Pairwise comparisons were 
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made between groups using Fisher‘s Least Significant Difference (LSD) post-hoc test. p-values 

less than 0.05 were considered significant. All analyses were performed using KaleidaGraph 

statistical software version 4.1.0, Synergy Software (Reading, PA). 

 

4.3 RESULTS 

4.3.1 In vivo assessment of wound closure in diabetic mice 

Gross examination showed an initial increase in wound area due to skin elasticity of the obese, 

diabetic mice. Animals treated with RIN-m microspheres showed statistically significant 

acceleration in wound closure by POD 7 (5.07 % ± 19.5 %) compared to AtT-20ins and control 

groups (Figure 4.1B). By POD 21 wound closures for RIN-m, AtT-20ins and control groups were 

84.3 ± 13.62 %, 57.4 ± 36.2% and 72.98 ± 7.01%, respectively. Complete wound closure was 

achieved by POD 28 in all animals (n=3) treated with RIN-m microspheres while wound closures 

were 89.3 % ± 15.33 % and 94.39 % ± 2.06 % in AtT-20ins treated animals (n=3) and negative 

control animals (n=3), respectively. Large standard deviations in wound closures were observed 

in AtT-20ins treated animals. In this group complete wound closure was achieved in two animals 

by POD 35, while in the third animal wound closure was 82 %.  

 

 

Fig. 4.1: Representative images and quantification of wound closure over time. (A) Gross 

appearance, (B) % wound closure. Images show wounds before Tegaderm
™

 application and after 
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its removal. Dark stains around the wound on Day 0 are from a skin marker to define the wound 

area. Arrow shows microsphere removal on POD 16. Asterisks indicate statistically significant 

differences (p<0.05) between microencapsulated cells vs. control. Error bars show standard error 

of mean. µs RIN-m: microencapsulated RIN-m cells, µs AtT-20ins: microencapsulated AtT-20ins 

cells. Scale bars = 1 cm. Taken from Aijaz et al. 

 

4.3.2 Histological analysis  

Microencapsulated insulin-secreting cells accelerated wound closure and H & E sections showed 

that the epidermis was 3-5 cells thick in both treatment groups while it was only 1-2 cells thick in 

the empty microsphere control group (Figure 4.2). Quantification of H & E sections revealed that 

the epidermis was significantly thicker in animals treated with RIN-m microspheres (42.7 µm ± 

10.37 µm) and AtT-20ins microspheres (44.15 µm  ± 10.26 µm) compared to the negative control 

animals (29.98 µm  ± 7.96 µm; Figure 4.2G). No statistically significant difference was observed 

in dermal thickness between the treatment and control groups (Figure 4.2H); however, when the 

density of collagen fibers was analyzed in the PASR-stained sections, collagen fiber density 

(percent area) was significantly higher in RIN-m (83.74 % ± 2.7 %) and AtT-20ins (79.95 % ± 

3.7 %) treatment groups compared to the control group (67.35 % ± 2.74 %; Figure 4.2H). 
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Fig. 4.2:  Histological analysis of harvested wounds.  H&E stained wound tissue sections of 

animals treated with: (A) RIN-m microspheres, (B) AtT-20ins microspheres, (C) empty 

microspheres (control). PASR-stained wound tissue sections of animals treated with: (D) RIN-m 

microspheres, (E) AtT-20ins microspheres, (F) empty microspheres (control). Quantification of 

(G) epidermal thickness, (H) Dermal thickness and (I) collagen fiber density. Although there is no 

statistical difference in dermal thickness between groups, epidermal thickness in treated wounds 

is statistically greater than control. Collagen fiber densities in treated groups are also statistically 

greater than control. Asterisks indicate statistically significant differences (p<0.05) between 

treated and control wounds. Error bars show standard error of mean. µs RIN-m: 

microencapsulated RIN-m cells, µs AtT-20ins: microencapsulated AtT-20ins cells. Scale bars = 

50 µm. Taken from Aijaz et al. 



68 
 

 

4.4 DISCUSSION 

Wound healing is a dynamic process that occurs in a well-orchestrated synchrony of events that 

overlap and are interdependent. Any biological or temporal defect may affect wound healing. 

Tight regulation and resolution of the inflammatory response as well as initiation of 

reepithelialization is critical to effective wound healing. Previous studies have reported that 

topical application of insulin accelerates wound healing by regulating the hyperglycemic wound 

environment and by promoting growth and proliferation of keratinocytes, fibroblasts and 

endothelial cells in both diabetic and non-diabetic patients. However, current approaches require 

repeated applications that increase the chances of infecting the wound with each opening of the 

wound dressing for every application. Cells that secret insulin into the wound area provide a 

solution to this problem. Here, a novel system that encapsulates constant or glucose-dependent 

insulin-secreting cells within synthetic hydrogels formed from PEGDA is presented. This 

approach maintains cell viability and insulin secretory characteristics of the cells while at the 

same providing a bioinert, non-immunogenic barrier. Moreover, insulin secretion is modulated in 

a sustained manner, eliminating the need for multiple applications as required in topical insulin 

ointments. 

In non-diabetic mice, the relatively large 1 cm
2
 full thickness excisional wound has been shown 

to take 25 days to heal [19].  In this chapter it was demonstrated that IPCs encapsulated within 

PEGDA hydrogels improve wound healing by 1.6 times faster than controls. In the diabetic mice 

in this study, the untreated wound takes over 35 days to heal, 40% longer. Thus, although the 

wounds show 94% closure, this closure is well past the normal time it should have taken. The 

percentage wound closure calculated for each group demonstrated a trend of accelerated closure 

in insulin treated animals prior to removal of microspheres on POD 16, after which negative 

control (empty microspheres) animals showed similar wound closure dynamics. Insulin is 

typically applied at 0.03 U in 20 µL saline to treat excisional wounds in mice which is equivalent 

to 52.05 ng/mL, while the study in this chapter reports accelerated wound healing at much lower 
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concentrations [20, 21]. Histology showed no evidence of immune reaction to empty PEGDA 

hydrogel microspheres or those containing insulin-secreting cells. The large standard deviation in 

percentage wound closure for microencapsulated AtT-20ins cells might be attributed to the fact 

that these cells grow in clusters, which may result in varying cell densities within microspheres 

between animals. This is due to the fact that our microencapsulation method is not 100 % 

efficient and more reproducibly encapsulates individual cells than clusters. In subsequent chapters 

this was rectified by encapsulating cells in thin sheets using molds and a method that does have 

100 % encapsulation efficiency; however, based on the results presented in this chapter, 

subsequent studies proceeded with RIN-m cells, which demonstrated superior wound healing and 

do not grow in clusters. The healing attained with RIN-m cells suggest that the presence of 

insulin is sufficient for wound healing and does not need to be tailored to the glucose 

environment of the wound bed. 

 

4.5 CONCLUSIONS 

In this chapter, a system for accelerated wound healing in which insulin-secreting cells 

encapsulated into PEGDA hydrogel microspheres was evaluated.  This permitted prolonged 

insulin release within the target site. Microsphere encapsulation prevented immune clearance and 

cell migration, keeping the microencapsulated cells in the desired location. Thus, the combination 

of insulin-releasing cells and PEGDA hydrogel microencapsulation provides a novel method for 

delivering a steady, constant dose of insulin to a wound. Future studies will explore dose 

responses, various hydrogel geometries, and insulin mediated induction of downstream signaling 

molecules. Our system is the first cell-based insulin treatment of its kind to speed wound closure, 

demonstrating that this system is a feasible method to accelerate wound healing and it may 

impact insulin-driven wound healing approaches to come. 
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CHAPTER 5: ENCAPSULATION OF INSULIN-PRODUCING CELLS IN PEGDA 

HYDROGEL SHEETS 

Note: Portions of this chapter have been published in: ‗A. Aijaz et al., Hydrogel 

microencapsulated insulin-secreting cells increase keratinocyte migration, epidermal 

thickness, collagen fiber density, and wound closure in a diabetic mouse model of wound 

healing. Tissue Eng Part A. 2015 Nov;21(21-22):2723-32. doi: 10.1089/ten.TEA.2015.0069‘, 

and represent the original work of the candidate. 

 

5.1 INTRODUCTION 

In the previous chapters a microencapsulation system that encapsulated insulin-producing cells 

within nondegradable PEGDA hydrogel microspheres was described. It was demonstrated that 

microencapsulation preserves cell viability, insulin secretory characteristics, and bioactivity of the 

released insulin. Application of IPC-laden PEGDA microspheres accelerated wound closure in 

diabetic mice and presented superior histological wound tissue outcomes. However, despite these 

successes, there were limitations with the IPC microencapsulation approach. The 

microencapsulation procedure employs a bulk polymerization method that results in varying cell 

densities within microspheres. This leads to a large standard deviation in results within each 

treatment group. Moreover, this microencapsulation method does not result in 100 % 

microencapsulation efficiency. Furthermore, during in vivo studies, the microspheres did not stay 

on the wound area beyond POD 16 and it was difficult to keep the microspheres in the region 

since the mice interfere with their bandages. In order to ensure 100 % encapsulation efficiency, 

IPCs were encapsulated within hydrogel sheets, as described in this chapter. Based on the 

promising in vitro and in vivo results with RIN-m IPCs which demonstrated superior wound 

healing, grow more rapidly, and are easier to encapsulate because they do not grow in clusters, 

RIN-m cells were selected for all subsequent studies. 
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Cell viability is affected by sheet thickness due to diffusion of waste and nutrients through the 

hydrogel, thus the goal of this chapter was to optimize the PEGDA hydrogel sheet thickness and 

choose one that demonstrates highest IPC viability for at least 21 days. 

  

5.2 MATERIALS AND METHODS 

5.2.1 Cell Culture  

The constant insulin producing rat insulinoma beta RIN-m cell line was purchased from 

American Type Culture Collection (ATCC, Manassas, VA) and propagated in RPMI-1640 

medium (ATCC) supplemented with 10% fetal bovine serum (FBS; Sigma) and 1% w/v 

penicillin-streptomycin (pen-strep; Sigma) in a humidified incubator at 37 °C/5% CO2.  

 

5.2.2 Cell Encapsulation  

RIN-m cells (IPCs) were encapsulated within PEGDA hydrogel sheets by photopolymerizing 

cells suspended in a precursor solution formed by combining 0.1 g/mL 10 kDa PEGDA (10% w/v; 

Laysan Bio, Inc.) with (1.5% v/v) triethanolamine/ HEPES buffered saline (pH 7.4), 37mM 1-

vinyl-2-pyrrolidinone, 0.1 mM eosin Y. The cell-prepolymer suspension (1×10
4
 – 1x10

5
 cells/μL) 

was pipetted into 1 cm
2
 custom made molds and exposed to white light for 20 seconds to achieve 

300 µm, 400 µm or 500 µm thick cell-laden hydrogel sheets. Thus, IPC-laden hydrogels were 

encapsulated at low (LCD; 0.5 x 10⁶ cells/sheet), intermediate (ICD; 2 x 10⁶ cells/sheet) and high 

(HCD; 5 x 10⁶ cells/sheet) cell densities were formed. Crosslinked hydrogels were gently lifted 

with blunt forceps and placed in Transwells (0.4 mm pore polycarbonate membrane Transwell® 

inserts; Corning, Inc., Lowell, MA) in a 12-well plate with 3 ml culture medium. Hydrogels were 

maintained in a humidified incubator at 37 °C/5% CO2. IPCs or hMSCs were plated on 6-well 

tissue culture plates for monolayer comparisons.  
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5.2.3 Cell viability  

The hydrogel sheet thickness was optimized by evaluating IPC viability encapsulated at low 

(LCD; 0.5 x 10⁶ cells/sheet), intermediate (ICD; 2 x 10⁶ cells/sheet) and high (HCD; 5 x 10⁶ 

cells/sheet) cell densities in 300 µm - 500 µm thick sheets. Viable cells within the hydrogel sheets 

were identified based on intracellular enzymatic conversion of non-fluorescent calcein-AM to 

green fluorescent calcein while ethidium homodimer-1 penetrated damaged membranes of dead 

cells and upon binding to nucleic acids fluoresced bright red. Encapsulated cell viability was 

assessed on days 1, 7 and 21 by incubating hydrogels in media, 2 mM calcein acetoxymethyl 

ester, and 4 mM ethidium homodimer (LIVE/DEAD Viability/Cytotoxicity Kit for mammalian 

cells; Life Technologies, Grand Island, NY) at 37°C in a humidified, 5% CO2 incubator. After 10 

min, each hydrogel was imaged under an epifluorescent microscope (Zeiss Axiovert Observer Z1 

Inverted Phase Contrast Fluorescent Microscope) and 10 - 15 optical slices at 28 µm intervals 

were taken in the z-plane at three diagonal positions (e.g., top left, center, and bottom right) in the 

x-y coordinates. Green fluorescent images for live cells and red fluorescent images for dead cells 

for each optical slice were separately processed on ImageJ software (Rasband, National Institutes 

of Health) to obtain cell counts. 

 

5.2.4 Insulin Secretion profile 

Glucose stimulation studies were conducted on cell laden hydrogel sheets to confirm that the 

diffusion of glucose and insulin is not impeded across the hydrogel sheet. Insulin secretion was 

assessed by ELISA following static stimulation at incremental glucose concentrations (1.67 mM, 

2.8 mM and 5.56 mM) in KHB.  
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5.3 RESULTS 

5.3.1 Assessment of encapsulated cell viability 

Image slices taken in the z-plane at three positions in the x-y plane provide an objective 

evaluation of hypoxic centers in the hydrogel (Figure 5.1). Hydrogels of 400 µm thickness 

provided the best average viability at all cell densities for at least 21 days and was selected for all 

subsequent experiments. Percent viabilities in 400 µm were 82.6 ± 1.3 %, 85.3 ± 5.2 %, 81.5 ± 

5.9 % on day 1 and 43.9 ± 4.2 %, 43.1 ± 1.7 %, 68.4 ± 7.7 % on day 21 for LCD, ICD, and HCD 

hydrogels, respectively (Figure 5.2).  

 

Fig. 5.1: Representative maximum intensity projection images of viability stains of encapsulated 

IPCs at low (LCD), intermediate (ICD) and high (HCD) cell densities using a LIVE/DEAD
® 

Viability/Cytotoxicity Kit for mammalian cells (Invitrogen, Molecular Probes, Eugene, OR). 

Stains of encapsulated ISCs were taken on day 1, day 7 and day 21. Dead cells appear red and 

live cells appear green.  
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Fig. 5.2: Percentage viability curve of encapsulated IPCs at low (LCD), intermediate (ICD) and 

high (HCD) cell densities over time. Error bars show standard error of mean. Asterisks indicate 

statistical significance (p<0.05) compared to viabilities on day 1. 

 

5.3.2 Glucose Stimulated Insulin Release 

The effect of hydrogel geometry on insulin secretion characteristics of IPCs was evaluated by 

exposing hydrogel encapsulated IPCs to incremental glucose concentrations. The insulin 

secretory characteristics of sheet-encapsulated IPCs were unchanged and they remained 

unresponsive to glucose stimulation. Secreted insulin concentrations increased with increasing 

cell densities within hydrogels. Average insulin secretion levels were 0.45 ng/ml, 1.06 ng/ml, and 

1.62 ng/ml in LCD, ICD, and HCD sheets, respectively (Figure 5.3). 
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Fig. 5.3: Static glucose stimulation of monolayer and encapsulated IPCs at low (LCD), 

intermediate (ICD) and high (HCD) cell densities. Trend lines fit to IPCs at all cell densities are 

relatively flat, indicating no response to glucose stimulation. Asterisks show statistically 

significant differences (p < 0.05) in insulin secretion between incremental glucose concentrations 

versus control (0 mM). Error bars show standard error of mean.  

 

5.3.3 Insulin Secretion is dependent on cell encapsulation density 

A decrease in insulin secretion was observed with increasing cell densities within the hydrogels. 

Insulin release significantly decreased from 7.8 ± 0.84 ng/mL/10⁶cells in LCD hydrogels to 4.7 ± 

0.13 ng/mL/10⁶cells in ICD and 1.3 ± 0.08 ng/mL/10⁶cells in HCD hydrogels when sampled 

from day 1 cultures (Figure 5.4). However, comparing insulin release between day 1, 7 and 21 

demonstrated that insulin secretion from ICD and HCD did not decrease over time and each 

hydrogel construct maintained its secretion levels; for example insulin secretion from HCD was 

1.3 ± 0.08, 1.32 ± 0.07 and 0.8 ± 0.03 ng/mL/10⁶cells on day 1, 7 and 21, respectively. Though 

insulin release from LCD peaked on day 7, no significant differences in insulin levels were 

observed between day 1 and day 21 secretion levels. 
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Fig. 5.4: Concentration of insulin in insulin-conditioned media sampled from encapsulated IPCs 

at low (LCD), intermediate (ICD) and high (HCD) cell densities. Asterisks indicate statistically 

significant differences (p<0.05) compared to LCD on respective days. No significant decrease in 

insulin secretion was observed at any encapsulation cell density until at least day 21.  Error bars 

show standard error of mean. 

 

5.4 DISCUSSION 

The viability of encapsulated cells is dependent on the exchange of nutrients, oxygen and waste 

across the hydrogel sheet thickness. PEGDA hydrogel microspheres have previously been shown 

to maintain IPC viability and insulin secretion. Glucose independent RIN-m IPCs were 

encapsulated in 300 μm, 400 μm, and 500 μm thickness PEGDA sheets at LCD (0.5 x 10
6
 

cells/sheet), ICD (2 x 10
6
 cells/sheet), and HCD (5 x 10

6
 cells/sheet) to characterize the 

relationship between sheet thickness and cell viability at multiple encapsulated cell densities. The 

hydrogel sheet thickness was optimized for cell encapsulations by conducting cell viability and 

cytotoxicity assays at 300, 400 or 500 µm thick sheets at low, intermediate or high cell densities.  

In 3D cultures that are too thick, towards the center there tends to be an area where oxygen and 

nutrients do not reach; cells in this area die. No hypoxic centers of dead cells nor any statistically 



79 
 

 

significant difference in cell viability were observed in cell-laden PEGDA hydrogels of any sheet 

thickness or encapsulation density. This confirmed that cells even in the geometric center have 

access to nutrients and oxygen and waste products are able to diffuse out of the hydrogel. 

Hydrogels sheets of 400 µm thickness were therefore chosen for subsequent experiments due to 

their ease of handling and transparency. The opacity of the hydrogel is important for objective 

gross evaluation of the wound without removal of the hydrogel. Glucose stimulation studies 

confirmed that the insulin secretion characteristics of IPCs is maintained after the encapsulation 

procedure and is comparable to monolayer IPCs. The highest insulin secretion was achieved at 

low cell densities.  

 

5.5 CONCLUSION 

In this chapter the cell encapsulation protocol was optimized to achieve 100 % encapsulation 

efficiency while maintaining cell viability and the secretion profiles of the encapsulated cells. The 

aim of this entire study is to develop a system that delivers therapeutic products at the wound site 

in a single application without the need for dressing changes. At the end of this chapter, 400 µm 

hydrogel sheets were selected because they provide all these desired attributes, and the 

transparency of the sheets allows objective evaluation of the wound area without removal of the 

hydrogel or covering membrane and can be applied just like a bioactive bandage on the wound. 

The next few chapters are aimed at improving and assessing the in vivo therapeutic potential of 

these dressings. 
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CHAPTER 6: COENCAPSULATION OF INSULIN-PRODUCING CELLS AND 

MESENCHYMAL STEM CELLS IN PEGDA HYDROGELS 

Note: Portions of this chapter have been published in: ‗A. Aijaz et al., Hydrogel 

microencapsulated insulin-secreting cells increase keratinocyte migration, epidermal 

thickness, collagen fiber density, and wound closure in a diabetic mouse model of wound 

healing. Tissue Eng Part A. 2015 Nov;21(21-22):2723-32. doi: 10.1089/ten.TEA.2015.0069‘, 

and represent the original work of the candidate. 

 

6.1 INTRODUCTION 

In addition to insulin, bone marrow stromal cells or mesenchymal stem cells have been reported 

to promote healing of chronic wounds by secretion of paracrine growth factors. MSCs have been 

shown to regulate inflammation by secreting anti-inflammatory cytokines and promoting 

macrophage migration [1, 2]. Moreover, MSCs secrete pro-wound healing MSC factors such as 

interleukin-1 receptor antagonist (IL-1RA), TGF-β1, EGF, KGF, bFGF, VEGF and SDF-1, all of 

which have been reported to increase vascularity and reduce wound size [3-5]. Additionally, 

MSCs induce differentiation of fibroblasts to myofibroblasts, which express α-smooth muscle 

actin (α-SMA) thereby contracting the wound, while VEGF secretion by MSCs stimulates 

angiogenesis [3]. However, MSCs applied as a cell suspension tend to migrate away from the 

wound site or do not remain viable in the protease-rich chronic wound environment. MSCs have 

been embedded in scaffolds made of natural or synthetic polymers; however, natural polymers are 

themselves immunogenic while hydrolysis products of synthetic polymers reduce growth factor 

bioactivity over time.  

Exogenous insulin [6-10] and MSC administration [11, 12] have separately accelerated wound 

healing in both diabetic and non-diabetic animals as well as in deep burns, but with the exclusion 

of this study, these two therapies have never been combined for wound healing. Since topical 

insulin creams preclude using MSCs, in this chapter, IPCs and MSCs were coencapsulated in 
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various ratios in PEGDA hydrogels sheets to explore the synergistic potential of insulin and 

MSCs in accelerating wound healing and to exploit the beneficial properties of MSC-derived 

trophic factors on insulin secreting cells. Studies have shown that MSCs demonstrate a protective 

effect on islet (insulin-producing cells) viability, increase their insulin secretory function and 

result in fewer islets required to achieve efficacy [13].  

Another goal of this chapter is to explore the mechanism through which insulin and MSCs 

promote wound healing.  One of the major signaling pathways through which insulin exerts a 

prowound healing response is the ERK1/2 and PI3K signaling [14]. The PI3K/Akt pathway is 

activated in an insulin-dependent manner and Akt phosphorylation is stimulated by insulin and 

factors secreted by MSCs, specifically VEGF and EGF [15]. Insulin also prevents apoptotic cell 

death induced by inflammatory stimuli by counteracting the dephosphorylation of Akt by TNF-α 

and promotes angiogenesis by stimulating the expression of VEGF via Akt signaling [16]. 

The final goal of this chapter was to select IPC and MSC coencapsulation ratio(s) that (1) 

maximize insulin and MSC factor release and (2) maximize keratinocyte migration and Akt 

phosphorylation in vitro. 

 

6.2 MATERIALS AND METHODS 

6.2.1 Cell Culture  

The constant insulin producing rat insulinoma beta RIN-m cell line was purchased from 

American Type Culture Collection (ATCC, Manassas, VA) and propagated in RPMI-1640 

medium (ATCC) supplemented with 10% fetal bovine serum (FBS; Sigma), 1% w/v penicillin-

streptomycin (pen-strep; Sigma) in a humidified incubator at 37 °C/5% CO2. Human bone-

marrow derived MSCs were purchased from the Institute of Regenerative Medicine at Texas 

A&M at passage 1 and propagated in alpha-minimal essential medium (α-MEM; Sigma) without 

deoxyribo- or ribo-nucleotides, supplemented with 10% v/v fetal bovine serum (FBS; Atlanta 
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Biologicals, Flowery Branch, GA), 1% w/v penicillin-streptomycin, 4 mM L-glutamine (Life 

Technologies) and 1 ng/ml basic fibroblast growth factor (bFGF; Life Technologies).  

 

 

6.2.2 Cell Encapsulation  

RIN-m cells (IPCs) and human MSCs (hMSCs) were encapsulated within PEGDA hydrogel 

sheets by photopolymerizing cells suspended in a precursor solution formed by combining 0.1 

g/mL 10 kDa PEGDA (10% w/v; Laysan Bio, Inc.) with (1.5% v/v) triethanolamine/ HEPES 

buffered saline (pH 7.4), 37mM 1-vinyl-2-pyrrolidinone, 0.1mM eosin Y. The cell-prepolymer 

suspension (1.5×10
4
 – 1.5x10

5
 cells/μL) was pipetted into 1 cm

2
 custom made molds and exposed 

to white light for 20 seconds to achieve 400 µm thick cell-laden hydrogel sheets. Thus, IPC-laden 

hydrogels were encapsulated at low (LCD; 0.5 x 10⁶ cells/sheet), intermediate (ICD; 2 x 10⁶ 

cells/sheet) and high (HCD; 5 x 10⁶ cells/sheet) cell densities and MSCs encapsulated with IPCs 

at ratios of 1:1, 1:5, 10:1, 5:1, or 10:1 (IPC:MSC) were formed, with the 1:1 (IPC:MSC) ratio 

referring to 0.5 x 10
6 

IPCs and 0.5 x 10
6 

MSCs. Crosslinked hydrogels were gently lifted with 

blunt forceps and placed in Transwells® (0.4 mm pore polycarbonate membrane Transwell® 

inserts; Corning, Inc., Lowell, MA) in a 12-well plate with 3 ml culture medium. Hydrogels were 

maintained in a humidified incubator at 37 °C/5% CO2. For monolayer comparisons, 1 x 10
6
 IPCs 

or hMSCs were plated on 6-well tissue culture plates.  

 

6.2.3 Concentration of insulin and released MSC factor 

IPCs encapsulated alone and ISCs coencapsulated with hMSCs in PEGDA hydrogel sheets were 

maintained in complete culture medium at 37°C in a humidified, 5% CO2 incubator. CM 

containing insulin and MSC factors released from the cell-laden hydrogel sheets was collected on 

day 1, 7 and 21 to assess the synergistic effect of the MSC and ISC secretome. Media were 
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changed on every second day, such that odd days had 24 hours of MSC factor accumulation. 

Concentrations of insulin and MSC factors (TGF-β1 and VEGF) in the CM was assessed by 

ELISA. 

 

6.2.4 Keratinocyte Scratch Assay  

Human keratinocytes (HaCaT; Addex Bio, San Diego, CA) were propagated in DMEM (Sigma), 

supplemented with 10% FBS (Sigma), pen-strep (Sigma) in a humidified incubator at 37 °C/5% 

CO2. For scratch assays, 180,000 HaCaT cells/well were seeded onto 24 well plates (Greiner Bio-

one; Monroe, NC). Cells were cultured for 48 hours to form a confluent monolayer at which time 

a single scratch of 415 µm ± 73 µm was produced in the center of the well with a 10 µL pipette 

tip. The wells were washed twice with Dulbecco‘s Phosphate Buffered Saline (DPBS; Sigma) to 

remove cell debris. HaCaT cells were then stimulated with CM containing insulin and/or MSC 

factors sampled on days 1, 7 and 21 from cell-laden hydrogels. IPCs and MSCs cells were not 

maintained in monolayers beyond four days since the cells became over-confluent, resulting in 

cell death too great to collect insulin-conditioned media on days 7 and 21. Media from empty 

hydrogels was used as negative controls. HaCaT cell migration across the scratch was imaged at 0, 

24, 48, 72 and 96 hours using phase contrast microscopy and analyzed on NIH ImageJ software. 

 

6.2.5 AKT phosphorylation 

Rat L6 myoblast cells (ATCC) were plated at 112,500 cells/mL in a 96 well plate. L6 myoblasts 

are known to produce phosphorylated Akt (p-AKT) when stimulated by numerous wound healing 

moieties. L6 myoblasts were stimulated with CM from release experiments and the levels of p-

Akt were compared against the levels of total-Akt (T-Akt) using a Fast Activated Cell-based 

ELISA kit. 
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6.3 RESULTS 

6.3.1 MSCs Improve Insulin Secretion 

Coencapsulation with MSCs improved insulin release from IPCs. Insulin secretion levels from 

LCD hydrogels were 7.8 ± 2.1, 16.3 ± 2.7 and 9.3 ± 3.2 ng/mL/10⁶ cells on day 1, 7 and 21, 

respectively, and increased to 12.9 ± 3.9, 20.9 ± 2.2 and 27.5 ± 13.1 ng/mL/10⁶ cells on day 1, 7 

and 21, respectively in IPC:MSC (1:1) (Figure 6.1). This corresponds to fold increases of 1.7 on 

day 1 and 3.0 on day 21 in insulin secretion between LCD and IPC:MSC (1:1), which are 

hydrogel constructs with equivalent numbers of IPCs (0.5 x 10
6
 cells). IPC:MSC (1:1), followed 

by LCD, provided the most significant per cell increases in insulin secretion which were 

maintained for at least 21 days. 

 

Fig. 6.1: Concentration of insulin in insulin-conditioned media sampled from encapsulated IPCs 

at low (LCD), intermediate (ICD) and high (HCD) cell densities and IPC:MSC coencapsulations 

1:1, 5:1, 10:1, 1:5 and 1:10 ratios. Asterisks indicate statistically significant differences (p<0.05) 

compared to LCD on respective days. Plus signs indicate statistically significant differences 

(p<0.05) compared to 1:1 coencapsulations on respective days. No significant decrease in insulin 

secretion was observed at any encapsulation cell density until at least day 21.  Error bars show 
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standard error of mean. 

 

6.3.2 MSC Factor Release 

An increase in TGF-β1 secretion from MSCs was seen in hydrogels with a higher ratio of IPCs 

compared to when MSCs were cultured alone, whether in monolayers or encapsulated in 

hydrogels. This increase in TGF-β1 secretion continued for at least 21 days. TGF-β1 

concentration secreted on day 1 from monolayer MSCs, MSC-alone hydrogels, and IPC:MSC 

coencapsulation hydrogels at 1:1, 5:1, and 10:1 ratios were 161.6 ± 102.3, 347.1 ± 48.2, 610.4 ± 

70.1, 414.3 ± 91.2 and 493.7 ± 133.2 pg/mL/10
6
 cells, respectively (Figure 6.2). A fold increase 

of 1.8 was observed in TGF-β1 between day 7 and day 21 in IPC:MSC (1:1) hydrogels.  

 

 

Fig. 6.2: Concentration of TGF-β1 in CM.  MSC ML = MSC monolayers, MSC = MSCs 

encapsulated in hydrogel sheets, ratios are IPC to MSC coencapsulations at 1:1, 5:1, 10:1, 1:5 and 

1:10. Asterisks indicate statistically significant differences (p<0.05) compared to MSCs in 

hydrogels on respective days. No significant decreases were observed at any encapsulation cell 

density until at least day 21.  Error bars show standard error of mean. 
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VEGF release was not detected in MSC monolayers, but was in IPC:MSC hydrogels. MSCs are 

known to secrete VEGF to promote islet vascularization. The highest levels of VEGF were 

achieved in high IPC ratio coencapsulations with concentrations of 562.2 ± 216.0, 353.8 ± 204.4, 

470.6 ± 139.9 pg/mL/10
6
 cells from 1:1, 5:1 and 10:1 ratios, respectively, while secretion from 

MSC-alone hydrogels was 23.6 ± 5.1 pg/mL/10
6
 cells (Figure 6.3). 

 

 

Fig. 6.3: Concentration of VEGF in CM.  MSC ML = MSC monolayers, MSC = MSCs 

encapsulated in hydrogel sheets, ratios are IPC to MSC coencapsulations at 1:1, 5:1, 10:1, 1:5 and 

1:10. Asterisks indicate statistically significant differences (p<0.05) compared to MSC on 

respective days. No significant decreases were observed at any encapsulation cell density until at 

least day 21.  Error bars show standard error of mean. 

 

6.3.3 Presence of insulin and MSC factors promote in vitro keratinocyte migration 

Significant increases in scratch closure rates were observed when scratches in keratinocyte 

monolayers were treated with insulin and/or MSC factor CM sampled on days 1, 7 and 21 

compared to unstimulated conditions (Figure 6.4). Closure rates achieved when scratches were 

stimulated with CM from single-cell hydrogels were analyzed. CM from LCD hydrogels 
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promoted significant keratinocyte migration compared to CM from ICD or HCD hydrogels on 

days 1, 7 and 21. No significant differences were observed between closure rates from ICD and 

HCD hydrogel CM. Scratch closure rates were 75.1 ± 18.7, 16.0 ± 2.9 and 7.6 ± 1.9 µm/h/10
6
 

cells from CM from LCD, ICD and HCD hydrogels, respectively. Scratch closure rates induced 

by day 1 MSC and LCD hydrogels were statistically similar. 

 

 

Fig. 6.4: Quantification of keratinocyte scratch assays demonstrating insulin/MSC bioactivity. 

Scratch closure rates following stimulation with media from empty hydrogels (control), insulin-

containing CM sampled from: low (LCD), intermediate (ICD), and high (HCD) cell density 

hydrogels, and IPC to MSC coencapsulations at 1:1, 5:1, 10:1, 1:5 and 1:10. Asterisks indicate 

statistically significant differences (p<0.05) compared to 1:1 hydrogels. Plus signs indicate 

statistically significant differences (p<0.05) compared to LCD hydrogels.  All cell-laden 

hydrogels promoted significant keratinocyte migration compared to controls. Error bars show 

standard error of mean. 
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Scratch closures stimulated by CM collected on day 1 from IPC:MSC (1:1), LCD and MSC 

hydrogels were 128.6 ± 10.53, 75.1 ± 6.61, 79.02 ± 8.9 µm/hr/10
6
 cells, respectively, while 

controls demonstrated a rate of -1.2 ± 1.7 µm/hr. Closure rates in keratinocytes stimulated by CM 

collected on day 1 from IPC:MSC (1:1) hydrogels were significantly higher than those achieved 

with CM collected from MSC-alone hydrogels or IPC-alone hydrogels. Specifically, no 

significant difference was observed in closure rates from MSC and LCD hydrogels. LCD 

hydrogels showed decreasing insulin bioactivity over time; conversely, the bioactivity of MSC 

trophic factors remained steady. Closure rates induced by CM sampled from IPC:MSC (1:1) on 

day 7 and day 21 were 93.6 ± 13.9, 105.0 ± 23.8 µm/hr/10
6
 cells, respectively. Thus, no 

significant differences were observed between the bioactivity of CM from IPC:MSC (1:1) 

hydrogels sampled on day 1 and day 21.  Closure rates from 1:1 and MSC hydrogels were 

statistically similar. The fastest closure rates were observed with IPC:MSC (1:1) hydrogels, 

followed by MSC, LCD and IPC:MSC (5:1) hydrogels. 

 

6.3.4 Akt Phosphorylation is stimulated by both insulin and MSC factors 

Akt phosphorylation is stimulated in an insulin dependent manner and provides a confirmation of 

insulin bioactivity in vitro. All cell-laden hydrogels stimulated significant Akt phosphorylation 

compared to controls. Similar to keratinocyte migration assays, LCD elicited significantly higher 

Akt phosphorylation levels compared to ICD and HCD hydrogels (Figure 6.5). ICD and HCD 

hydrogels were statistically similar in inducing levels of p-Akt. No significant decrease in 

bioactivity of CM sampled from LCD, ICD, HCD or MSC hydrogels was observed for at least 21 

days as measured via Akt phosphorylation assay. P-AKt levels were 243.5 ± 81.5,  49.7 ± 9.5, 

28.7 ± 12.9 and 255.1 ± 20.6 % p-Akt/total Akt/10
6
 cells for LCD, ICD, HCD and MSC-alone 

hydrogels, respectively. No difference was observed in the bioactivity of factors released from 

monolayer and encapsulated MSCs. A slight decrease was observed in Akt phosphorylation 

achieved from LCD hydrogels compared to monolayer IPCs; however, the phosphorylation levels 
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did not diminish when the same number of IPCs were coencapsulated with MSCs at the 

IPC:MSC (1:1) ratio. 

 

Fig. 6.5: Quantification of Akt phosphorylation and insulin/MSC bioactivity. P-Akt following 

stimulation by media from empty hydrogels (control), insulin CM sampled from: low (LCD), 

intermediate (ICD) and high (HCD) cell density hydrogels, and IPC:MSC coencapsulations at 1:1, 

5:1, 10:1, 1:5 and 1:10 ratios. Asterisks indicate statistically significant differences (p<0.05) 

compared to IPC:MSC (1:1) hydrogels. Plus signs indicate statistically significant differences 

(p<0.05) compared to LCD hydrogels.  All cell-laden hydrogels promoted significant Akt 

phosphorylation compared to controls. Error bars show standard error of mean. 

 

The bioactivity of insulin and MSC factors from CM collected on day 1 in stimulating Akt 

phosphorylation were 321.4 ± 23.4, 243.5 ± 28.8, 255.1 ± 20.6 and 59.2 ± 5.9 % p-Akt/total 

Akt/10
6
 cells for IPC:MSC (1:1), LCD, MSC alone and control hydrogels, respectively. 

Phosphorylated Akt achieved from IPC:MSC (1:1) was significantly higher for at least 21 days 

compared to all other hydrogel constructs, with the exception of CM sampled on day 7 from MSC 

hydrogels, which was equal to IPC:MSC(1:1).  
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6.4 DISCUSSION 

Insulin has been shown to accelerate wound healing by recruiting keratinocytes, endothelial cells 

and fibroblasts via the PI3-Akt pathway [1], while MSCs have been demonstrated to improve IPC 

viability and function [2], regulate inflammation, and secrete pro-wound healing factors [3]. The 

goal of this chapter was to achieve IPC and MSC coencapsulations with superior insulin and 

MSC factor release, keratinocyte migration, and Akt phosphorylation compared to single-cell 

hydrogels. MSCs improved insulin secretion by as much as 3 fold compared to IPCs encapsulated 

alone, and the insulin concentration in the media increased until at least day 21. This increase in 

insulin release over time might be attributed to the ability of MSCs to sustain IPC viability and 

improve their insulin secretion function. TGF-β1 secretion increased with increasing IPC density. 

TGF-β1 is known to preserve and prolong survival of islets. Increases in TGF-β1 release between 

day 7 and day 21 suggest that MSCs increase TGF-β1 secretion to improve IPC survival in later 

days. VEGF release was not detected in MSC monolayers, but was in IPC:MSC hydrogels; MSCs 

are known to secrete VEGF to promote islet vascularization. This ―rescue phenomenon‖ was 

particularly evident when considering that conditions that caused insulin secretion to drop 

simultaneously caused MSC factor release to increase. When comparing insulin secretion from 

higher IPC density coencapsultion (5:1 and 10:1) to TGF- β1 and VEGF release from MSCs,  

insulin levels from IPC:MSC (5:1) and IPC:MSC (10:1) were significantly lower while TGF- β1 

and VEGF from these hydrogels was considerably higher. This suggests that MSCs increased 

their factor release in response to apoptosing IPCs, which are known to underdo hypoxic cell 

death at high cell densities. In addition to protecting IPCs, both TGF-β1 and VEGF play a critical 

role in wound healing. 

 

Results from both single-cell and dual-cell hydrogels were assessed. LCD provided the maximum 

stimulation of keratinocyte migration compared to ICD and HCD, and 0.5 x 10
6 

cells were 

sufficient to achieve this effect. LCD hydrogels showed decreasing insulin bioactivity over time 
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and this drop in insulin bioactivity was also observed in IPC:MSC (1:1) hydrogels, which initially 

demonstrated a slight decrease in closure rate from day 1 and day 7 CM, but the bioactivity was 

regained in day 21 CM possibly due the presence of MSCs. In vitro analysis of scratch assay 

closure rates and insulin bioactivity suggested that IPC:MSC (1:1) hydrogels might outperform 

MSC hydrogels, particularly when considering day 21 results. However, in vitro results do not 

fully predict the profound differences in wound healing responses in vivo and demonstrate the 

continued need to evaluate in vitro models in concert with in vivo models. Taking keratinocyte 

migration assay results together, a 100 µm wide scratch wound closed in 46.6, 75.9 and 79.8 

minutes when treated with CM containing both insulin and MSC factors, only MSC factors or 

only insulin, respectively. 

 

Results also revealed the role of the Akt pathway in the accelerated healing achieved by the 

hydrogels. Protein kinase B or Akt is a downstream signaling target of the ERK1/2 and PI3K 

pathways that plays a vital role in multiple cellular processes such as glucose metabolism, 

apoptosis, cell proliferation and cell migration [21]. Both insulin and MSCs factors, specifically, 

VEGF and EGF induce Akt phosphorylation. The released insulin and MSC factors stimulated 

Akt phosphorylation with the most significant effect achieved on day 21 with IPC:MSC (1:1) 

with fold increases of 2.7 and 1.4 over LCD and MSC hydrogels, respectively.  

 

6.5 CONCLUSIONS 

Experiments conducted in this chapter led to the understanding that IPCs and MSCs have a 

cooperative effect on each other; MSCs improve insulin secretion from IPCs, conversely IPCs 

induce growth factor, particularly TGF-β1 and VEGF release from MSCs. The in vitro bioactivity 

demonstrated the synergistic effect of insulin and MSC growth factors on keratinocyte migration 

and Akt phosphorylation both of which are pro-wound healing responses.  In vitro bioactivity 

assays confirmed the superior performance of IPC:MSC (1:1), LCD, and MSC hydrogels, thus 

https://en.wikipedia.org/wiki/Apoptosis
https://en.wikipedia.org/wiki/Cell_proliferation
https://en.wikipedia.org/wiki/Cell_migration
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these hydrogels were chosen to move forward with for in vivo studies. The increased TGF-β1 and 

VEGF secretion from IPC:MSC hydrogels was expected to have implications during in vivo 

wound healing by inducing granulation tissue formation, collagen maturation, reepithelialization 

and neovascularization in the wound bed.  

An analogy can thus far be derived here: achieving the right stoichiometry is critical. That is to 

say, finding the critical cell number of IPCs and MSCs for coencapsulation in order to maximize 

insulin and MSC factor release will provide the desired therapeutic benefit. 

 

6.6 REFERENCES 

1. Chen L, Tredget EE, Wu PYG, Wu Y. Paracrine factors of mesenchymal stem cells recruit 

macrophages and endothelial lineage cells and enhance wound healing. PLoS One. 2008 Apr 

2;3(4):e1886. PMID:18382669. 

2. Lee EY, Xia Y, Kim W, Kim MH, Kim TH, Kim KJ, Park B, Sung J. Hypoxia-enhanced 

wound-healing function of adipose-derived stem cells: Increase in stem cell proliferation and 

up-regulation of VEGF and bFGF. Wound Repair Regen. 2009 Jul-Aug;17(4):540-547. 

PMID:19614919. 

3. Faulknor RA, Olekson MA, Nativ NI, Ghodbane M, Gray AJ, Berthiaume F. Mesenchymal 

stromal cells reverse hypoxia-mediated suppression of α-smooth muscle actin expression in 

human dermal fibroblasts. Biochem Biophys Res Commun. 2015  

4. Vojtassak J, Danisovic L, Kubes M, Bakos D, Jarabek L, Ulicna M, Blasko M. Autologous 

biograft and mesenchymal stem cells in treatment of the diabetic foot. Neuro Endocrinol Lett. 

27( Suppl 2), 134, 2006  

5. Han SK, Yoon TH, Lee DG, Lee MA, Kim WK. Potential of human bone marrow stromal 

cells to accelerate wound healing in vitro. Ann Plast Surg. 55(4):414, 2005.  

6. Greenway, S.E., Filler, L.E., and Greenway, F.L. Topical insulin in wound healing: a 

randomised, double-blind, placebo-controlled trial. J Wound Care 8, 526, 1999. 

7. Madibally, S.V., Solomon, V., Mitchell, R.N., Van De Water, L., Yarmush, M.L., and Toner, 

M. Influence of insulin therapy on burn wound healing in rats. J Surg Res 109, 92, 2003. 

8. Rezvani, O., Shabbak, E., Aslani, A., Bidar, R., Jafari, M., and Safarnezhad, S. A randomized, 

double-blind, placebo controlled trial to determine the effects of topical insulin on wound 

healing. Ostomy Wound Manage 55, 22, 2009. 

9. Sen, C.K., Gordillo, G.M., Roy, S., Kirsner, R., Lambert, L., Hunt, T.K., Gottrup, F., Gurtner, 

G.C., and Longaker, M.T. Human skin wounds: a major and snowballing threat to public 

health and the economy. Wound Repair Regen 17, 763, 2009. 

10. Procha´zka, V., Gumulec, J., Jaluvka, F., Salounova´, D., Jonszta, T., Czerny, D., Krajca, J., 

Urbanec, R., Klement, P., and Martinek, J. Cell therapy, a new standard in management of 

chronic critical limb ischemia and foot ulcer. Cell Transplant 19, 1413, 2010. 

11. Liu D, Xiong H, Ning P, Chen J, Lan W. Amniotic membrane loaded with bone marrow 

mesenchymal stem cells facilitates the healing of deep burn wound. Biomedical Engineering 

and Informatics (BMEI), 2010 3rd International Conference on. 2010 4:1633-1635. 



93 
 

 

12. Yoshikawa T, Mitsuno H, Nonaka I, Sen Y, Kawanishi K, Inada Y, Takakura Y, Okuchi K, 

Nonomura A. Wound therapy by marrow mesenchymal cell transplantation. Plast Reconstr 

Surg. 2008 Mar;121(3):860-877. PMID:18317135. 

13. Kerby A, Jones ES, Jones PM, King AJ. Co-transplantation of islets with mesenchymal stem 

cells in microcapsules demonstrates graft outcome can be improved in an isolated-graft 

model of islet transplantation in mice. Cytotherapy. 15(2), 192, 2013. 

14. Shanley, L.J., McCaig, C.D., Forrester, J.V., and Zhao, M. Insulin, not leptin, promotes in 

vitro cell migration to heal monolayer wounds in human corneal epithelium. Invest 

Ophthalmol Vis Sci 45, 1088, 2004. 

15. Joshua D. Ochocki and M. Celeste Simon. Nutrient-sensing pathways and metabolic 

regulation in stem cells. J Cell Biol. 203(1), 23, 2013.  

16. Hermann, C., Assmus, B., Urbich, C., Zeiher, A.M., and Dimmeler, S. Insulin-mediated 

stimulation of protein kinase Akt: a potent survival signaling cascade for endothelial cells. 

Arterioscler Thromb Vasc Biol 20, 402, 2000. 

17. Liu, Y., Petreaca, M., Yao, M., and Martins-Green, M. Cell and molecular mechanisms of 

keratinocyte function stimulated by insulin during wound healing. BMC Cell Biol 10, 1, 2009. 

18. Lee EY, Xia Y, Kim W, Kim MH, Kim TH, Kim KJ, Park B, Sung J. Hypoxia-enhanced 

wound-healing function of adipose-derived stem cells: Increase in stem cell proliferation and 

up-regulation of VEGF and bFGF. Wound Repair Regen. 2009 Jul-Aug;17(4):540-547. 

PMID:19614919 

19. Kerby A, Jones ES, Jones PM, King AJ. Co-transplantation of islets with mesenchymal stem 

cells in microcapsules demonstrates graft outcome can be improved in an isolated-graft 

model of islet transplantation in mice. Cytotherapy. 15(2), 192, 2013. 

20. Aijaz, A., Faulknor, R., Berthiaume, F., and Olabisi, R. M. (2015). Hydrogel 

microencapsulated insulin-secreting cells increase keratinocyte migration, epidermal 

thickness, collagen fiber density, and wound closure in a diabetic mouse model of wound 

healing. Tissue Eng Part A. 21(21-22):2723-32. doi: 10.1089/ten.TEA.2015.0069. 

21. Brendan D. Manning and Lewis C. Cantley. AKT/PKB Signaling: Navigating Downstream. 

Cell. 2007 Jun 29; 129(7): 1261–1274. doi:  10.1016/j.cell.2007.06.009. 

 

 

 

 

 

 

 

 

 

 



94 
 

 

CHAPTER 7: INSULIN-PRODUCING CELLS AND MESENCHYMAL STEM CELLS 

COENCAPSULATED INTO PEGDA HYDROGELS ACCELERATE WOUND 

CLOSURE AND REDUCES SCAR AND SCAB FORMATION IN A DIABETIC MOUSE 

MODEL OF WOUND HEALING 

 

Note: Portions of this chapter have been published in: ‗A. Aijaz et al., Hydrogel 

microencapsulated insulin-secreting cells increase keratinocyte migration, epidermal 

thickness, collagen fiber density, and wound closure in a diabetic mouse model of wound 

healing. Tissue Eng Part A. 2015 Nov;21(21-22):2723-32. doi: 10.1089/ten.TEA.2015.0069‘, 

and represent the original work of the candidate. 

 

7.1 INTRODUCTION 

Cytokines play an important role as mediators of host-injury responses and regulate subsequent 

repair. A skewed cytokine milieu of the wound bed leads to abnormal wound healing responses. 

Cytokines are predominantly secreted by immune cells and act both locally at the site of injury 

and systemically to initiate reparative responses. Chronic wounds are characterized by an 

increased presence of wound macrophages and an imbalance of pro and anti-inflammatory 

cytokines, resulting in a prolonged inflammatory phase. This persistence of wound inflammation 

alters the expression of growth factors and inhibits the normal transition to the proliferation and 

remodeling phase that would repair the cutaneous injury and restore the epidermal barrier. 

Topical growth factor treatments have been explored to address the altered cytokine milieu of 

chronic wounds; however, the presence of high concentrations of proteases in the inflammatory 

wound environment results in the degradation and loss of growth factors. MSC growth factors 

play critical roles in orchestrating a multitude of effects; they act as mitogens and 

chemoattractants to neutrophils and macrophages and as stimulants of fibroblast, keratinocyte and 
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endothelial cell proliferation, thereby regulating extracellular matrix production, wound 

contraction, reepithelialization and angiogenesis.  

In this chapter, the potential of combined insulin and MSC factors to synergistically accelerate 

wound healing was explored. Results from the previous chapter demonstrated that each cell type 

has a stimulating effect on pro-wound healing factor secretion from the other cell type, i.e MSCs 

promote insulin secretion from IPCs and IPCs promote MSC growth factor secretion. Therefore, 

the rationale of the current chapter is that the increased pro-wound healing factors from 

coencapsulated cells will accelerate wound healing faster than reduced levels released by singly 

encapsulated cells.  

 

7.2 MATERIALS AND METHODS 

7.2.1 Cell Culture  

The constant insulin producing rat insulinoma beta RIN-m cell line was purchased from 

American Type Culture Collection (ATCC, Manassas, VA) and propagated in RPMI-1640 

medium (ATCC) supplemented with 10% fetal bovine serum (FBS; Sigma) and 1% w/v 

penicillin-streptomycin (pen-strep; Sigma) in a humidified incubator at 37 °C/5% CO2. Human 

bone-marrow derived MSCs were purchased from the Institute of Regenerative Medicine at 

Texas A&M at passage 1 and propagated in alpha-minimal essential medium (α-MEM; Sigma) 

without deoxyribo- or ribo-nucleotides, supplemented with 10% v/v fetal bovine serum (FBS; 

Atlanta Biologicals, Flowery Branch, GA), 1% w/v penicillin-streptomycin, 4 mM L-glutamine 

(Life Technologies) and 1 ng/ml basic fibroblast growth factor (bFGF; Life Technologies).  

 

7.2.2 Cell Encapsulation  

RIN-m cells (IPCs) and/or human MSCs were encapsulated within PEGDA hydrogel sheets by 

photopolymerizing cells suspended in a precursor solution formed by combining 0.1 g/mL 10 

kDa PEGDA (10% w/v; Laysan Bio, Inc.) with (1.5% v/v) triethanolamine/ HEPES buffered 
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saline (pH 7.4), 37mM 1-vinyl-2-pyrrolidinone, 0.1mM eosin-Y. The cell-prepolymer suspension 

containing 1 x 10
4 
IPCs and/or MSCs was pipetted into 1 cm

2
 custom made molds and exposed to 

white light for 20 seconds to achieve 400 µm thick cell-laden hydrogel sheets. Crosslinked 

hydrogels were gently lifted with blunt forceps and placed in Transwells (0.4 mm pore 

polycarbonate membrane Transwell inserts; Corning, Inc., Lowell, MA) in a 12-well plate with 3 

ml culture medium. Hydrogels were maintained in a humidified incubator at 37 °C/5% CO2. IPCs 

or hMSCs were plated on 6-well tissue culture plates for monolayer comparisons.  

7.2.3 Animal Studies  

Animal studies were performed to quantify wound healing responses in vivo. All procedures were 

performed in accordance with protocols approved by the Rutgers University IACUC. A 1 cm x 1 

cm full thickness excisional wound was created on the dorsa of genetically diabetic male mice 

(BKS.Cg-m +/+ Leprdb/J; 10 weeks old, N=24; Jackson Laboratories, Bar Harbor, ME). 

Hydrogels laden with LCD (n=6), MSCs alone (n=6), or IPC:MSC (1:1) (n=6) were applied to 

wounds, which were then covered with Tegaderm™ and photographed at postoperative days 

(POD) 3, 7, 14, 18, 21, and 28 for gross appearance. Phosphate buffered saline (PBS) at 50 µL 

was applied to control animals (n=6). Wound area was measured by tracing the wound margins 

using ImageJ. Wound closure was calculated as percent area of original wound. Animals were 

sacrificed by CO2 inhalation on PODs 14 (N=12; n=3 per group) and 28 (N=12; n=3 per group) 

and wound tissue was collected for histology.  

 

7.2.4 Histological Analysis 

Wound tissue was excised for histological analysis after sacrifice by cutting around the edges of 

the wounded area. Tissue sections were stained with H & E for morphological analysis, PASR 

stain for collagen fiber density, Ki67 for cell proliferation and α-SMA for wound contraction. 

Wound tissues were fixed in 10 % formalin for 24 hours at room temperature and then stored in 

70 % ethanol at 4
o
C until serial sectioning (5 μm thick) and staining with H & E PASR at the 
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Digital Imaging and Histology Core, Rutgers-NJMS Cancer Center. Histological images were 

analyzed on ImageJ software to find epidermal and dermal thickness and collagen density. H & 

E-stained sections were analyzed in ImageJ to measure the thickness of epidermis and dermis 

using the Line Selection Tool. Lines were created across the thickness of the epidermal or dermal 

boundaries at five random locations in each H & E section and lengths were averaged. RGB 

images of PASR-stained sections were converted to gray scale by splitting the images into red, 

green and blue channels. For accurate visual determination of image threshold for collagen-

stained areas, the red and green channels were selected as it yielded the best contrast between the 

stain and the background. The thresholded images were analyzed to measure percent area of 

collagen density [4]. 

 

7.2.5 Statistical Analysis  

All data were taken in triplicate and reported as mean ± standard deviation.  Different treatment 

groups were compared using a one-way analysis of variance (ANOVA). Pairwise comparisons 

were made between groups using Fisher‘s Least Significant Difference (LSD) post-hoc test. P-

values less than 0.05 were considered significant. All analyses were performed using 

KaleidaGraph statistical software version 4.1.0, Synergy Software (Reading, PA). 

 

7.3 RESULTS 

7.3.1 In vivo Wound Healing Response 

No difference in wound closures was observed between the treatments and the controls until POD 

7. Compared to controls, IPC:MSC (1:1) and IPC treated wounds demonstrated significant 

differences in wound closures by POD 14, while MSC treated wounds showed improvement on 

POD 18. At each time point until POD 28, IPC:MSC(1:1) treated wounds were superior in wound 

closure compared to IPC or MSC treated wounds. No scab formation was observed in any of the 

IPC:MSC (1:1) treated animals. Wounds in these animals were soft to the touch, while control 
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animals had either open wounds or had a hard scab formed on the wounds. Some of the wounds 

treated with IPC or MSC had an initial scab formation which was weakly attached to the 

underlying tissue. IPC:MSC (1:1) demonstrated remarkable increase in wound closure by POD 

14, with 5 of 6 animals‘ wounds completely healed. Complete closure was achieved on POD 18 

in all animals treated with IPC: MSC (1:1), a significant difference compared to all other groups, 

which were still open on POD 28. Percent wound closure on POD 18 were 100 ± 0 %, 65.6 ± 

15.2 %, 62.9 ± 16.2 % and -10.44 ± 9.65 % in IPC:MSC (1:1), MSC, IPC and control  animals, 

respectively (Figure 7.1). No significant difference was observed in healing rates between IPC 

and MSC treated wounds. Controls did not show any difference in wound closure dynamics 

between successive time points until at least POD 28. 
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Fig. 7.1: Representative images and quantification of wound closure over time. (A) Gross 

appearance and (B) Percent wound closure. Asterisks indicate statistically significant differences 

(p < 0.05) between hydrogel encapsulated cells versus control. Plus signs indicate statistically 

significant differences (p < 0.05) between IPC:MSC(1:1) versus other groups. Error bars show 

standard error of mean. 

 

7.3.2 Histological Analysis 

IPC:MSC (1:1) treated wounds demonstrated accelerated wound closure and H & E sections 

showed distinct epidermis, dermis and hypodermis. Distinct layers of epidermis were visible in 

histological sections of IPC+MSC treated wounds, namely: stratum corneum, stratum lucidum, 

stratum granulosum and stratum basale (Figure 7.2). The stratum corneum was noticeable as 15-

20 layers of flattened terminally differentiated keratinocytes or corneocytes and containing a 

dense network of keratin with the underlying stratum lucidum. The stratum granulosum could be 

identified as a layer consisting of migrating keratinocytes containing keratohyalin granules. A 

single layer of proliferating keratinocytes comprising the stratum basale was clearly identifiable 

as the deepest layer of epidermis in histological sections of wounds treated with IPC:MSC (1:1). 

In addition, H & E sections of IPC:MSC (1:1) treated wounds demonstrated a clear dermal and 

hypodermal layer.  Similar features were identified in wounds treated with IPC or MSC-laden 

B 
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hydrogels; however the hypodermal layer was not visible in wound tissue sections of either group. 

Keratinocytes in IPC or MSC treated wounds were longer and flatter, representative of migrating 

keratinocytes Histological sections of PBS treated control wounds lacked the structural 

organization of healthy skin and only a thin membrane-like tissue had formed. A scab composed 

of dead cells was visible in the histological sections. 

 

Fig. 7.2: Images of H & E stained histological sections of wound explants. E: epidermis, D: 

dermis, H: hypodermis, SC: stratum corneum, KH: keratohyalin granules in stratum granulosum, 

MK: migrating keratinocytes, SB: stratum basale, HF: hair follicle, SG: sweat gland, SbG: 

sebaceous gland. Only IPC:MSC and uninjured explants show the presence of a hypodermis. 

Neither show evidence of migrating keratinocytes. Control explants had not healed, and thus 

show no structural features of skin. Black scale bars = 100 µm, grey scale bars = 20 µm. 

 

PASR-stained histological sections were first analyzed under bright-field microscopy. IPC:MSC 

(1:1) and uninjured skin demonstrated intense red collagen fibers, while IPC and MSC had a 
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slightly lighter and diffuse red staining of the collagen fibers. In the areas where a scab was 

present, collagen fibers were aligned perpendicular to the epidermis compared to completely 

closed wound areas where the collagen fibers aligned either parallel to the epidermis or in a 

basket-weave like pattern (later remodeling phase) (Figure 7.3). 

 

Fig. 7.3: The PASR-stained histological sections imaged under bright field. Solid arrow points to 

yellow-staining scab, dashed arrows represent alignment of collagen fibers. E: epidermis, D: 

dermis. Collagen fibers in IPC:MSC are beginning to attain the basket-weave alignment similar to 

the uninjured skin. 

 

The PASR-stained histological sections were analyzed under cross-polarized light to quantify 

collagen type I and collagen type III content in the wound sections (Figure 7.4). Collagen type I 

was 57.03 ± 2.67 %, 56.73 ± 1.91 %, 51.26 ± 12.11 %, 46.94 ± 7.30 % and 31.02 ± 10.26 % in 

uninjured skin, IPC:MSC (1:1), MSC, IPC and control wounds, respectively, while collagen type 

III was present at 42.96± 2.67 %, 43.26 ± 1.91 %, 48.73 ± 12.11 %, 53.06 ± 7.30 % and 68.9 ± 

10.26 % respectively (Figure 7.5A). This corresponds to collagen type I to type III (I:III) ratios of 
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1.33:1, 1.31:1, 1.14:1, 0.90:1 and 0.47:1 in uninjured skin, IPC:MSC (1:1), MSC, IPC and control 

wounds, respectively (Figure 7.5 B). Type I:III ratios in IPC:MSC (1:1), MSC and IPC treated 

wounds were significantly higher than controls and not statistically different than uninjured skin. 

A basket-weave like collagen alignment was observed in uninjured skin and IPC:MSC (1:1) 

treated wound sections demonstrated a trend towards this basket-weave like alignment. A similar 

basket-weave trend was observed in MSC treated wound sections; however, the fibers were 

thinner and immature, while IPC:MSC collagen fibers were thicker and closer in size to uninjured 

collagen fibers. The basket-weave was absent in other groups. Thin immature collagen fibers in 

IPC treated wounds were aligned parallel to the epidermis and control wounds were composed of 

nascent and immature collagen identified as blue to green fibers under cross-polarized light. 

 

Figure 7.4: Images of picric acid sirius red stain histological sections of wounds taken under 

cross-polars. Orange represents type I collagen, green represents type III collagen. 
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Fig. 7.5: (A) Quanitfication of relative content of collagen type I and III in PASR-stained 

histological sections of wound tissue. (B) Collagen type I to III ratio. Histological sections were 

imaged under cross-polars. Dashed line: type I/III ratio in uninjured skin, dotted line: type I/III 

ratio in control wounds, asterisks: significance vs. control. 

 

Analyzing Ki67 stained wound tissue sections revealed a highly proliferative basal keratinocyte 

layer which was 2-3 cells thick at the wound edges just bordering the uninjured skin in all groups 

except control wounds, which lacked the presence of proliferating keratinocytes at the wound 

edges and throughout the wounded tissue (Figure 7.6) [1]. The basal layer of migrating 

keratinocytes [2] became one-cell thick towards the center of the healed wound in IPC:MSC (1:1) 

treated animals, while it was multiple cells thick in IPC or MSC treated wounds. In IPC:MSC 

(1:1) sections the Ki67 positively stained cells were mostly localized in the stratum basale with 

only a few positively stained cells present in the dermis. In comparison, Ki67 positive cells were 

present in both the stratum basale and dermal layer of IPC and MSC treated wounds. The number 

of Ki67 positive cells in MSC, IPC, IPC:MSC and uninjured skin were 179.86 ± 44.36, 213.30 ± 

41.64, 237.69 ± 48.35 and 262 ± 32.4, respectively. The number of Ki67 positive cells were 

significantly lower in controls (48.7 ± 41.8) compared to MSC, IPC, IPC:MSC and uninjured skin. 
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Proliferating keratinocytes were seen in the basal layer of uninjured skin tissue sections with most 

proliferating cells concentrated near the hair follicles.  

 

Figure 7.6: Images and quantification of Ki67 immunohistochemical staining of wounds. Dashed 

line: number of Ki67 positive cells in uninjured skin, dotted line: number of Ki67 positive cells in 

control wounds. Asterisks: significance vs. control. 
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Positive α-SMA stain present throughout tissue sections of wounds treated with IPC:MSC (1:1), 

IPC and MSC hydrogels indicating wound contraction (Figure 7.7). Diffuse α-SMA was visible 

in control wounds. Positive α-SMA stain was only seen around vessel lumen and some around 

sebaceous and sweat glands in uninjured tissue sections. Positive α-SMA staining was also 

around vessel lumen with visible blood cells (not stained); IPC:MSC (1:1) treated wounds 

represented bigger mature endothelia. Many tiny endothelia were seen in IPC or MSC treated 

wounds, representative of neovascularization and vascular proliferation in the granulation tissue. 

This was confirmed by staining for CD31, which specifically stained the developing endothelia 

Figure (7.8). The number of blood vessels was quantified in each histological image field and 

12.74, 8.93, 2.31, 0.389 and 0.16 blood vessels/field could be seen in IPC, MSC, IPC:MSC(1:1), 

uninjured and control wounds, respectively. 

 

Figure 7.7: Images of α-SMA immunohistochemical staining of wounds. Yellow arrows point to 

blood vessels (BV).  
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Figure 7.8: Images of CD31 immunohistochemical staining of wounds. Quantification of blood 

vessels (BVs) per field in a histological section. Dashed line: number. of BVs/field in uninjured 

skin, dotted line: no. of BVs/field in control wounds. Asterisks: significance vs. control. 

 

DISCUSSION 

In the previous chapters it was reported that IPCs encapsulated within PEGDA hydrogel 

microspheres stimulated in vitro keratinocyte migration, promoted significant wound closure, and 

increased epidermal thickness and collagen fiber density in a diabetic mouse model. It was 

demonstrated that the PEGDA encapsulated IPCs remain viable and secrete bioactive insulin at 

the wound site for a therapeutic effect. Herein, a bioactive hydrogel dressing was presented that 

combined IPCs and MSCs to synergistically accelerate wound closure through sustained secretion 

of insulin and MSC factors at the wound site. 

PEGDA hydrogels absorbed wound exudate when the wound was open, and dried and sloughed 

off the wound and stuck to the Tegaderm
TM

 when the wound was closed and dry. This suggests 

that PEGDA helps in wound closure by absorbing excess wound fluid; this can be reinforced 
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from our finding that wounds treated with empty PEGDA hydrogel microspheres demonstrated 

73 % wound closure compared to PBS treated wounds that were only 33 % closed on POD 28. 

The PEGDA hydrogel that encapsulated the cells cools the underlying wound and thus decreases 

pain.  

TGF-β1 plays a critical role in the wound healing process by affecting granulation tissue 

formation [6, 7], fibroblast differentiation to myofibroblasts [8] and re-epithelialization [9]. In the 

previous chapters it was demonstrated that TGF-β1 secretion from MSCs is increased in the 

presence of IPCs. Given this knowledge, it was unsurprising to observe superior wound tissue in 

IPC:MSC (1:1) treated wounds. The results presented thus far suggest that IPC:MSC (1:1) 

induced advanced fibroblast chemotaxis, ECM production and α-SMA expression (characteristic 

of myofibroblast transformation). The higher content of type I collagen in these wound sections 

further corroborates this finding and reinforces the role of TGF- β1 in collagen maturation.  

The presence of elongated and flattened keratinocytes in the epidermis of IPC:MSC (1:1) treated 

wounds and their absence in other treatment groups suggests that wounds treated with either IPC 

or MSC containing hydrogels were still undergoing reepithialization and wound closure while the 

IPC:MSC (1:1) wounds had completely reepithelialized. Moreover, in IPC:MSC treated wounds, 

the Ki67 positive cells were mostly concentrated in the stratum basale while in IPC and MSC 

treated wounds, positive staining was visible in both the stratum basale and the dermis. The in 

vitro results showed that VEGF secretion from MSCs was stimulated by insulin; thus, it follows 

that this phenomenon also occurred in vivo. In normally healing wounds, there is a localized 

increase in vascularity within the healing tissue. It was expected that the exogenous VEGF would 

promote localized neovascularization in IPC, MSC and IPC:MSC treated wounds. This localized 

vascularity recedes as the wound closes and matures. Taking these results together, the presence 

of multiple tiny blood vessels (angioplasia) and Ki67 positive cells in the dermal layer 

(fibroplasia) in IPC and MSC treated wounds suggests that these wounds are in the proliferative 

phase [3]. In comparison, IPC:MSC (1:1) treated wound sections had fewer blood vessels, 
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demonstrating a transition to the maturation phase [3]. This can be confirmed from wound closure 

dynamics which demonstrate that IPC:MSC (1:1) treated wound had completed closed by POD 

18 while IPC or MSC treated wound demonstrated wound closure around POD 28. Control 

wounds were stagnant in the healing process as demonstrated by insignificant differences in 

wound closure dynamics. Moreover, control wounds healed by scab formation, which makes it 

difficult for keratinocytes, fibroblasts and endothelial cells to migrate. Once a scab is formed, 

cells have to dissolve the clot, debris and damaged ECM before they can migrate, which delays 

wound healing and in indolent wounds cells do not secrete factors that help to dissolve the clot. In 

contrast to controls, IPC and MSC treated wounds healing with minimal scab formation while no 

scab formation occurred in IPC:MSC (1:1) treated wounds. This may also suggest that the 

IPC:MSC (1:1) reduce scar formation. Type I and III collagens play a critical role in scar 

formation; though necessary for wound healing, an excess deposition of collagen can result in 

scarring [10, 11]. Therefore, a critical balance of type I and III collagen is required for scar-free 

healing [12]. Results presented here demonstrate that the type I and III collagen content in 

IPC:MSC (1:1) treated wounds is similar to uninjured skin. Compared to healed wounds, the 

uninjured skin has a much thinner epidermis and dermis, which is expected since the wound 

tissues were excised on POD 28 and remodeling is not complete until much later when healed 

tissue regains the morphology of uninjured skin. 

 

CONCLUSION 

The rationale of this chapter was that the combination of IPCs and MSCs would accelerate wound 

closure faster than when either IPCs or MSCs are applied to wounds alone. In this chapter, results 

demonstrate that IPC and MSC coencapsulation significantly accelerated wound closure by POD 

14 with a standard error of only 9.7 %. This standard error stems from one of the six IPC:MSC 

(1:1) hydrogel treated animals which demonstrated 41 % wound closure compared to all others, 

which were 100 % closed. Moreover, it was observed that the PEDGA hydrogel sheets provide a 
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moist environment which promotes moist healing through the formation of granulation tissue and 

reepithelialization while absorbing wound exudate. Our results confirm that IPC:MSC (1:1) 

reduce scab formation, will potentially reduce scar tissue, and histology of the healed tissue 

signify a mature tissue in the remodeling phase while wounds treated with IPC or MSC-alone 

hydrogels remain in the proliferative phase, and control wounds are in the inflammatory phase. It 

is worthy to note that once the wound reepithelialized, the cell-laden hydrogel sloughed off, 

which prevents hyper-proliferation of keratinocytes and fibroblasts, and limits excessive collagen 

deposition, thus limiting hyperplastic scar formation. 
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CHAPTER 8: CONCLUSIONS 

In this thesis, I presented a novel dual-cell therapy that delivers sustained release of insulin and 

MSC factors to the wound area by encapsulating insulin-secreting cells and mesenchymal stem 

cells in non-immunogenic PEGDA hydrogels. With the increasing economic and emotional 

burden associated with chronic wounds in terms of treatment costs and amputations, it is critical 

to develop strategies that accelerate wound healing in at risk populations; one such method is to 

optimize the delivery of growth factors to maximize their therapeutic efficacy. Molecular genetic 

approaches are also being explored to transduce cells within the wound for a prolonged 

therapeutic effect. This thesis describes the development of a dual-cell dressing that can 

potentially reduce the duration of hospital stays associated with chronic wounds, thereby reducing 

surgical healthcare costs. To date, the work presented here is the first cell therapy to combine 

IPCs with MSCs to improve wound healing.  

 

8.1 KEY FINDINGS 

8.1.1 Microencapsulation of IPCs in PEGDA hydrogel microspheres maintains cell viability 

and insulin secretion 

Cell viability and insulin secretory characteristics of microencapsulated cells were evaluated. 

Cytotoxicity analysis confirmed that cell viability was not affected by the encapsulation 

procedure. Glucose stimulation studies verified free diffusion of glucose and insulin through the 

microspheres and the IPCs continued to demonstrate their secretion characteristics; RIN-m 

maintained a constant insulin secretion profile and AtT-20ins demonstrated increased insulin 

secretion in response to incremental glucose concentrations. 
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8.1.2 RIN-m IPCs demonstrate superior in vitro keratinocyte migration and in vivo wound 

closure 

Scratch assays demonstrated accelerated keratinocyte migration in vitro when treated with 

microencapsulated cells. In excisional wounds on the dorsa of diabetic mice, microencapsulated 

RIN-m cells demonstrated significant difference in wound closure by POD 7 compared to AtT-

20ins treated and control groups. The results suggest that microencapsulation enables insulin-

secreting cells to persist long enough at the wound site for a therapeutic effect and thereby 

functions as an effective delivery vehicle to accelerate wound healing. It was also concluded that 

the presence of insulin is sufficient to circumvent the hyperglycemic wound environment and 

insulin release from IPCs need not to be tailored to the changing glucose levels in the wound bed. 

 

8.1.3 Coencapsulation has a cooperative effect on IPCs and MSCs 

The combination of IPCs and MSCs demonstrated increased insulin, TGF-β1 and VEGF 

secretion which further promoted in vitro keratinocyte migration and Akt phosphorylation 

compared to when these cells were encapsulated alone. Moreover, the coencapsulations resulted 

in fewer cells required to achieve the effects. Achieving an effective stoichiometry of IPC and 

MSC ratio not only had a beneficial effect on the encapsulated cells‘ viability and secretome but 

also on the downstream wound healing pathways‘ recruitment and hallmarks of proliferation, 

migration and collagen metabolism. 

 

8.1.4 IPC and MSC combination improves wound healing in diabetic mice by promoting 

accelerated transition through the wound healing phases 

The combination of IPCs and MSCs (IPC:MSC) demonstrated the most significant effect on 

healing performing at least 35 % better than IPC or MSC hydrogels and 87 % better than controls 

as early as POD 14. Remarkably, IPC:MSC hydrogels promoted complete wound closure by 

POD 14 and histology analysis revealed a mature wound tissue. This results stems from insulin‘s 



113 
 

 

ability to regulate the initial inflammatory wound environment present in diabetic subjects, the 

concerted effort of insulin to stimulate keratinocyte and fibroblast proliferation, the increased 

release of TGF-β1 and VEGF from MSCs when coencapsulated with IPCs, the role of TGF-β1 to 

regulate collagen metabolism and induce myofibroblast transformation required for wound 

contraction, and the facilitation of neovascularization by VEGF. It is worthy to note that the 

IPC:MSC hydrogels did not induce excessive reepithelialization, collagen synthesis or blood 

vessel formation that leads to scar formation but promoted efficient transition through the wound 

healing phases as was evident from morphological and immunohistochemical analysis. This has 

profound clinical implications since most growth factor therapies like PDGF and bFGF have been 

associated with risk of cancer and tumor angiogenesis due to hyperproliferation. This ability of 

the IPC and MSC combination to promote accelerated healing while avoiding excessive healing 

may prove beneficial in the treatment of other wound healing complications such as hypertrophic 

scars and keloids. 

 

8.2 POTENTIAL MECHANISMS 

From in vitro studies it was demonstrated that the coencapsulation of MSCs with IPCs increased 

the release of both insulin and MSC factors from these cells. Increasing the amount of singly 

encapsulated MSCs did not increase MSC factor release as much as coencapsulating the cells 

with an equal number of IPCs. Similarly, increasing the number of singly encapsulated IPCs did 

not increase insulin release as much as coencapsulating the cells with an equal number of MSCs. 

MSC factor release increased the most when coencapsulated with increasing IPC densities while 

the highest insulin release was achieved from IPC:MSC (1:1). Consequently, the highest 

stimulation of keratinocyte migration and Akt phosphorylation was also achieved from IPC:MSC 

(1:1). Both the increased keratinocyte migration and Akt phosphorylation suggest that the 

presence of high levels of insulin in concert with MSC factors is required for significant increases 

in keratinocyte migration, Akt phosphorylation and in vivo wound healing.  
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Since MSCs are known to increase their factor release in the presence of IPCs, it is possible that 

the enhanced wound healing effects are due to the increased release of MSC factors triggered by 

the presence of IPCs. Although this is possible, it is unlikely. If the role of IPCs in this enhanced 

response is merely to stimulate MSC factor release and the effect of insulin during the wound 

healing is trivial, the most significant increases in MSC factor release and in in vitro keratinocyte 

migration would be expected when more MSCs were present. However, this was not the case. 

Counterintuitively, the greatest TGF-β1 release happened when more IPCs than MSCs were 

present, as in the IPC:MSC (10:1) hydrogels. The greatest VEGF release happened when the ratio 

was equal, as in the IPC:MSC (1:1) hydrogels, but in Days 1 and 7, IPC:MSC (1:1) hydrogel 

VEGF levels were not statistically different than IPC:MSC (10:1) levels. Thus, if the increased 

MSC factors were solely responsible for this enhanced wound healing effect, it would be 

expected that faster keratinocyte migration would be induced by the IPC:MSC (10:1) hydrogels.  

Alternatively, if the importance of the MSCs was merely to support the IPCs and the presence of 

MSC factors had a lesser role in this wound healing than insulin, certain observations would be 

expected. Increased insulin release, keratinocyte migration, and Akt phosphorylation would be 

expected in hydrogels with a higher IPC ratio (IPC:MSC (5:1) and IPC:MSC (10:1)). On the 

contrary, the IPCs encapsulated alone (LCD) had faster keratinocyte migration and higher Akt 

phosphorylation levels than all coencapsulations with MSCs with the exception of the IPC:MSC 

(1:1). Further, on Days 1 and 7, the release of insulin from IPC-only LCD hydrogels was second 

only to IPC:MSC (1:1) levels. On Day 21, IPC:MSC (1:10) released the highest insulin. If the 

presence of MSCs were merely to support IPCs, it would be expected that on all days, all ratios of 

coencapsulations would improve insulin release from the IPCs, keratinocyte migration, and Akt 

phosphorylation. The 1:1 ratio of cells shows improvements over the other ratios and the single 

encapsulations that is not easily explained by increased insulin or by increased MSC factors. This 

strongly suggests that both insulin and MSC factors are equally responsible for promoting the 

observed enhanced wound healing. 
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Insulin and insulin-like growth factor (IGF) promote DNA synthesis in various cells [10-12].. 

However, the addition of both insulin and IGF to skin fibroblasts cultures does not result in 

additive increases in DNA synthesis, while the addition of insulin and serum does result in 

additive effects in DNA synthesis, suggesting that the growth factors present in serum somehow 

complement or reinforce the action of insulin [12]. It has also been shown that MSC factors, 

particularly EGF and PDGF, act synergistically with insulin in promoting DNA synthesis, and 

insulin may further be required to elicit the action of these and other growth factors [14-16]. For 

example, insulin is required for the action of nerve growth factor (NGF) for induction of neurite 

formation [17]. Given these results, it can be hypothesized that the acceleration of keratinocyte 

migration, Akt phosphorylation, and wound healing with IPC:MSC hydrogels were also additive 

effects that resulted from the presence of both insulin and MSC factors at the wound site.  

Thus, it is possible that the IPC:MSC hydrogels elicit accelerated wound healing through: (1) a 

synergistic effect of insulin and MSC factors, and/or (2) insulin eliciting the action of MSC 

factors. If true, would MSC-alone hydrogels plus exogenous insulin provide the same accelerated 

wound healing as IPC:MSC hydrogels? How long would the exposure of exogenous insulin need 

to be for an identical effect? Regardless of the answers, a detailed study should be conducted to 

underpin the signaling mechanisms of IPCs and MSCs in the accelerated wound healing that was 

achieved in this thesis. 

 

8.3 LIMITATIONS 

The goal of this thesis was to develop a sustained-release dressing that accelerates wound repair. 

Significant acceleration was achieved by combining IPCs and MSCs in a hydrogel sheet. One 

future direction of this study is to investigate the mechanism of the synergistic effect; however, 

one limitation with the current hydrogel coencapsulation system is that the key source of 

stimulation of signaling molecules was not precisely defined, i.e whether IPCs, MSCs, or the 

combination of the two are the source.. For instance, if it were possible to stimulate MSCs to 
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overproduce VEGF and TGF-β1 without using IPCs, could the same result be achieved? 

Alternatively, if insulin and MSCs could be applied exogenously without the use of IPCs, would 

this achieve the same result? Is it simply insulin plus MSCs, or is it IPCs plus MSCs that are 

necessary? In this study non-degradable PEGDA was utilized; it would be difficult to release cells 

from the nondegradable polymerized PEGDA mesh in order to study intracellular signaling 

moieties. However, in future work, cells can be entrapped in degradable PEG hydrogels and some 

of these questions can be addressed. 

 

The mouse model employed in this study was a diabetic chronic wound model. We were able to 

elucidate the effect of our cell-laden hydrogel dressing in a diabetic wound environment. 

However, this model lacks the ischemic component in human chronic wounds. Moreover, mice 

do not identically mimic human wound healing and large animal models such as pig or nonhuman 

primate models are required. Pig skin has an architecture with many anatomic similarities to 

human skin. Pig epidermis is thick like human epidermis and the epidermal-dermal interface has 

rete ridges and papillary projections, similar to human skin and in contrast to animals that rely on 

vigorously shaking their bodies as a rapid method to dry off [1-5]. These animals have evolved 

loose skin that enables increased rotational speeds and thus high centripetal forces necessary to 

propel water from their fur [4]. Such animals have loose dermal structures compared to humans, 

including many laboratory animals (e.g. mice, rats, dogs, rabbits).  Additionally, pig and human 

skin heals at the same rate (27-30 days) and both heal primarily through reepithelialization while 

the skin of animals with loose skin heals predominantly through contraction [2, 6, 7]. 

Nevertheless, mouse models are cost effective and allow for the evaluation of multiple treatment 

strategies prior to the investment in a large animal model. 
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8.4 FUTURE DIRECTIONS 

This thesis demonstrated that the coencapsulation of IPCs and MSCs promotes accelerated wound 

healing compared to when either cell is encapsulated alone. However, further study must be 

conducted to probe the underlying mechanisms and signaling molecules involved in achieving 

this effect. Conducting western blot analysis of phosphor-proteins in the POD 14 tissue lysate is 

one step towards underpinning the mechanism of the accelerated wound healing achieved. 

Specifically, phospho-proteins of the insulin signaling pathway, particularly p-ERK, p-GSK, e-

NOS and IRS, can provide evidence that the accelerated wound healing was through stimulation 

of the insulin signaling pathway. The role of insulin in this accelerated wound healing can further 

be examined by repeating the studies while using insulin inhibitors to prevent the IPCs from 

secreting insulin. This way it is possible to detect the action of any unknown factors secreted by 

the IPCs that may be playing a role in wound healing.  

Insulin release from IPCs can be inhibited by using ATP sensitive potassium (K(ATP)) channel 

diazoxide and potassium channel opener compound, NN414 [8, 9]. If following the inhibition of 

insulin release MSC factor release decreases and time to complete wound healing increases, it 

would suggest that the presence of the insulin is necessary for accelerated wound healing from 

IPC:MSC hydrogels. If after inhibiting insulin release, MSCs continue to secrete high levels of 

MSC factors and the coencapsulated hydrogels provide the same acceleration of wound healing, it 

would suggest that the presence of IPCs stimulates MSCs to secrete higher levels of MSC factors 

and insulin is not required to achieve this effect. Then new questions would arise. If the IPCs with 

no insulin could still produce this enhanced wound healing, are the IPCs in particular shedding 

something that the MSCs respond to, or would any cell suffice? Would a different cell type such 

as fibroblast provide the same advantage if coencapsulated with MSCs?  

Additionally, the mechanism of wound healing acceleration by IPC:MSC hydrogels can be 

further probed by DNA microarray analysis. In this approach wounds treated with IPC:MSC 

hydrogels can be harvested at multiple time points, the total RNA can be extracted and the 
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differential gene expression can be studied. This would allow predicting a mechanism of wound 

acceleration by underpinning distinct components of the signaling pathway such as ligands, 

receptors, adaptor proteins and transcription factors involved in downstream responses such as 

cell proliferation, cell migration, inflammatory responses or regulation of cell growth. This would 

also enable the study of the changes as wound healing phases transition from the inflammatory to 

the proliferative to the remodeling phase.  

Though current results point towards reduction in scar formation in IPC:MSC treated wounds, a 

longer animal study with an end-point in the remodeling phase is required to confirm these 

findings. If true, future studies to explore the systems efficacy in models of hypertrophic scarring 

would be warranted. Moreover, it will be interesting to determine whether the IPC:MSC 

hydrogels also promote regeneration of skin appendages such as hair follicles, sweat and 

sebaceous glands.  

Cell viability analysis performed on hydrogels that had sloughed off of healed wounds revealed 

that all the cells within the hydrogel were dead. It will be interesting to remove the cell-laden 

hydrogels at an earlier point such as day 5 or day 7 and conduct western blot and polymerase 

chain reaction (PCR) analysis to investigate any difference in the expression of cells. Culturing 

cell-laden hydrogels in wound exudate in vitro may also be an alternative in determining the fate 

of these cells. 

In addition to chronic wounds, there are a variety of wounds that are difficult to treat, including 

chemical, thermal and radiation burns. In future, this bioactive hydrogel dressing will be tested in 

pig and nonhuman primate models of chronic wounds and burns to evaluate a model more similar 

to human wound healing. The success of the system as reported in this thesis could lead to a 

transformative new treatment for intransigent wounds, and thus further studies are necessary to 

ensure the result extends beyond rodents. 
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