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Abstract 

Wound healing, especially chronic wound healing, has become a major 

clinical problem all over the world. Among all the treatments for wound 

healing, wound dressings are the main management approaches for both 

acute and chronic wounds. However, although significant progress has been 

made in the development of modern wound dressings over the past few 

years, there are still restrictions to stimulating the healing process. As an 

alternative to existing approaches, tissue engineering approaches with stem 

cell therapy have been widely studied for wound healing applications and 

showed promising therapeutic effects. Ideally, the next step is to develop a 

wound dressing with specific therapeutic functions such as delivering 

therapeutic agents (e.g. growth factors and/or stem cells) to promote the 

healing process. The overall goal of this doctoral project was to develop an 

injectable hydrogel cell delivery system which could easily encapsulate and 

support adipose-derived stem cellsô (ADSCs) growth, proliferation and 

secretion, with the potential use as a temporary bioactive hydrogel dressing 

for wound healing applications. To this end, the multifunctional PEG-based 

hyperbranched copolymers with thermoresponsive behavior and in-situ 

photo-/chemical cross-linkable properties have been developed via an 

advanced one-step in-situ deactivation enhanced atom transfer radical 

polymerization (DE-ATRP) method. At room temperature, this copolymer 

was water-soluble while forming a gel rapidly at body temperature, so that 

the cells can be easily encapsulated and applied to any wound size, shape or 

cavity, which is less invasive than other approaches and minimizes patientsô 

discomfort. In addition, a photo-/chemical gelation occurs within a short 

time to achieve a stable hydrogel with enhanced mechanical properties, 

supporting cell growth, proliferation and secretion. Furthermore, in 

combination with extracellular matrix (ECM) biopolymer of hyaluronic acid 

(HA), the microenvironment of the hydrogel system has been optimized 

during the project, so that the encapsulated ADSCs can maintain their 

viability and secretion level in vitro. Finally, the in vivo cell survival, 

material inflammatory response, and the wound healing effect of the 

optimized hydrogel system with rat ADSCs were evaluated using a rat 
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dorsal excisional wound model. It was found that this system prevented the 

wound contraction and significantly enhanced angiogenesis. This is the first 

study to describe an injectable stem cell bioactive hydrogel dressing for 

wound healing purpose; and with the advanced multifunctional polymer and 

injectable hydrogel template developed in this project, there is significant 

potential for further development of this technique to the next step towards 

the realization of clinical wound healing applications ultimately.  
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1.1 Wound Healing  

The skin is one of the most important protective barriers of the body against 

the environment and its functional disruption or injury may result in major 

disability or even death. According to the definition from the Wound 

Healing Society, wound healing is a ñcomplex dynamic processò involving 

various mediators, different blood and parenchymal cells, and extracellular 

matrix (ECM) 
1
. Based on the nature of the healing process, wounds can be 

classified into two categories as acute wounds and chronic wounds 
2
. Acute 

wounds, which are usually caused by mechanical injuries and thermal or 

chemical burns, can generally completely heal with minimal scarring within 

days to 12 weeks 
2, 3

. In contrast, chronic wounds fail to heal over months, 

even years, due to repeated tissue insults or specific physiological 

conditions such as diabetes, obstinate infections and poor management of 

the wounds 
4, 5

.  

1.1.1 Acute Wound Healing 

Depending on the biologic and physiologic mechanisms, the acute (normal) 

wound healing process can be divided into three overlapping phases (Figure 

1.1): (i) hemostasis and inflammation; (ii) proliferation and repair 

(neoangiogenesis, proliferation and re-epithelialization); and (iii) tissue 

remodeling 
6, 7

. More importantly, these overlapping steps are precisely 

regulated by local and system mediators such as cytokines, chemokines and 

growth factors 
8-10

.    

1.1.1.1 Hemostasis and Inflammation 

Bleeding usually occurs immediately after skin injury, which does not only 

serve to flush out the bacteria and foreign antigens but also to activate 

hemostasis. After injury, platelet aggregation initiates the clotting cascade 

forming a fibrin clot and triggers platelet-mediated vasoconstriction 
11

. The 

clot serves as a temporary shield protecting the uncovered wound tissue and 

the vasoconstriction can prevent further blood loss. In addition, the 

fibronectin and fibrin composition in the clot supports and guides the 

fibroblast and keratinocytes as a provisional matrix or scaffold. The platelet 

activation also results in the release of mediators such as platelet-derived 
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growth factors (PDGF), which induces a series of immune defenses and 

tissue repair process including the migration of fibroblasts and keratinocytes, 

the recruitment of inflammatory cells, the production of collagen, 

glycosaminoglycan or other ECM proteins, and the synthesis of 

collagenases which are response to reshape the regenerated tissue 
12, 13

.   

The damage of blood vessels and vasoconstriction also result in a hypoxic 

microenvironment, which induces the release of anti-microbial substances 

such as reactive oxygen species (ROS) 
14-16

, oxidants, cationic peptides, 

proteases 
17

 and stimulate the formation of neutrophil extracellular traps 

(NETs) which can degrade virulence factors and bacteria 
18

. These anti-

microbial substances can kill the microorganisms in the early wound stage, 

while too many of them may cause further tissue damage and delayed 

healing process. Moreover, the imbalance of oxidants and antioxidants may 

cause the prolonged inflammatory phase in chronic wounds 
16, 19

. Therefore 

the balance of ROS production and detoxification by ROS-detoxifying 

enzymes, antioxidants and hemeoxygenases plays a crucial role in wound 

healing process 
19

. A number of studies have aimed at identifying some 

potential clinical targets based on this mechanism. For example, the 

intracellular enzyme peroxiredoxin-6 that is expressed in epithelial cells was 

found to protect cells from the ROS-induced damage 
20, 21

. The gene 

transcription approaches for encoding growth factors, cytokines and 

chemokines have also been used to control the oxidative stress. A good 

example for such targets is the transcription factor NF-E2-related factor 2 

(Nrf2) which regulates the production of antioxidant molecules in 

keratinocytes 
22

. Keratinocyte growth factor (KGF) or so called fibroblast 

growth factor-7 (FGF-7) can increase the expression of Nrf2 and 

peroxiredoxin-6, therefore indirectly protecting keratinocytes from ROS-

induced damage 
23, 24

.     

The inflammation begins nearly simultaneous with hemostasis and is 

usually complete within 24 h to 3 days, while sometimes it may last for one 

week after injury 
7
. Within a few minutes after injury, neutrophils are 

recruited from the circulating blood around the wound site to clean the rush 

of contaminating bacteria 
25

. In addition, the pro-inflammatory cytokines 
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produced by neutrophils can activate local fibroblasts and keratinocytes at 

the early wound stage 
26

. The infiltration of neutrophils ceases once the 

infection is controlled (normally after a few days) and then are cleared by 

macrophages phagocytosis 
7
.  Monocytes are also recruited to the wound 

site at this stage, in response to various mediators such as monocyte 

chemoattractant protein 1 (MCP-1), transforming growth factor ɓ (TGF-ɓ) 

and fragments of ECM proteins, and then they differentiate into activated 

macrophages 
11

. Adherence to the ECM may induce monocytes and 

macrophages to express important cytokines for inflammation and tissue 

repair process such as colony-stimulating factor 1 (CSF-1), tumor necrosis 

factor Ŭ (TNF-Ŭ), PDGF, transforming growth factor Ŭ (TGF-Ŭ), TGF-ɓ, 

interleukin-1 (IL-1), insulin-like growth factor I (IGF-I) 
27-29

. In addition, 

macrophages can also synthesize nitric oxide (NO) which has been proved 

to have an important beneficial role in wound healing 
30, 31
. As a ñtransition 

cellò between inflammation and wound repair, macrophages not only 

phagocytose cell debris and clean the wound site, but also regulate the 

migration and proliferation of epidermal cells, organization of new tissue 

connection, and angiogenesis 
29, 32

.          

Another important cell type acting at the inflammatory phase is leukocytes, 

which are induced by endothelial and intercellular adhesion factors. For 

example, the immunoglobulin superfamily members intercellular adhesion 

molecule-1 (ICAM-1) and vascular cell adhesion molecule-1 (VCAM-1) 

which are up-regulated by vascular endothelial growth factor (VEGF) and 

IL-1, may benefit the recruitment of leukocytes and macrophages during the 

inflammatory phase 
33-36

. In addition, the effect of the intercellular 

communication channels (gap junctions) can also promote or delay the 

wound repair process. It has shown that down-regulation of connexin 43 

(Cx43), one of the important gap junction proteins, reduced the chemokine 

ligand-2 (CCL-2) and TNF-Ŭ level, leading to decreased inflammatory 

response and improved healing 
37

. As another potential treatment target, 

chemokines such as cysteine-X amino acid-cysteine ligand 1 (CXCL1) and 

its receptor (CXCR1) also regulate the recruitment and infiltration of 

leukocytes and macrophages 
38

.    
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Furthermore, vasoactive substances such as serotonin, prostaglandins, 

histamine and bradykinin also play significant roles in the inflammatory 

stage of wound healing process 
29

. These factors increase the permeability of 

endothelium which leads to enhanced infiltration of immune and repair cells. 

As a result, the fluid starts to leak and the temperature increases at the 

wound site, leading to a warm and moist microenvironment for healing 

process 
7
. At the end of the inflammation phase, bleeding is controlled and 

the wound bed is clean, which is suitable for the next phase of proliferation 

and repair.        

1.1.1.2 Proliferation and Repair 

The proliferation and repair - the second phase of the healing process - 

usually occurs within 1-3 weeks after wound injury and includes three major 

events: re-epithelialization, neovascularization and granulation 
7
. Fibroblast 

and keratinocytes are the key cell types during this stage.    

1.1.1.2.1 Re-epithelialization 

Re-epithelialization occurs within hours after injury when the epidermal 

cells from skin appendages (e.g. hair follicles) clear the damaged stroma and 

blood clots from the wound site. Meanwhile, keratinocytes undergo marked 

changes in their phenotype: the retraction and dissolution of the intracellular 

tonofilaments and desmosomes 
39

; and formation of peripheral cytoplasmic 

actin filaments to support cell movement 
40

. The tight adherence of 

epidermal and dermal cells is broken via dissolution of hemidesmosomal 

links between the epidermis and the basement membrane. Consequently, 

these cells interact with several ECM proteins such as fibronectin, 

vitronectin, and collagen type I 
41

, and separate eschar tissue from the 

wound space.          

24-48 h after wound injury, epidermal cells start to proliferate following the 

active migrating cells from the edge towards the center of the wound. The 

proliferation and migration of keratinocytes include a series of cell 

transformation and leapfrogging processes 
42

, which are induced and 

regulated by a number of growth factors and cytokines such as FGF family 

(e.g. FGF-2/-7/-10) 
43-46

, epidermal growth factor family (EGF, heparin 
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binding EGF) 
47, 48

, hepatocyte growth factor (HGF) 
49, 50

, IL-6 
51, 52

 and 

TGF-Ŭ 
53

. Furthermore, the role of TGF-ɓ as an important growth factor 

functioning throughout the entire healing process has been controversially 

discussed in literature. On the one hand, it stimulated keratinocyte migration 

and promoted chronic wound healing 
54

. On the other hand, inhibited effect 

on keratinocyte migration and re-epithelialization has also been found after 

treatment with TGF-ɓ 
55, 56

. A recent report demonstrated that the 

association of TGF-ɓ with integrins and ECM materials plays an essential 

role in the wound healing process 
57

. 

In addition, some matrix metalloproteinases (MMPs), a family of zinc 

dependent endopeptidases which cleave specific ECM and basement 

member proteins 
58, 59

, also play essential roles to encourage cell 

proliferation and migration, such as MMP-1 (interstitial collagenase) 
60

, 

MMP-9 (gelatinase B) 
61

 and MMP-10 (stromelysin-2) 
62

. Once the 

migrating cells from opposing sides make contact with each other, a ceasing 

process is triggered that is known as the contact inhibition. Then, basement 

membrane reformed as a zipper-like sequence 
63

 and epidermal cells return 

to their normal phenotype 
6
.    

1.1.1.2.2 Angiogenesis 

Angiogenesis, sometimes also referred as neovascularization, is a restoring 

process for the vascular network. It is essential for providing nutrients and 

oxygen during the healing process 
64

. As discussed in the former sections, 

increased endothelial permeability creates a required nutrient-rich 

microenvironment for wound repair before the new blood vessel system 

regenerates. Shortly after the injury, the partial pressure of oxygen at the 

wound site significantly decreases while the partial pressure of carbon 

dioxide (CO2) increases to about 80 mm Hg, and the pH decreases to 6.8, 

leading to increased level of lactic acid. The lactic acid molecules can 

regulate the cell metabolism and transcription. For example, an increased 

lactic acid level promotes collagen production within the wound and 

enhances angiogenesis 
64

.  
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On the other hand, the hypoxic environment induces macrophages secreting 

growth factors to stimulate angiogenic factors such as VEGF 
65-68

, TGF-ɓ1 

69
, basic FGF 

70
, and indirect angiogenic factors such as cysteine-rich 

angiogenic inducer-61 (Cyr61) 
71

 and sonic hedgehog protein (Shh) 
72

. In 

addition to these factors, endothelial receptors, ECM and provisional matrix 

are also important for angiogenesis, which affect the proliferation and 

migration of endothelial cells 
73

. At the late stage of the proliferation phase, 

angiogenesis ceases once the wound space is filled with new granulation 

tissue, and many of the blood vessels are cleared via apoptotic process 
74

.   

1.1.1.2.3 Granulation 

The last mechanism of the proliferation phase is called granulation and 

begins about four days after injury 
7
. Here, new capillaries occur, 

macrophages, fibroblasts and blood vessels move into the wound space, 

leading to a development of new tissue rich in hyaluronic acid, fibronectin, 

collagen and other ECM materials.  In this stage of the wound healing 

process, fibroblasts are the main contributors to the production of new ECM 

compounds. For instance, hyaluronic acid increases the tissue hydration; 

fibronectin promotes the cell adhesion and migration; proteoglycans (e.g. 

chondroitin sulfate) benefit the regulation of several growth factors and 

secreted proteins; and glycoproteins (e.g. collagen and elastin) provide the 

mechanical strength of new tissue matrix 
7
. During this process, the 

proliferation and migration of fibroblasts are stimulated by mediators that 

include PDGF 
75

, TGF-ɓ1 
76

 and FGF 
77

. Finally, the provisional matrix is 

replaced by new extracellular matrix caused by the influx of fibroblasts 
78, 79

. 

Once the collagen-rich ECM has formed, the fibroblasts cease to produce 

collagen and undergo apoptosis 
80

.    

Another essential mechanism during the ECM regeneration is wound 

contraction. Usually during the second week of wound repair process, 

fibroblasts differentiate into an actin containing phenotype, named as 

myofibroblasts 
7
. Utilizing their contractile properties, myofibroblasts pull 

wound edges together to result in the wound contraction, which increases 

the healing process at some level via reducing the wound gap; but too much 

contraction can cause deforming scars, painful contractures and mobility 
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dysfunction 
81

. The modulation factors that are involved in this process 

include TGF-ɓ1/-ɓ2 
82

, PDGF 
83

, integrin receptors for cell-ECM attachment 

84
 and enzymes for collagen remodeling 

85
. Furthermore, during the 

contraction process, collagen molecules accumulate, are remodeled and 

cross-link with each other. Approximately at three weeks after injury, the 

wound can achieve about 20 % of its final strength 
6, 7

.    

1.1.1.3 Remodeling 

The final phase of wound healing in which regenerated granulation tissue 

reorganize into mature connective tissue, is called remodeling. It starts from 

about three weeks after injury and continues for months, even years to 

achieve the restoration of physiologic functions 
11

. As discussed earlier, 

collagen synthesis starts during the proliferation phase to build the 

granulation tissue, while at the same time, connective tissue is developed to 

reshape the collagen and ECM production is driven by macrophages and 

fibroblasts 
63, 78

. Released collagen molecules first form a triple helix protein 

of procollagen that can form fibers with arranged order, and then cross-link 

to generate stable and stronger collagen strands 
86

. In this process, 

angiogenesis ceases, cell metabolism in ECM is reduced, hyaluronic acid 

and fibronectin are replaced by collagen fibers. Then composition of type III 

collagen decreases from 30 % to 10 %, which results in an increased tensile 

strength in tissue 
7
. Meanwhile, the macrophages, keratinocytes, fibroblasts 

are removed by apoptosis 
7
.  

The remodeling process, a balance between the new collagen formation and 

old tissue degradation, is regulated by ECM-bond growth factors and MMPs 

87
. The activity of MMPs and their inhibitors (i.e. tissue inhibitor of matrix 

metalloproteinases, TIMPs) are stimulated by several cytokines, chemokines 

and growth factors. For example, TGF-ɓ has been reported to up-regulate 

MMP-9 and down-regulate MMP-1, which sustains the balance between   

matrix synthesis and degradation, and promotes the remodeling process 
88-91

. 

Other examples include: IL-22 inducing MMP-3 expression; IL-1 results in 

MMP-1/-3/-9 and inhibits the TIMP-1 
92, 93

. In addition, chemokines such as 

CXCL10 and CXCL11 have also been proved as essential factors regulating 

the tissue remodeling and dermal formation 
94, 95

.  
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Figure 1.1: An overview of the stages of the normal (acute) wound healing 

process describing major biological processes, characteristic cell types and 

molecules as well as the main growth factors and cytokines involved in their 

regulation. 
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1.1.2 Chronic Wound Healing 

As discussed above, it follows the rapid and acute wound healing process 

under normal physiologic conditions after injury. However, this process is 

impeded under certain pathological conditions, leading to a chronic wound 

with a long duration (over 6 months) or frequent recurrence 
6, 7, 96

. Many 

factors can impair the normal healing process including local factors (e.g. 

tissue maceration, infection, ischemia and induced foreign body response) 

systemic factors (e.g. advanced age, undernourishment and diabetes) and 

abnormal pathophysiological condition (e.g. genetic mutation in epidermis 

bullosa 
97

 and angiogenesis disorder in keloid scar 
98

). In addition, reduction 

of tissue growth factors 
99

, disturbance of proteolytic proteinases 
59

 and cell 

senescence 
100-102

 are also essential influences in chronic wound.      

Chronic wound healing has become a major clinical problem all over the 

world. Not only the patients suffer from the physical and emotional stress 

over years or even during their whole lifetime, but also their families and the 

healthcare system has to bear the enormous financial burden. It is estimated 

that 1 to 1.5 % of the population in the industrialized countries will suffer 

from impaired wound healing during their lives 
103

. In the UK, there are 

approximate 200,000 patients with chronic wounds 
104

. The cost to the UK 

National Health Service (NHS) for these patients is estimated at £2.3 billion 

to £3.1 billion every year, which is almost 3 % of the total healthcare 

expenditure from 2005 to 2006 
105

.   

1.1.2.1 Common Chronic Wounds  

Chronic wound healing is a complex pathological phenomenon involving 

disruption of number of molecular pathways at all phases of the healing 

process. The most common chronic wounds include venous leg ulcers, 

pressure ulcers and diabetic foot ulcers 
96, 104, 106

. 

1.1.2.1.1 Venous ulcers 

Venous ulcers are a major cause of chronic wounds, influencing 

approximately 1-2 % of the adult population all over the world, and there is 

a high probability for this type of wound to persist for longer than five years 

107-109
. In the UK, the annual cost to the NHS for treating and caring the 
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patients with venous ulcers ranges from £168 million to £198 million 
104

. 

Furthermore the differences of age and gender seem to be related with the 

incidence of the venous ulcers: female and elder patients are more common 

than males and youngers 
108

. Venous ulcers often occur on the leg, caused 

by long-lasting venous hypertension which results from the venous 

thrombosis near the malfunctioned valves 
110, 111

. Persistent venous 

hypertension will further lead to the swelling that causes the longstanding 

pain of the patients, and the restricted blood flow that causes the damage to 

the skin tissues 
96, 110, 111

.     

1.1.2.1.2 Pressure ulcers 

Pressure ulcers, or bed sores, are caused by the sustained pressure, friction 

or shear-force which leads to the reduced blood supply and tissue damage 
96

. 

The prevalence of the pressure ulcers in the US is around 10-17 % 
112

 and 

18.1 % in Europe 
113

. Probably more than 20,000 patients in hospitals have 

pressure ulcers in the UK at any time and the annual cost to NHS is ranging 

from £1.8 billion to £2.6 billi on 
104

. Healthy people normally do not develop 

the pressure ulcers as our body can prevent the sustain pressure 

automatically by routine movements. Thus, patients with pressure ulcers 

usually have other underlying health condition such as restricted mobility, 

malnutrition, disruption of blood supply (e.g. patients for type-2 diabetes), 

ageing skin; or extrinsic environmental risks 
114

. It usually begins with the 

skin erythema once the excessive pressure is placed on the particular part of 

the body, and then can develop to full-thickness wound with underlying 

tissue damage 
115, 116

.  

1.1.2.1.3 Diabetic foot ulcers 

Diabetes mellitus is another major incentive for chronic wound, which can 

cause a poor blood supply and neuropathic disorder. It is estimated that 15% 

of the patients with diabetes could develop foot ulcers and 70 % of ulcers 

relapse within five years, ultimately leading to lower limb amputations 
117, 

118
. The prevalence statistics indicate that diabetes has become one of the 

major burdens for worldwide healthcare systems. In the US, approximate 

18.8 million people have been diagnosed with diabetes with a further 7.0 



Introduction  

12 
 

million as yet undiagnosed, and the total of direct and indirect cost for these 

patients is estimated at $174 billion in the US per year 
119

. In the UK, it is 

estimated there are about 64,000 patients with diabetic foot ulcers at any 

time and the annual cost to NHS is around £300 million 
104, 120

. Moreover, it 

is forecast that the percentage of the patients and the related cost, will 

significantly increase in the near future mainly due to the aging of the 

population 
104, 121

. With this trend, the total number of patients of diabetes 

was estimated to rise from 171 million in 2000 to 439 million by 2030 
122, 

123
, and its global health expenditure is expected over $ 500 billion by 2030 

124
.  

1.1.2.2 Principles of Chronic Wound Care 

1.1.2.2.1 Moisture and occlusion 

For more than 2,000 years people believed that a dried wound bed is 

essential for preventing large scale infection and promoting the healing 

process 
125

. Nowadays the moisture wound bed is widely accepted as the 

most ideal healing environment. Wound exudate not only supplies the 

nutrients on the wound bed, but also provides the favorable conditions for 

certain cell recruitment and migration 
126, 127

. However, the overhydrated 

maceration surrounding the wound may impair the healing process by 

prolonged inflammation, reduced mobility and venous insufficiency 
2
. In 

addition, the chronic wound fluid obstructs the proliferation and remodeling 

processes with excessive proteases and growth factors 
128-130

. Therefore, an 

ideal wound dressing should maintain the moisture environment while 

absorbing the extra exudate at the wound bed 
2
.         

1.1.2.2.2 Infection  

Excessive bacterial accumulation at the wound space may cause the chronic 

inflammatory and delayed healing 
131

. Infected wounds usually present the 

signs including erythema, edema, exudate, pain or even fever. Some 

common pathogenic bacteria which can impair wound healing include 

Staphylococcus aureus, Pseudomonas aeruginosa, Streptococcus pyrogens, 

Coliform, Clostridium, Proteus and others 
132-134

. Antiseptics (e.g. hydrogen 

peroxide, iodine based preparation and silver releasing devices) and 
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antibiotics (e.g. mupirocin) are commonly used to reduce the wound 

inflection in modern dressings 
135-138

.          

1.1.2.2.3 Debridement 

Debridement is the approach to clear eschar, callus and exudate from the 

wound bed in order to promote healing process 
139, 140

. Sharp debridement is 

the most accurate and fast method to remove the non-healing tissue, so as to 

convert the chronic wound into an acute wounds. This approach can be used 

on most of wounds including diabetic ulcers, venous ulcers and pressure 

ulcers, but not appropriate for arterial ulcers 
141-143

. Wet-to-dry debridement 

is to leave the saline-moist gauze drying out on the wound bed and then 

remove the nonviable tissue together with the gauze 
139, 140

. This coarse 

approach is rarely employed nowadays because it causes a high degree of 

pain and cannot precisely remove the slough and nonviable tissue. Autolytic 

debridement is a slow approach (it usually takes weeks) using a moisture-

donating dressing to rehydrate and separate the dried and nonviable tissue 

139, 140
. Enzymatic debridement is another slow approach which uses topical 

proteases targeting the fibrin and collagen in nonviable tissue 
139, 140, 144

.   

 

1.2 Common Wound Dressings  

Wound dressings are the most important therapeutic tools for both acute and 

chronic wounds. With different type and physiologic conditions of the 

wounds, specific wound dressings have been developed over the years 
2
. In 

the past, traditional dressings were made from plant fibers, animal fat, 

honey and latter-day cotton wool, gauzes and lint 
145, 146

. The main functions 

of these dressings were to absorb the exudates, keep wound bed dry and 

prevent the bacterial infection. However, as discussed earlier, a warm moist 

wound environment is essential for healing process, therefore the modern 

wound dressings focus more on creating an optimal environment for 

promoting the wound repairing. The most important properties for the 

modern wound dressings include 
2
: 
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- Provide debridement action. Clean the wound space via removing 

the dead tissue and foreign particles; and indirectly prevent the 

bacterial infection.   

- Maintain a moist wound environment. It is essential for preventing 

cell desiccation and death; and promoting cell migration, re-

epithelialization, angiogenesis and ECM remodeling.    

- Absorption. Excess exudate surrounding the wounds contains undue 

level of proteases and growth factors, which impair the healing 

process.  

- Provision of thermal insulation. Normal body temperature is 

essential for the angiogenesis and epidermal cell migration.  

- Prevent infection. Influx of bacteria into the wound space may cause 

the chronic inflammatory, delayed healing and additional tissue 

damage.   

- Exchanges of gaseous substances and fluid. Balance between 

hypoxia (promoting angiogenesis) and raised oxygen level (inducing 

re-epithelialization) plays an important role during the healing 

process. Moreover, permeability to water vapor is significant to 

manage the wound exudate.  

- Non-adherent. Ease to remove from wound bed. Prevent extra pain 

or further trauma.   

- Nontoxic and non-allergic.  

- Cost effective. 

Based on these aspects, wound dressings can be classified differently. For 

example, depending on their materials, they can be classified as passive 

products that simply act as a cover (e.g. gauze and tulle); interactive 

materials with decent permeability to vapor and gaseous (e.g. hydrogels and 

foams); and bioactive materials (e.g. hyaluronic acid collagens, chitosan, 

hydrocolloids and alginates) 
147-149

. While based on their functions, they can 

be classified as debridement dressings, antibacterial dressings, occlusive 

dressing and adherence dressings and so forth 
148

. Classification criteria can 

sometimes be helpful for choosing an appropriate dressing, however in most 

cases one dressing can fit in different categories, which may cause more 
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confusion for patients. Therefore, in this chapter, the author did not follow 

any single criteria system, while combining different classifications together 

depending on their materials and functioning mechanism.  

To provide protection from damage by force, bacterial infection, and to keep 

a moist wound environment, a number of common wound dressings have 

been developed such as gauzes, films, hydrogels, hydrocolloid, alginates 

and foams, which is summarized as follows (Table 1.1).      

Gauze dressings made from cotton, rayon or polyester which are usually 

used to absorb fluid and exudates on open wounds 
150

. Dry gauze dressings 

that promote dehydration of wound bed will disturb healing process as 

former discussed, and often bind to wounds once it desiccated which cause 

pain and further trauma at dressing changes 
151

. In addition, when the 

dressings absorb too much wound exudates and fluid, they become 

moistened and ease to be infected. Therefore gauzes need to be changed 

more regularly than other modern dressings (e.g. 1-2 times per day). 

Although many modern gauze dressings such as petrolatum and sodium 

chloride impregnated gauze 
152

 have developed with different adherent and 

absorbing properties, they are mainly used for cleaning wounds as 

secondary dressings nowadays 
153

. 

Films are transparent, semi-permeable and adhesive dressings 
2, 96

. Films 

have been used for a long time and the original products are made from 

nylon and polyethylene derivatives 
154

. These dressings with badly absorb 

efficiency often caused the bacteria accumulation, skin maceration and 

infection 
2
. Nowadays, advanced film dressings have improved the 

permeation properties that permit the exchange of oxygen and water vapor 

between wound and environment, so as to prevent the excess exudates 

accretion while remain the appropriate moist wound environment. Wounds 

can be examined through the transparent films without removing the 

dressings, therefore the frequency of dressing changes can be made as 

needed; meanwhile most films become non-adherent by moisture surface 

which minimizes the patientôs un-comfort and further trauma at dressing 

changes 
155-157

. In addition, the film dressings are elastic and flexible which 

can be easily applied on knees or elbows areas. Films dressings can be used 
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as primary dressing or a secondary dressing to seal other non-adhesive 

dressings, but they are not suitable for the wound with heavy exudate as 

their limited absorbing property and too thin for the deep cavity wounds 
158

.  

Hydrogel dressings are made from swelling polymeric hydrophilic materials, 

which can maintain the moist wound environment. Hydrogel dressings 

contain a large amount of water and can only absorb very limited exudate, 

which are best suitable for dry wounds or the wounds with light exuding 
156, 

157, 159
. Hydrogel dressings can be made as amorphous gel or elastic sheet 

form. The gel dressings are usually applied together with a secondary 

dressing (e.g. gauze), while the sheet dressings can be used alone and 

flexible to cut for specific wound shape 
2
. One of the major advantages of 

hydrogel dressings is non-adherent to wound bed, thus can be easily 

removed at dressing changes without causing pain and further trauma. In 

addition, hydrogels cool the wound surface which lead to a pain relief for 

patients at some level 
160-162

. Furthermore, hydrogel dressings provide 

autolytic debridement by rehydrating the necrotic and slough tissue 
159, 163

. 

The disadvantages of hydrogel dressings include the low mechanical 

strength and may cause over-moist wound environment 
164, 165

.  

Hydrocolloid dressings absorb the wound exudate to form a gel and 

maintain the moist wound environment 
166

. Hydrocolloid dressings are one 

of the most widely used dressings for light and moderately exuding wounds 

including pressure ulcer, burn and trauma 
167

. Typical hydrocolloid 

dressings are made from gelatin, pectin and carboxymethylcellulose 
168, 169

. 

They may adhere to dry area which resulting a trauma around the wound at 

dressing changes, therefore barrier and protectant can be used with 

hydrocolloids together 
170

. Usually hydrocolloid dressings have a relatively 

long wear time up to one week, which reduces the cost and inconvenience 

for patients 
96

. Common hydrocolloid dressing products include 

Granuflex
TM

, Aquacel
TM

, Comfeel
TM

, Tegasorb
TM

, DuoDERM
®
 CGF

®
 and 

so forth. 

Alginates that derived from brown seaweed contain the calcium and sodium 

salts of mannuronic and guluronic acids 
156

. These highly absorbent 

dressings are often used to manage the wounds with heavy level of exudate 
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171, 172
. The ion released from these polysaccharide dressing can reacted with 

wound fluid cross-linking to form a degradable gel on the wound bed, which 

maintain the moist environment and protect wound from bacterial 

contamination 
173, 174

. The different component of mannuronic and guluronic 

acids can influence the degradability and swelling property in various 

alginate dressings 
171

. In addition, because of the ion exchange reaction in 

wound space, the unique pharmacological functions of the alginate 

dressings have been reported such as promoting hemostatic 
175, 176

, 

increasing the proliferation of fibroblasts 
177

 and activate the secretion of 

TNF-Ŭ from macrophages 
178

. The concerns of using alginate dressings 

include: maceration around wound area 
179

 and fibrous debris left in the 

wound space may cause unexpected immune response 
180, 181

.     

Foam dressings are made from porous polyurethane foam or film 
153

. These 

dressings can maintain the moist environment, provide thermal insulation, 

and prevent shear injury 
182

. The absorption capacity of foam dressings 

depends on the pore size, thickness and texture properties.  These dressings 

can be used for light to moderately draining wounds but not suitable for 

over-dried wound and dry scars 
183

. Examples of the commercial foam 

dressing products include Allevyn
®
, Lyofoam

®
, 3M

TM
 adhesive form and so 

forth.  
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Table 1.1: Summary of common wound dressings 
2, 96, 158, 184

. 

Classification 
Changing 

Frequency 
Advantage Disadvantage Applications Products 

Gauzes 12 to 24 h Inexpensive  

Accessible 

 

Desiccated wound 

environment 

Adherent to wound 

Poor barrier 

Clean and dry wounds 

Secondary dressing 

Curity
TM

 gauze sponge;  

Vaseline
TM

 gauzes; 

Xeroform
TM

 gauzes; 

Mesalt
®
 sodium chloride 

impregnated gauzes 

Films Up to 1 week 

(until fluid leaks) 

Moisture maintaining 

Transparent 

Elastic and flexible 

Protect from bacterial 

infection 

Non-absorption 

Skin stripping 

Only for shallow wounds 

Wounds with minimal 

exudate 

Secondary dressing 

Bioclusive
TM

 film 

Cutifilm
TM

 plus film  

Tegaderm
TM

 dressing   

OpSite
TM 

Flexifix film  

Blisterfilm
TM

 film  

Hydrogels 1 to 3 days Moisture maintaining 

Non-traumatic change 

Pain relief 

 

Non-absorption 

Low mechanical strength 

May cause over-moist 

environment 

Dry wounds 

Wounds with minimal 

exudate 

Painful wounds 

Nu-gel
TM 

dressing 

Purilon
TM

 dressing 

SAF-Gel
® 

dressing 

Curagel
TM 

hydrogel 

Carrasyn
®
 gel 
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Table 1.1: Summary of common wound dressings (continued) 
2, 96, 158, 184

. 

Classification 
Changing 

Frequency 
Advantage Disadvantage Applications Products 

Hydrocolloids Up to 1 week 

 

Absorbent 

Long wearing time 

Occlusive 

Protect from bacterial 

infection 

Low permeation  

Fluid trapping 

Skin stripping 

Malodorous discharge 

Wounds with light to 

moderate exudate 

 

Granuflex
TM 

dressing 

Aquacel
TM

 dressing 

Comfeel
TM

 dressing 

Tegasorb
TM

 dressing 

DuoDERM
®
 CGF

®
 dressing 

Alginates Keep until soaked 

with exudate 

 

 

Highly absorbent 

Hemostatic 

Fibrous debris 

Lateral wicking 

Wounds with heavy 

exudate 

Mild hemostasis 

 

Kaltostat
TM

 dressing  

Sorbsan
TM

 dressing 

Tegasorb
TM

 dressing 

AlgiSite-M dressing 

Foams 3 days 

 

 

 

 

Absorbent 

Thermal insulation 

Occlusive 

 

Malodorous discharge 

Opaque  

Wounds with light to 

moderate exudate 

 

Allevyn
®
 hydrocellular 

dressing 

Allevyn
®
 cavity dressing 

Lyofoam
®
 dressing 

3M
TM

 adhesive form 

dressing 
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1.3 Allo- and Autologous Skin Graft 

1.3.1 Autologous Skin Graft  

Autologous skin graft, or known as skin transplantation has been used for 

many years as a gold standard for full-thickness wounds (especially for burn 

wounds) 
185, 186

. Autologous split skin grafts (SSGs) are harvested from a 

patientôs body with the whole epidermis and part of dermis tissue. Once 

SSGs are transplanted on the wound bed, its capillaries will merge with the 

host capillary network to supply the nutrients for grafts surviving and 

regeneration of new skin tissue 
186

. Over the past few years, and thanks to 

improved techniques such as early excision, fluid resuscitation and infection 

control, the mortality of patients with extensive burn injury has significantly 

decreased 
187, 188

. However, autologous skin grafts suffer from obvious 

limitations and drawbacks. First of all, donor grafts are harvested from 

patients, which results in secondary wounds. Although the split skin donor 

site usually heals within a week and can be repeatedly harvested up to four 

times, it will cause scarring at the harvest site, prolongs the hospital stays 

which leads to an increase in the risks for infection and complication 
185, 186

. 

Furthermore, the application of SSGs donor sites is actually limited to 

extensive injury in which patients have lost most of the skin tissue.  

To solve these problems, autologous cultured skin replacements have been 

developed since the 1970s 
189

. By this technique, relatively few autologous 

epidermal cells are harvested from the patients, cultured in vitro to form a 

skin graft and then transplanted back to patientsô wound site. This technique 

was first clinically applied in 1980 
190

, and since then these cultured 

autografts have been used to treat various wounds without causing any 

rejection response and the functional recovery of the wounded skin area 

showed to be as good as treating by SSGs 
191-193

. Several products of 

cultured autografts are shown in Table 1.2. Epicel
®
 autograft (Genzyme 

Biosurgery, Cambridge, MA, USA) was the first commercially available 

autologous cultured epidermal product that utilized autologous keratinocytes 

sheet for deep-dermal or full-thickness burns
194

. The disadvantages of this 

product include fragility to sheer force and slow cell expansion (the 

culturing takes approximately three weeks). Burn wounds have a high risk 
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to develop hypertrophic scar by delayed healing process, therefore early cell 

coverage is essential for burn wounds treatment. CellSpray
®
 (Avita Medical, 

Woburn, MA, USA) was designed for such purpose 
194

.  A suspension of 

keratinocytes can be produced for spraying on to the wound bed with an 

aerosol device within 5 days after harvesting a small slit-thickness donor 

biopsy from patients 
194

. These sprayed cells can grow, proliferate and 

migrate into an even confluent cell cover over the wounds. The aerosolizing 

technique is a simple and rapid approach, particularly for the wounds with 

complex shape for grafting. Moreover, a new technical process called 

ReCell
®
 kit has been developed by the same company, which can prepare 

the autologous cell suspension within approximately 20-30 min. Another 

cultured autograft product is EpiDex
®
 (Modex Therapeutics, Lausanne, 

Switzerland), which uses patientsô hair as a cell source 
194

. The outer root 

sheath stem cell from hair follicle can differentiate into keratinocytes by a 

co-culturing process within 2 weeks. This process takes a longer time than 

the former discussed techniques but it does not require any skin biopsy.    

1.3.2 Allogeneic Skin Graft  

Another option to address the challenges in wound healing are acellular 

allogeneic skin grafts which are made from cadaveric skin to temporary 

prevent the contamination and fluid loss 
195

. For dermal allografts, human 

cadaveric skin is cryopreserved, lyophilized and glycerolized to remove 

cellular components and infectious or antigenic donor tissues so as to reduce 

the rejection risk. After transplantation, host cells and vascular structures fill 

into the graft and regenerate to form new skin tissue. Disadvantages for 

these allografts are obvious and include, apart from the ethical issue, the 

safety risk (transplant rejection), and as a general concern, disease 

transmission and contamination 
196, 197

. Moreover, as the number of donors 

is limited and the shelf life of the product is short, allografts from tissue 

banks cannot fill the clinical demands. Therefore, it is paramount to develop 

alternative products for allogeneic skin grafts. Some examples of 

commercially available allogeneic skin grafts are shown in Table 1.3.  
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Table 1.2: Commercially available autologous skin grafts for clinical use 
194, 198, 199

. 

 

Brand Name Manufacturer  Cell Source Cell Type Lifespan 

Epicel
®
 

 

Genzyme Biosurgery, 

Cambridge, MA, USA 

autologous Keratinocytes Permanent 

CellSpray
®
 

 

Avita Medical, Woburn, 

MA, USA 

autologous Keratinocytes Permanent 

EpiDex
®
 

 

Modex Therapeutics, 

Lausanne, Switzerland 

autologous Keratinocytes Permanent 

EPIBASE 

 

 

Laboratorires Genevrier, 

Sophia-Autipolis, Nice, 

France 

autologous Keratinocytes Permanent 
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Table 1.3: Commercially available allogeneic skin grafts for clinical use 
194, 198, 199

. 

 

Brand Name Manufacturer  Cell Source Scaffold Material Lifespan 

Allograft 

 

Skin bank (Not-for profit) allogeneic Acellular native human skin (cadaveric) Temporary 

Karoderm
®
 Karocell Tissue Engineering AB, 

Karolinska University Hospital, 

Stockholm, Sweden 

allogeneic Allogeneic human acellular dermis Permanent 

AlloDerm
®
 

 

LifeCell Corporation, 

Branchburg, NJ, USA 

allogeneic Allogeneic human acellular lyophilized dermis Permanent 

SureDerm
TM 

 

HANS BIOMED Corporation, 

Seoul, Korea 

allogeneic Allogeneic human acellular lyophilized dermis Permanent 

GraftJacket
® 

 

Wright Medical Technology, Inc., 

Arlington, TN, USA 

allogeneic Allogeneic human acellular pre-meshed dermis Permanent 
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1.4 Tissue Engineered Skin Substitutes  

Although advanced cultured autologous skin graft techniques have reduced 

the culturing and processing time, protected from the hypertrophic scar 

formation, and significantly improved the survival ratio for the patients with 

extensive burns 
198, 199

, other alternative approaches are still demanded for 

clinical applications. these include tissue engineered skin substitutes which 

consist of bioactive natural or synthetic materials combined with/without 

cells, drugs and growth factors to replace the damaged skin tissue and 

accelerate the healing process 
2, 198, 199

. Tissue engineered skin substitutes 

have been developed for many years and can be classified as acellular or 

cellular skin substitutes.   

1.4.1 Acellular Skin Substitutes 

1.4.1.1 Bioactive material dressings 

Some dressings made from natural biomaterials (e.g. collagen, hyaluronic 

acid, chitosan and elastin) accomplish more than just protecting the wound 

area and maintaining a moist environment for healing. They also actively 

adjust the wound environment by regulating proteolytic enzymes (e.g. 

MMPs), absorbing the metabolic byproducts from cell or microorganism 

and promoting the dermal regeneration 
2, 194

. These biomaterials have 

attractive advantages such as biodegradability, biocompatibility and 

bioactive functionalities. For example, collagen plays essential roles during 

the healing process including stimulating migration of dermal cells, 

regulating granulation tissue construction and remodeling, and affecting scar 

formation. Hyaluronic acid (HA) is a glycosaminoglycan with a highly 

hydrophilic property and a lack of immunogenicity 
200

 and has been widely 

used for drug and growth factors delivery 
201, 202

. Chitosan has also been 

reported to promote wound repair by accelerating the granulation stage in 

healing process 
203

.  

These bioactive material dressings have two major therapeutic functions. 

One is regulating the level of proteolytic enzymes in wound environment 

and protecting growth factors from MMPs degradation 
204

. Examples for 

such dressings include: Promogran Prisma
®
 wound matrix (Systagenix, 
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Gargrave Centre of Excellence for Wound Healing, North Yorkshire, UK) 

and Fibracol
®
 Plus Collagen dressing (Johnson and Johnson, New 

Brunswick, NJ, USA). The other function is promoting the regeneration and 

reconstruction of the dermal tissue 
205

. The examples for products in this 

category include Medifil
TM 

II Particles dressing (Human BioSciences, Inc, 

Gaithersburg, MD, USA), SkinTemp
TM

 II dressing (Human BioSciences, 

Inc, Gaithersburg, MD, USA), Healthcare MatriDerm
®
 (Ideal Medical 

Solutions Ltd, Wallington Surrey, UK) and Oasis
®
 Wound Matrix (Cook 

Biotech, Inc. West Lafayette, IN, USA). More detailed information of such 

bioactive material dressings is summarized in Table 1.4.   

1.4.1.2 Synthetic bilayer substitutes  

Another type of acellular skin substitute, called synthetic bilayer substitutes, 

combine ECM biomaterials with a thin layer of silicone to maintain the 

moisture wound environment and protect against bacterial infection 
194

. 

Examples of this type of dressings include Biobrane
®
 (UDL Laboratories, 

Inc., Rockford, IL, USA), AWBAT
®
 (Aubrey, Inc., Carlsbad, CA, USA), 

Integra
TM

 Bilayer Matrix Wound Dressing (Integra Life Science 

Corporation, Plainsboro, NJ, USA) and Hyalomatrix
®
 (Anika Therapeutics, 

Inc., Bedford, MA, USA). More detailed information of such acellular 

synthetic bilayer substitutes is summarized in Table 1.4. 
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Table 1.4: Commercially available acellular skin substitutes for clinical use 
194, 198, 199

. 

 

Brand Name Manufacturer  Scaffold Source Scaffold Materials Lifespan 

Promogran Prisma
®
 wound 

matrix 

 

Systagenix, Gargrave Centre of 

Excellence for Wound Healing, 

North Yorkshire, UK 

xenogeneic/synthetic Porcine lyophilized collagen/oxidized 

regenerated cellulose (ORC)/silver 

Permanent 

Fibracol
®
 Plus Collagen 

dressing 

 

Johnson and Johnson, New 

Brunswick, NJ, USA 

xenogeneic Lyophilized collagen/alginate Permanent 

Medifil
TM 

II Particles 

dressing 

 

Human BioSciences, Inc, 

Gaithersburg, MD, USA 

xenogeneic Particles made from  bovine collagen Permanent 

SkinTemp
TM

 II dressing 

 

Human BioSciences, Inc, 

Gaithersburg, MD, USA 

xenogeneic Bovine collagen Permanent 

MatriDerm
®
 

 

Ideal Medical Solutions Ltd, 

Wallington Surrey, UK 

xenogeneic Three dimensional matrix consisting of 

bovine collagen with elastin coating 

Permanent 
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Table 1.4: Commercially available acellular skin substitutes for clinical use (continued) 
194, 198, 199

.  

 

Brand Name Manufacturer  Scaffold Source Scaffold Materials Lifespan 

Oasis
®
 Wound Matrix   

 

Cook Biotech, Inc. West 

Lafayette, IN, USA 

xenogeneic Porcine lyophilized small intestine sub-

mucosa 

Permanent 

Permacol
TM

 Surgical 

Implant 

 

Tissue Science Laboratories plc, 

Aldershot, UK 

xenogeneic Porcine acellular dermal collagen implant  Permanent 

E-Z Derm
TM

 

 

Brennen Medical, Inc., MN, 

USA 

xenogeneic  Porcine aldehyde reconstituted dermal 

collagen 

Temporary 

Biobrane
®
 UDL Laboratories, Inc., 

Rockford, IL, USA 

xenogeneic/synthetic Porcine collagen/nylon mesh/ultrathin 

silicone film 

Temporary 

AWBAT
®
 

 

Aubrey, Inc., Carlsbad, CA, 

USA 

xenogeneic/synthetic Porcine collagen peptides/thin porous silicone 

membrane with nylon fabric 

Temporary 
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Table 1.4: Commercially available acellular skin substitutes for clinical use (continued) 
194, 198, 199

. 

 

Brand Name Manufacturer  Scaffold Source Scaffold Materials Lifespan 

Integra
TM

 Bilayer Matrix 

Wound Dressing 

 

Integra Life Science 

Corporation, Plainsboro, NJ, 

USA 

xenogeneic/synthetic Bovine tendon collagen with 

glycosaminoglycan and polysiloxane 

Semi-permanent 

Hyalomatrix
®
 

 

Anika Therapeutics, Inc., 

Bedford, MA, USA 

xenogeneic/synthetic A benzyl ester of hyaluronic acid with semi-

permeable silicone member 

Semi-permanent 

Pelnac
TM

 Gunze Ltd, Medical Materials 

Center, Kyoto, Japan 

xenogeneic/synthetic Porcine atelocollagen with silicone cover-

layer  

Semi-permanent 

Terudermis Olympus Terumo Biomaterial 

Corporation, Tokyo, Japan 

xenogeneic/synthetic Bovine lyophilized cross-linked collagen 

sponge with silicone 

Semi-permanent 

 



Introduction  

29 
 

1.4.2 Cellular Skin Substitutes 

Cellular skin substitutes generally seed or encapsulate the living cells 

(dermal or stem cells) into a biodegradable scaffold. These degradable 

scaffolds provide ideal mechanical properties and physiologic conditions for 

cell growth, proliferation as well as secretion of growth factors to stimulate 

tissue regeneration and wound repair 
2, 206

. During the healing process, the 

scaffolds degrade progressively and leave behind a regenerated matrix filled 

with host cells and tissue which is similar to natural skins. Based on the 

anatomic skin structure, various cell types and substitute devices have been 

developed for different wound areas, which can be divided as epidermal 

substitutes, dermal substitutes and composite epidermal/dermal substitutes 

(Table 1.5) 
198, 199

.  

1.4.2.1 Epidermal substitutes 

Since it became possible to culture human keratinocytes (the main cell type 

in the epidermis) in vitro and to rapidly expand these cell number ex vivo 
189

, 

autografts have become one of the most important clinical tools for treating 

epidermal wound damage. These autograft techniques have been 

significantly improved over the last few decades as discussed above. 

Advancing technology beyond pure cell sheets, some tissue engineered 

autografts grow cells on natural or synthetic biomaterials to further reduce 

the culturing time, are easy to handle and also protect the wound area from 

moisture loss and bacterial infection. For example, mySkin
TM 

(CellTran Ltd., 

Sheffield, UK) uses sub-confluent autologous keratinocytes seeded on a 

silicone substrate layer for treating diabetic foot ulcers, superficial burns and 

neuropathic pressure 
207, 208

; Laserskin
®
 (Fidia Advanced Biopolymers, 

Padua, Italy) cultures autologous keratinocytes on a hyaluronic acid 

membrane 
183

; and Bioseed-S
®
 (BioTissue Technologies GmbH, Freiburg, 

Germany) resuspended autologous keratinocytes in a fibrin sealant for 

chronic venous leg ulcers 
209, 210

 (Table 1.5).       

1.4.2.2 Dermal substitutes 

In the cases of full-thickness burns, both epidermis and dermis layers are 

damaged and need to be replaced, thus application of the cultured 
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keratinocytes graft is not an optimal treatment option for such wounds 
199

. 

Currently the most widely used dermal equivalents are allogeneic or 

xenogeneic acellular skin grafts. Typical cellular tissue engineering dermal 

substitutes include Dermagraft
®
 (Advanced BioHealing, Inc., New York, La 

Jolla, CA, USA), TransCyte
®
 (Advanced BioHealing, Inc., New York, La 

Jolla, CA, USA) and Hyalograft
®
 (Anika Therapeutics, Inc., Bedford, MA, 

USA). More detailed information of such dermal tissue engineering 

substitutes is summarized in Table 1.5. 

1.4.2.3 Dermal/Epidermal substitutes 

Dermal/epidermal substitutes are considered more advanced skin 

equivalents as they mimic the native architecture of both epidermis and 

dermis 
198

. Both fibroblasts and keratinocytes are combined into scaffolds 

which are made from native ECM or synthetic materials 
199

. The cells 

contained in these substitutes provide growth factors, cytokines and ECM 

materials into host tissue, thus stimulate host cells and accelerate the healing 

process 
211

. Current commercial available dermal/epidermal substitutes 

include Apligraf
®
 (Organogenesis, Inc., Canton, Massachusetts, CA, USA), 

OrCel
®
 (Ortec International, Inc., New York, NY, USA), PolyActive

®
 (HC 

Implants BV, Leiden, Netherlands) and TissueTech Autograft System 
TM

 

(Fidia Advanced Biopolymers, Abano Terme, Italy), which are summarized 

in Table 1.5.    
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Table 1.5: Commercially available cellular skin substitutes for clinical use 
2, 198, 199

 

 

Brand Name Manufacturer  Type Cell Source Scaffold Materials Lifespan 

mySkin
TM

 

 

CellTran Ltd., Sheffield, UK Epidermal 

substitutes 

autologous 

keratinocytes 

Silicone layer with a specially 

formulated coating 

Permanent 

Laserskin
®
 

 

Fidia Advanced Biopolymers, 

Padua, Italy 

Epidermal 

substitutes 

autologous 

Keratinocytes 

Hyaluronic acid membrane Permanent 

Bioseed-S
®
 

 

BioTissue Technologies GmbH, 

Freiburg, Germany 

Epidermal 

substitutes 

autologous 

keratinocytes 

Fibrin sealant Permanent 

Dermagraft
®
 

 

Advanced BioHealing, Inc., 

New York, LaJolla, CA, USA 

Dermal 

substitutes 

allogeneic 

fibroblasts 

Polyglycolic acid/polyglactin mesh Temporary 

TransCyte
®
 

 

Advanced BioHealing, Inc., 

New York, La Jolla, CA, USA 

Dermal 

substitutes 

allogeneic 

neonatal 

fibroblasts 

Porcine collagen with silicon film and 

nylon mesh 

Temporary 
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Table 1.5: Commercially available cellular skin substitutes for clinical use (continued) 
2, 198, 199

. 

 

Brand Name Manufacturer  Type Cell Source Scaffold Materials Lifespan 

Hyalograft
®
 

 

Anika Therapeutics, Inc., 

Bedford, MA, USA 

Dermal substitutes autologous 

fibroblasts 

Hyaluronic acid membrane Permanent 

Apligraf
®
 

 

Organogenesis, Inc., Canton, 

Massachusetts, CA, USA 

Epidermal/Dermal 

substitutes 

allogeneic  

fibroblasts and 

keratinocytes 

Bovine collagen Temporary 

OrCel
®
 

 

Ortec International, Inc., 

New York, NY, USA 

Epidermal/Dermal 

substitutes 

allogeneic  

fibroblasts and 

keratinocytes 

Bovine collagen sponge Temporary 

PolyActive
®
 

 

HC Implants BV, Leiden, 

Netherlands 

Epidermal/Dermal 

substitutes 

autologous 

fibroblasts and 

keratinocytes 

Polyethylene oxide terephthalate 

and polybutylene terephthalate 

Temporary 

TissueTech Autograft 

System 
TM

 

 

Fidia Advanced 

Biopolymers, Abano Terme, 

Italy 

Epidermal/Dermal 

substitutes 

autologous  

fibroblasts and 

keratinocytes 

Hyaluronic acid membrane Permanent 
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1.4.3 Limitations of current skin substitutes  

As a result of all the efforts over the last few years, a number of advanced 

tissue engineering substitutes have been developed as discussed earlier, 

however there is still no single product that can provide all the properties as 

an ñidealò skin substitute or fully replace the native skin. Some of the major 

limitations or concerns of the tissue engineering skin substitutes are 

summarized as follows.      

- High cost 
2, 198, 199

 

- Short shelf-time 
2, 198, 199

 

- Long culture time for cellular substitutes 
2, 198, 199

 

- Create second wound (in case of autologous cell sources) 
185, 186

 

- Immunogenic rejection risk for allogeneic/xenogeneic cell or 

material sources 
212, 213

 

- Disease transmission risk for allogeneic substitutes 
196, 197

 

- Prone to contamination 
214, 215

 

- Low vascularization ratio in scaffold 
216

 

- Allergies caused by xenogeneic cell or material sources 
215

 

- Mechanical fragility 
215, 217

 

 

1.5 Drug & Growth Factor  Delivery  

Some pharmaceutical agents and antimicrobials are usually included in 

different dressings. For example, thymol and hydrogen peroxide are often 

used to clean and debride the wound area, and to protect the wound from 

bacterial infection 
2
. Silver 

218, 219
 and antibiotics 

220-222
 such as 

dialkylcarbamoylchloride, povidone-iodine, gentamycin , ofloxacin  and 

minocycline are also commonly used for incorporation into wound dressings. 

However, these antibacterial agents can only protect wounds from infections 

but do not contribute physiological functions during the healing process. 

Growth factors, on the other hand, play significant roles in the whole 

healing process as discussed earlier. Because these approaches are not the 

focus of this dissertation, the author summarized here only some main 

growth factors involved in the wound healing process as shown in Table 1.6.  
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It is obvious that the wound healing process is regulated by a complex 

molecular signaling network which is very dynamic during different healing 

stages, therefore, using gene therapy to deliver a single growth factor can 

hardly modified all the phases of the wound healing process. Thus a number 

of studies have tried combined different growth factors together to achieve 

more effective results, such as combination of PDGF with IGF-I 
223

, PDGF 

with FGF-2 
224

, and KGF with IGF-I 
225

. Alternatively, advanced controlled 

delivery systems have been also developed for slow and sequential release 

of growth factors and relative genes 
226

.   
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Table 1.6: Main growth factors and cytokines in wound healing.   

(ECM: extracellular matrix; EGF: epidermal growth factor; FGF: fibroblast growth factor; HB-EGF: heparin binding EGF; HGF: hepatocyte 

growth factor; IL: interleukin; PDGF: platelet-derived growth factor; ROS: reactive oxygen species; TGF: tumor growth factor; VEGF: vascular 

endothelial growth factor) 

Growth Factors Source Target Key Functions References 

VEGF 

 

keratinocytes,  

fibroblasts,  

macrophages,  

endothelial cells 

 

endothelia cells,  

macrophages,  

smooth muscle cells,  

neutrophils 

angiogenesis,  

inflammation,  

granulation tissue formation  

34, 71, 72, 227-230
 

 

TGF-ɓ 

 

keratinocytes,  

fibroblasts,  

macrophages,  

platelets 

fibroblasts,  

keratinocytes,  

macrophages,  

leukocytes, 

endothelial cells 

ECM 

angiogenesis,  

inflammation,  

granulation tissue formation, 

collagen synthesis, 

tissue remodeling, 

leukocyte chemotactic function 

9, 54-57, 88-91, 231-234
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Table 1.6: Main growth factors and cytokines in wound healing (continued).   

Growth Factors Source Target Key Functions References 

IL -6 fibroblasts,  

keratinocytes,  

macrophages,  

endothelial cells 

 

macrophages,  

leukocytes, 

keratinocytes,  

fibroblasts,  

endothelial cells 

neutrophils 

 

inflammation,  

angiogenesis,  

re-epithelialization 

collagen deposition, 

tissue remodeling 

51, 52, 93, 235
 

 

 

IL -1 

 

macrophages,  

leukocytes, 

keratinocytes,  

fibroblasts 

 

endothelial cells, 

macrophages,  

keratinocytes,  

leukocytes, 

fibroblasts 

neutrophils 

 

inflammation,  

angiogenesis,  

re-epithelialization, 

tissue remodeling 

6, 26, 33, 34, 93, 236, 237
  

 

 

IL -4 leukocytes macrophages collagen synthesis 
238, 239
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Table 1.6: Main growth factors and cytokines in wound healing (continued).   

Growth Factors Source Target Key Functions References 

IL -27 macrophages,  

 

 

macrophages 

 

suppression of inflammation,  

collagen synthesis 

239
 

PDGF platelets 

 

macrophages,  

keratinocytes,  

fibroblasts, 

endothelial cells, 

leukocytes 

inflammation,  

re-epithelialization, 

collagen deposition, 

granulation tissue formation 

tissue remodeling 

 

240-243
 

 

 

HGF fibroblasts 

 

keratinocytes,  

endothelial cells 

 

suppression of inflammation,  

angiogenesis,  

re-epithelialization 

granulation tissue formation 

 

34, 49, 50, 244
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Table 1.6: Main growth factors and cytokines in wound healing (continued).   

Growth Factors Source Target Key Functions References 

FGF-2 keratinocytes,  

fibroblasts, 

endothelial cells 

 

keratinocytes,  

fibroblasts, 

endothelial cells 

mast cells 

smooth muscle cells 

chondrocytes 

 

angiogenesis, 

granulation tissue formation 

re-epithelialization, 

tissue remodeling 

 

43-46, 245
 

 

 

FGF-7, 

FGF-10 

fibroblasts, 

keratinocytes 

 

keratinocytes,  

 

re-epithelialization, 

detoxification of ROS 

23, 24
 

EGF, 

HB-EGF, 

TGF-Ŭ 

 

keratinocytes,  

macrophages 

 

keratinocytes,  

fibroblasts 

 

re-epithelialization 

 

47, 48, 93, 246-249
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1.6 Stem Cell Therapy for Wound Healing  

As previously discussed, wound healing is a complex biological and 

physiological process that involves different cell types, molecules and 

biomaterials 
250

. Creating an ideal skin substitute to completely mimic and 

replace the native skin has not been successful 
2, 198, 199, 251

. Therefore, stem 

cells which have the unique capability to differentiate into various cell types 

and secrete numerous growth factors have attracted more and more attention 

for last few years 
226

. Stem cells has been first discovered by Till and 

McCulloch in 1961 
252

, and more recently they have been found to be 

present in different tissues such as skin 
253

, brain 
254

, liver 
254

, pancreas 
254

, 

skeletal muscle 
255

, testis 
256

 and blood vessels 
257

. Embryonic stem cells 

raised momentous ethical concerns and controversies by both the public and 

scientists. As an alternative, a number of other stem cell sources from the 

adult tissue have been studied for clinical applications such as bone marrow 

derived stem cells (BMSCs), hematopoietic stem cells (HSCs), umbilical 

cord derived stem cells, cutaneous stem cells and adipose-derived stem cells 

(ADSCs). More recently, Induced Pluripotent Stem cells (iPS) produced by 

genetic reprogramming of somatic cells have been generated, which have 

the similar differentiation capability as embryonic stem cells and have 

shown great potential for clinical applications 
258-260

. BMSCs and ADSCs, 

two major types of stem cells for wound healing are discussed in the 

following sections.  

1.6.1 Bone Marrow Stem Cells 

BMSCs was first described by Friedenstein and colleagues in 1968 
261

, and 

firstly named as mesenchymal stem cells (MSCs) by Caplan in the early 

1990s 
262

. The International Society for Cellular Therapy (ISCT) identified 

minimal criteria for characterization of MSCs in the 2000s: (i) plastic-

adherent at standard culturing condition; (ii) express surface markers 

including CD105, CD90 and CD73, but lack to express CD 45, CD34, 

CD14 (or CD11b), CD79a (or CD19) and HLA-DR surface molecules; (iii) 

capable to differentiate into osteoblasts, adipocytes and chondroblasts in 

vitro 
263, 264

. Besides the osteoblasts, adipocytes and chondroblasts, MSCs 

can also differentiate into myocytes, tendocytes and ligaments cells 
265-267

. 
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So far, MSCs have been found in different tissues through the body such as 

bone marrow, blood vessels, fat, skin, muscle, and teeth 
265-268

, and it has 

been reported that MSCs possess certain level of  plasticity, in other words 

can differentiate across the lineage boundary 
269

.  

BMSCs have been reported to play essential roles in wound healing process 

by producing various cytokines, however, the mechanism is not fully 

understood 
270-272

. The BMSCs are precursor cell of fibroblasts 
273

, 

keratinocytes 
274

 and fibrocytes 
275

 in the granulation tissue formation 

process 
250, 276

. They also regulate the ratio of collagen type I and collagen 

type III in the remodeling process, which is essential for scar formation 
277

. 

BMSCs have been employed to treat acute burn wounds or chronic wounds 

(e.g. diabetic foot ulcer) either using alone or in combination with gene 

therapy 
278-281

. For example, transfected BMSCs with PDGF and beta-

defensin-2 (BD-2) showed increased collagen deposition, granulation tissue 

formation and reduced bacterial infection 
278

. BMSCs with angiogenic 

factors (e.g. VEGF) showed improved neovascularization and accelerated 

healing 
279, 282

. Furthermore, MSC-conditioned medium has been reported to 

promote angiogenesis, epithelialization, and affect recruit or proliferation of 

macrophages and endothelia progenitor cells during the healing process 
250, 

283
. In summary, BMSCs have been widely used in researching and clinical 

studies for wound healing; however, several drawbacks of using BMSCs 

limited their applications such as painful extracting process, low yield and 

decreasing cell number with age 
226, 284, 285

.  

1.6.2 Adipose-derived Stem Cells 

In comparison to BMSCs, the ADSCs yield from adipose tissue is generally 

40-fold higher 
286

, and the cell sources for ADSCs (e.g. liposuction) are 

much easier to achieve and the surgical approach is considerable painless 

for patients. In addition, the isolated cells can be cryopreserved for up to 6 

months which can be accessible for the further therapeutic uses 
287

. It has 

been proved that ADSCs possess the plasticity to differentiate into various 

cell lineages including adipocytes, osteoblasts, chondrocytes, myocytes, 

hepatocytes, endothelial, hematopoietic, and neuronal cells 
242, 288-295

, and 

the potential to improve the angiogenesis and stabilize vascular formation 



Introduction  

41 
 

296-300
. In addition, cytokines secreted by ADSCs have been demonstrated to 

play essential roles in the healing process 
299, 301-304

. Therefore, ADSCs have 

shown great potential and could be used to develop an off-the-shelf 

substitute product. 

ADSCs are generally isolated from the so called stromal vascular fraction 

(SVF) of adipose tissue, which is comprised of adipocytes and a diverse set 

of other cells including stromal cells, vascular endothelial cells and vascular 

smooth muscle cells 
305-307

. The adipose tissue is minced into small pieces, 

and digested by type I collagenase following centrifugation to get SVF 

fraction. Then, ADSCs are further separated from other lineagesô cells based 

on their ability to adhere on tissue culture plate 
289, 290, 308

. ADSCs are 

commonly characterized by immunophenotype and differentiation capability 

to osteoblasts, adipocytes and chondroblasts. ADSCs present quite similar 

surface markers as BMSCs with the exceptions of CD49b (expressed on 

ADSCs) and CD106 (lack expression on ADSCs) 
309-311

. It needs to be noted 

that different surface markers, sometimes even conflicting results, have been 

reported by different groups over years, which might be due to the 

differences in antibodies sources, detection methods or cell culturing 

conditions 
307

.  

Although it has not been long since ADSCs were used for wound healing 

applications, a number of studies have demonstrated that ADSCs promote 

wound healing via enhancing angiogenesis, differentiating into various cell 

types, and paracrine secreting effect 
312, 313

. For example, Trottier and 

colleagues reported that ADSCs can be used to replace the fibroblasts and 

combined with keratinocytes to form a epidermal/dermal substitute for 

promoting healing in vivo 
314

. Ebrahimian and colleagues reported that 

ADSCs accelerated the healing process by differentiating into keratinocytes 

and increasing the VEGF and KGF level 
315

. Similar results were also 

reported by Lin and colleagues, who showed that ADSCs cell sheets 

significantly increased the blood vessel density in a nude mice wound model 

316
. Furthermore, Altman and colleagues used a ADSCs seeded silk fibroin-

chitosan scaffold for murine skin injury repair 
317

. They found that 

angiogenesis and wound closure were promoted, and ADSCs/scaffold 
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transferred as fibrovascular, endothelial and epithelial tissue components. 

More recently, Hong and colleagues compared the potential of BMSCs and 

ADSCs to heal wounds in a rabbit ear model 
318

. They found that 

transplanted ADSCs differentiated into a fibroblast phenotype, enhanced the 

recruitment of macrophage and endothelia cells, and promoted granulation 

tissue formation. 

Besides the differentiation into other cell phenotypes as mentioned above, 

paracrine effects of ADSCs in wound healing process have attracted much 

attention recently. Kim and colleagues found that ADSCs promote the 

proliferation of human dermal fibroblasts (HDF) not only by cell-cell 

contact stimulation, but also through a paracrine activation effect 
319

. They 

found released factors (including PDGF, IGF and KGF) contained in the 

adipose-derived stem cell conditioned medium (ADSC-CM) can up-regulate 

the collagen type I, III and fibronectin while down-regulating MMP-1; as a 

result, the proliferation and migration of HDFs was stimulated, thus 

accelerated the re-epithelialization and wound closure. A more recent study 

reported that ADSCs seeded on a silk fibroin-chitosan scaffold promoted 

angiogenesis and wound healing  
317

. In addition, Amos and colleagues 

demonstrated that the use of ADSCs could be used for treating diabetic 

ulcers, and they also indicated that three-dimensional culturing of ADSCs 

results in the secretion of significantly more extracellular matrix proteins 

and soluble factors compared to monolayer culture 
320

. ADSCs have shown 

capability to secrete various growth factors including IGF, HGF, TGF-b1 

and VEGF, which all play essential roles in wound healing process 
301, 321

.  
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Table 1.7: Injectable hydrogels for tissue engineering. 

(PEG: Poly(ethylene glycol); PEO: Poly(ethylene oxide); PNIPAAm: Poly(N-isopropylacrylamide); PPF: Poly(propylene fumarate); OPF: 

Oligo(poly(ethylene glycol) fumarate); PPO: Poly(propylene oxide); PLGA: Poly(DL-lactic-co-glycolic acid); PLA: Poly(L-lactic acid); PVA: 

Poly(vinyl alcohol))  

 Injectable Hydrogels Gelation Mechanism References 

Natural 

Polymer 

Collagen/Gelatin Thermal/Chemical cross-linking 
322-324

 

Chitosan Thermal/Chemical/Schiff-base reaction/Photo- crosslinking  
325-331

 

Hyaluronic acid Thermal/Chemical/Schiff-base reaction/Photo-crosslinking/ 

Michael-type addition cross-linking 

332-338
 

Chondroitin Sulfate Photo-crosslinking 
339-341

 

Agar/Agarose Thermal cross-linking 
342, 343

 

Fibrin  Thermal cross-linking 
344, 345

 

 Alginate Ionic/Photo-crosslinking  
346-348

 

 Methylcellulose Thermal cross-linking 
349
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Table 1.7: Injectable hydrogels for tissue engineering (continued). 

 

 Injectable Hydrogels Gelation Mechanism References 

Synthetic 

Polymer 

PEG/PEO Thermal/Chemical/Michael-type Addition/Photo-crosslinking 
350-353

 

PNIPAAm Thermal cross-linking 
105, 354-357

 

PPF/OPF Thermal cross-linking 
358-361

 

PEO-PPO-PEO/PLGA-PEG-

PLGA/PLA-PEG 

Thermal cross-linking 
362-365

  

PVA/PLA -PVA Chemical/Photo- crosslinking 
362, 366

 

Poly (aldehyde guluronate) Chemical cross-linking 
367
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1.7 Injectable Hydrogels for Tissue Engineering 

Injectable hydrogels have attracted more and more attention in the fields of 

drug delivery and tissue engineering as they provide a simple delivery 

procedure, minimize the patientsô discomfort and reduce the scar formation 

as well as the infection risk 
368

.These hydrogels can be injected to any 

wound size, shape or cavity with minimized invasive surgery, and then in-

situ form a three-dimensional (3D) water content polymer network via 

physical or chemical cross-linking, which mimics precisely the mechanical 

and swelling/shrinking properties of the native tissue 
369

. Physical cross-

linking of the injectable hydrogels takes place mainly in response to the 

environmental stimulus (e.g. temperature, pH, and ionic strength) 
370

; and 

chemical cross-linking mechanisms include photo-polymerization, Michael-

type addition reaction, Schiff-based gelation and enzymatically triggered 

systems 
369

. In addition, hydrogel components, living cells and growth 

factors can be co-injected together effortlessly, and after gelation, hydrogels 

provide a temporary matrix to support cell adhere, growth, and proliferation 

349, 371
. Various natural and synthetic polymers have been developed for 

injectable hydrogel systems, and Table 1.7 summarized some of the major 

types of these materials for tissue engineering applications.   

1.7.1 Physical Cross-linking Hydrogels  

1.7.1.1 Thermoresponsive cross-linking hydrogels  

Thermoresponsive cross-linking hydrogels have been widely studied as the 

temperature stimuli can be easily applied without requirements of complex 

equipment or other external stimulus 
372

. Thus, many of the 

thermoresponsive hydrogels for biomedical and tissue engineering 

applications are designed by making use of the change between body 

temperature and environmental temperature. The phase transition with the 

varying temperature of this type of materials from a solution to a gel can be 

called sol-gel transition 
372

. Some materials change from solution phase to 

gelation phase above a certain temperature which is called lower critical 

solution temperature (LCST); while others form gels below certain 

temperature which is called upper critical solution temperature (UCST) 
370

. 
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This sol-gel transition can be explained by Gibbs equation: ȹG = ȹH ï TȹS 

(G, Gibbs free energy; H, enthalpy; S, entropy). In the case of polymers 

exhibiting LCST, the increase of the temperature results in the rise of energy 

and entropy. The water-water reaction, at this time, is more favorable than 

polymer-water reaction in the system as the higher entropy (i.e. less 

ordered). As a result, polymers become more hydrophobic and separated 

from solution driven by a negative free energy. This phenomenon is also 

called the hydrophobic effect, and the physical cross-linking or gelation is 

reversible 
373

.  

Many different thermoresponsive hydrogel systems have been developed 

from natural, synthetic or hybrid materials. In the following section, four 

major groups of these hydrogels are reviewed briefly: (i) natural polymers 

and derivatives; (ii) Poly(N-isopropylacrylamide) (PNIPAAm) and 

derivatives; (iii) block copolymer hydrogels; (iv) PEG based systems.   

1.7.1.1.1 Natural polymers and derivatives 

A number of natural materials including polysaccharide (e.g. cellulose 

derivative, chitosan, dextran and xyloglucan) and proteins (e.g. gelatin) have 

been used for the construction of thermoresponsive hydrogels either being 

used alone or in combination with other thermoresponsive materials.   

Methylcellulose is a cellulose-derivative polysaccharide. The hydrophobic 

methyl groups provide methylcellulose thermoresponsive cross-linking 

behavior with the gelling temperature around 60 to 80 
o
C depending on the 

molecular weight, substitution degree and the solvents 
374, 375

. It has been 

reported that the thermoresponsive behavior and mechanical strength of 

PNIPAAm based hydrogel altered by combining with methylcellulose with 

different ratio 
376

. Furthermore, a thermoresponsive hydrogel of 

methylcellulose combining with laminin was used for neural tissue 

engineering and has been demonstrated to improve the neural stem cell 

survival and differentiation 
377, 378

. Chitosan which is made from the chitin 

are also used to construct thermoresponsive materials 
379

. For example, 

PEG-grafted chitosan has been developed as thermoresponsive hydrogel for 

drug delivery system 
380, 381

. NIPAAm-chitosan hybrid polymer was used to 
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deliver hMSCs, and the desired chondrogenic differentiation was achieved 

both in vitro and in vivo 
382

. Another type of thermoresponsive derivative is 

chitosan-glycerophosphate salt (Chitosan-GP), which has been developed 

for neural tissue engineering 
325

. Xyloglucan was also reported exhibiting 

thermoresponsive behaviors by removing 35 % of the galactose residues on 

it 
383, 384

. Gelatin, a protein derived from collagen is another natural material 

which exhibits thermoresponsive behavior. Interestingly, the 

thermoresponsive property of gelatin is opposite to common 

thermoresponsive polymer: it forms a gel below 25 
o
C while becomes as 

liquid above 30 
o
C, which is due to a conformation transition between triple 

helices and flexible coil 
385

. With this special property, gelatin has been 

combined with other polymers to construct thermoresponsive hydrogels for 

drug delivery and tissue engineering applications, such as monomethoxy 

poly(ethylene glycol)-poly(D,L-lactide) (mPEG-DLLA) 
386

, NIPAAm 
387

 and 

silk fibroin 
388

.  

1.7.1.1.2 PNIPAAm and derivatives 

PNIPAAm is the most widely studied thermoresponsive polymer which 

exhibits a sharp sol-gel transition at 32 
o
C 

389, 390
. Below the LCST 

temperature, isopropyl groups on the polymer bind with water molecules via 

hydrogen bond, while the intra-/inter-molecular hydrophobic interactions 

between isopropyl groups and releasing of water molecules are induced by 

rising temperature above the LCST. Numbers of thermoresponsive 

PNIPAAm based copolymers have been developed for drug delivery 
389, 391-

393
, tissue engineering 

394
 and surface coating 

395
. More information about 

PNIPAAm based thermoresponsive copolymers have been reviewed 

elsewhere 
396

. More interestingly, PNIPAAm are not only used to combine 

with other synthetic polymers, but also with some biomolecules which can 

improve the biodegradable property and biocompatibility of the hydrogels, 

such as dextran 
397

, chitosan 
356, 357, 382

, gelatin 
387

 and hyaluronic acid 
382, 398, 

399
. For example, hyaluronic acid can cross-link with carboxyl-terminated 

PNIPAAm, which have shown the potential for adipose regeneration and 

soft tissue engineering 
382, 398, 399

.  

1.7.1.1.3 Triblock copolymer hydrogels  
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Another important group of synthetic thermoresponsive polymers are 

triblock copolymers including PEO-PPO-PEO (Pluronic
®
), PLGA-PEG-

PLGA, PEG-PLLA-PEG, PCLA-PEG-PCLA, PEG-PCL-PEG and so on 
363-

365
. These amphiphilic copolymers can self-assemble into micelles at low 

temperature in aqueous solutions, and aggregate to form a macroscopic gel 

at high temperature 
364

. The polymer composition, molecular weight and the 

solution concentration all influence the gelling properties of these types of 

thermoresponsive polymers. Among all these copolymers, Pluronic
®
 are 

commercially available with a series of compositions, molecular weight and 

forms, which have been wildly studied for drug delivery 
400

, tissue adhesion 

401
 and wound covering 

402
. However, the mechanical strength of this type of 

thermal gels is generally weak and shows limited stability 
403, 404

. Thus a 

number of approaches have been studied to improve these properties such as 

adding the covalent binding unit 
403, 404

 or functional end groups for further 

chemical cross-linking 
404-407

.     

1.7.1.1.4 PEG based graft copolymer 

Poly(ethylene glycol) (PEG) or named as poly(ethylene oxide) (PEO) have 

been used for constructing thermoresponsive copolymer for many years as 

its biocompatible and hydrophilic property 
372, 408, 409

. More recently, Lutz 

and colleagues reported a new type of PEG-based thermoresponsive 

polymers with ñgraftò structures 
410-412

. By adjusting the composition of 

hydrophilic/hydrophobic PEG-based monomers, and molecular weight, 

desired LCST of the copolymer can be fine controlled. As the outstanding 

biocompatibility of PEG-based structure compare to other synthetic 

polymers, these copolymers have shown great potential for biomedical and 

tissue engineering applications 
411

.       

1.7.1.2  pH-sensitive cross-linking hydrogels 

Another group of physical cross-linking hydrogels are made from pH-

sensitive polymers. Either pendant acidic or basic functional groups provide 

these polymers capability to accept or release protons induced by the 

variation of environmental pH 
413

. These polymers with ionizable groups, 

also known as polyelectrolytes can further form reversible hydrogel 



Introduction  

49 
 

depending on the pH of the system 
414

. Examples of the pH-sensitive 

hydrogels used in drug delivery and tissue engineering include PMA-PEG 

415
, NIPPAm-AAc 

416
, NIPPAm-DMAEMA (2-(dimethylamino)ethyl 

methacrylate) 
417

, Pluronic
®
 F127-DMAEMA 

418
 and so forth.     

1.7.2 Chemical Cross-linking Hydrogels 

1.7.2.1 Photo-crosslinked hydrogels 

In contrast to physical cross-linking mechanism chemical cross-linking 

forms irreversible and more stable hydrogels by covalent bonds. One of the 

most studied chemical cross-linked hydrogels are triggered by photo-

polymerization between vinyl functional groups (i.e. C=C) on the polymers 

351, 419
. Mediated by suitable photoinitators (e.g. 2,2-dimethoxy-z-phenyl-

acetophenone), these polymers can cross-link by exposure under visible or 

ultraviolet (UV) radiation both in vitro and in vivo 
420

. Advantages of the 

photo-crosslinking systems include rapid gelation, well-controlled reaction 

process, ease of combination with other chemicals or materials without 

affecting the cross-linking behavior 
334, 419

. Many studies have been reported 

using PEG-based monomers to create photo-crosslinked hydrogels for cell 

delivery and tissue engineering 
421-423

. In addition, hybrid photo-crosslinking 

hydrogel systems of PEG-based polymer and bioactive materials such as 

collagen, alginate, hyaluronic acid, alginate and chondroitin sulfate have 

also been developed 
421, 422, 424

. However, there are drawbacks of these 

hydrogels and concerns about their clinical applications, including the 

cytotoxicity of photoinitators, safety issue of UV radiation and extract cost 

for special equipment 
425

.  

1.7.2.2 Michael-type addition reaction hydrogels 

Michael-type addition reaction is another approach for in-situ chemical 

cross-linked hydrogels. For example, thiol and vinylsulfone groups on the 

natural or synthetic polymers can be cross-linked to form hybrid hydrogels 

for tissue engineering applications 
334, 426

. Vinylsulfone, however has been 

demonstrated to be toxic to cells because it reacts with DNA and glutathione 

427
. Thus, a number of hydrogel systems used bioactive polymers with high 

molecular weight (e.g. hyaluronic acid) combining with vinylsulfone group 
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to reduce the toxic effect, which have been applied for both in vitro and in 

vivo studies 
352, 427, 428

. In addition, thiolated hyaluronic acid was also used to 

cross-link with vinyl-functional PEG-based polymers such as poly(ethylene 

glycol) diacrylate (PEGDA) via Michael-type addition reaction 
352, 428, 429

.           

1.7.2.3 Schiff-base cross-linked hydrogels 

Schiff-base reaction has been also used to develop in-situ cross-linked 

hydrogel systems for tissue engineering applications 
430

. For example, Marra 

and colleagues developed water soluble N-Succinyl-chitosan cross-linking 

with oxidized hyaluronic acid for cartilage tissue engineering 
430

. In this 

system, a rapid gelation time (about one minute) can be achieved by 

adjusting the ratio between amine group on N-Succinyl-chitosan and 

aldehyde group on oxidized hyaluronic acid. In addition, other type of 

polysaccharides can be oxidized and utilized for Schiff base-mediated cross-

linking, such as dextran 
431

, chondroitin 
432

, gum arabic 
433

, hyaluronic acid 

434, 435
 and cellulose 

436
.    

 

1.8 Hypothesis and Objectives  

The overall aim of this project was to develop an in-situ cross-linkable 

hydrogel cell delivery system which could easily encapsulate and support 

adipose-derived stem cells (ADSCs) growth, proliferation and secretion, 

with the potential use as a bioactive temporary hydrogel dressing for wound 

healing applications (Figure 1.2). The specific objective of in vitro studies 

was to design, fabricate and optimize a thermoresponsive and photo-

/chemical cross-linked hydrogel system for cell delivery. The in vivo studies 

aimed to evaluate the material inflammatory response, ADSCs cell retention 

and therapeutic effects on wound healing (e.g. wound closure, angiogenesis) 

as a bioactive dressing system. The whole project was divided into three 

phases with specific objectives and hypotheses.    

1.8.1 Phase I  (Chapter Two) 

Deactivation enhanced atom transfer radical polymerization (DE-ATRP) 

approach was first reported by Wang et al. for homopolymerization of 

divinyl monomers to achieve the synthesis of dendritic homopolymers with 
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multiple-vinyl functional groups without gelation 
437

. The overall objective 

of this phase is to synthesize and optimize a PEG-based hyperbranched 

copolymer with thermoresponsive and photo-crosslinkable properties via 

DE-ATRP approach.    

Hypotheses:  

¶ PEG-based hyperbranched copolymers with high content of vinyl 

functional groups can be achieved by introducing the divinyl 

monomer into polymerization without gelation via DE-ATRP 

approach.  

¶ The thermoresponsive behavior of the copolymers can be achieved 

by two PEG-based monomers with different hydrophilic properties. 

The lower critical solution temperature (LCST) of the copolymer can 

be adjusted close to body temperature via varying the ratio between 

these two monomers. 

¶ The high content of vinyl functional groups which lead to photo-

crosslinking property can be adjusted by varying the polymer 

composition.     

¶ PEG-based polymer composition should not result in toxicity to cells. 

Specific Objectives: 

¶ To design and synthesize a thermoresponsive and photo-

crosslinkable PEG based hyperbranched copolymer via DE-ATRP 

polymerization of poly(ethylene glycol) methyl ether methacrylate 

(PEGMEMA), 2-(2-methoxyethoxy) ethyl methacrylate (MEO2MA) 

and ethylene glycol dimethacrylate (EGDMA).  

¶ To characterize and optimize the molecular weights, chemical 

structures, thermoresponsive and gelation behaviors of the 

copolymer.  

¶ To adjust the LCST of the copolymer close to body temperature by 

varying the polymer composition.   

¶ To evaluate the cytotoxicity of this copolymer in vitro.   

1.8.2 Phase II  (Chapter Three and Four) 
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Compared to the photo-crosslinking hydrogel systems, chemical gelation via 

thiol-ene Michael-type addition reaction exhibits remarkable advantages 

including the ease to operate, rapid gelation, the absence of chemical 

initiator, no specific requirement of equipment and simple gelling condition 

close to physiological circumstance 
438

. The overall objective of this phase 

is to modify the multifunctional copolymer that developed in the first phase 

in order to fabricate an in-situ physical and chemical cross-linked hydrogel 

system and optimize this hydrogel microenvironment with extracellular 

matrix (ECM) materials to support the ADSCs growth, proliferation and 

secretion.   

Hypotheses:  

¶ Replacement of the methacrylate multifunctional vinyl monomer 

with acrylate monomer can provide the copolymer in-situ chemical 

cross-linking property with thiol functional materials via Michael-

type addition reaction.  

¶ Hyaluronic acid as an important component of ECM can improve 

the microenvironment in the hydrogel for cell growth and improve 

cell viability.  

Specific Objectives: 

¶ To design and synthesize a thermoresponsive and chemical cross-

linkable PEG-based hyperbranched copolymer via DE-ATRP 

polymerization of PEGMEMA, MEO2MA and poly(ethylene glycol) 

diacrylate (PEGDA).  

¶ To fabricate a chemical cross-linked hydrogel system for cell 

delivery.  

¶ To evaluate and optimize the cell viability, morphology, activity, 

proliferation and secretion in the established hydrogel system.  

1.8.3 Phase III  (Chapter Five) 

Once the optimized hydrogel system for cell delivery is achieved, the 

overall objective of the last phase is to evaluate the cell retention, material 

inflammatory response, and the wound healing effect of this in-situ cross-

linked bioactive hydrogel dressing system in vivo. 
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Hypotheses:  

¶ ADSCs can survive in the in-situ formed hydrogel system in vivo. 

¶ Angiogenesis can be enhanced by applying the ADSCs encapsulated 

in-situ cross-linked bioactive hydrogel dressing.  

¶ Wound contraction and closure can be improved by this dressing 

system.  

Specific Objectives: 

¶ To evaluate the ADSCs retention in the in-situ cross-linked hydrogel 

system using a rat dorsal full-thickness wound model. 

¶ To evaluate the wound healing effect via using this bioactive 

hydrogel dressing system, including wound closure, epithelialization 

and inflammatory response and angiogenesis.   
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Figure 1.2: Schematic of in-situ cross-linked hydrogel cell delivery system 

for wound healing: the hybrid polymer mixture is a solution at room 

temperature but form physical gels once applied onto the skin to cover and 

seal wound sites at body temperature. Furthermore, chemical cross-linking 

with ECM biopolymers occurs in minutes to achieve a stable hydrogel with 

enhanced mechanical properties. Thus the implanted ADSCs can survive, 

proliferate in the hydrogel, and secrete growth factors and cytokines which 

would affect the wound healing process. 
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Figure 1.3: Project overview.
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2.1 Introduction  

Stimuli-responsive polymers are defined as those polymers which respond 

with dramatic physical or chemical alterations to small external changes in 

their environment. Such stimuli include temperature, pH, ionic factors, 

electric or magnetic fields, chemical or biological agents and mechanical 

stress 
1-4

. Thermoresponsive polymers are considered as one of the most 

widely utilized stimuli-responsive polymers, as they are easy to apply both 

in vitro and in vivo 
5-10

. Poly(N-isopropylacrylamide) (PNIPAAm) which is 

a classic and widely studied thermoresponsive polymer exhibits a rapid coil-

to-globule conversion in aqueous solution around 32 
o
C 

11
. However, there 

are concerns over its safety for in vivo applications 
12, 13

. In the past few 

years, several thermoresponsive linear and star-shaped copolymers with 

PNIPAAm, poly(ethylene glycol) (PEG), oligo(ethylene glycol) 

methacrylate (OEGMA), poly(propylene oxide) (PPO), poly(vinyl ether)s 

(PVEs), poly(lactide) (PLA), poly(D,L-lactide-co-glycolide) (PLGA), 

poly(caprolactone) (PCL) and 2-(2-methoxyethoxy) ethyl methacrylate 

(MEO2MA) have been developed for tissue engineering and drug delivery 

applications 
14-18

. Among these copolymers, poly(MEO2MA-co-OEGMA) 

was firstly reported by Lutz and colleagues 
16

. This linear copolymer with 

lower critical solution temperature (LCST) around 37 
o
C was prepared via 

atom transfer radical polymerization (ATRP) 
16, 19

.  

Compared to linear polymers, hyperbranched or dendritic polymers display 

a number of unique advantages, such as low solution and melt viscosity, and 

high functionality 
20-22
. In Lutzôs study, they introduced the di-vinyl 

monomer of ethylene glycol dimethacrylate (EGDMA),  however,  only  

one  percent  of  EGDMA  caused the polymer gelation 
19

. In contrast, in the 

present work, a higher degree of EGDMA (up to 10 % molar ratio of total 

feed monomers) was introduced. Instead of causing gelation, we 

successfully achieved a hyperbranched copolymer of poly(ethylene glycol) 

methyl ether methacrylate-co-2-(2-methoxyethoxy) ethyl methacrylate-co-

ethylene glycol dimethacrylate (PEGMEMA-MEO2MA-EGDMA) via a 

one-step in-situ deactivation enhanced atom transfer radical polymerization 

(DE-ATRP) approach (Scheme 2.1). As a result, the vinyl functional groups 
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contributed by the EGDMA component provide the copolymer with easy 

tailoring and photo-crosslinkable properties. 

Meanwhile, by adjusting the ñlongò and ñshortò PEG chain monomers 

composition, we can sensitively alter the polymer hydrophobicity and 

control the LCST of the copolymers around body temperature. Furthermore, 

PEG based structure which is often considered as nontoxic, non-

immunogenic and bio-compatible composition 
23-27

 offers this copolymer 

good potential in tissue engineering and biomedical applications.  
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Scheme 2.1: Synthesis of hyperbranched polymers via an in-situ DE-ATRP copolymerization of poly(ethylene glycol) methyl ether 

methacrylate (PEGMEMA), 2-(2-methoxyethoxy) ethyl methacrylate (MEO2MA) and ethylene glycol dimethacrylate (EGDMA). Ethyl 2-

bromoisobutyrate and N,N,Nǋ,Nǋǋ,Nǋǋ-Pentamethyldiethylenetriamine (PMDTA) was used as the initiator and ligand. The dimethacrylate 

monomer of EGDMA provided the copolymer hyperbranched structure and the vinyl functionality.   

http://www.sigmaaldrich.com/catalog/product/aldrich/369497?lang=en&region=US
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2.2 Materials and Methods 

2.2.1 Materials  

The monomers of poly(ethylene glycol) methyl ether methacrylate 

(PEGMEMA Mn = 475), 2-(2-methoxyethoxy) ethyl methacrylate 

(MEO2MA), and ethylene glycol dimethacrylate (EGDMA) were purchased 

from Sigma-Aldrich. The ethyl 2-bromoisobutyrate (98 %, Aldrich) was 

used as the initiator. N,N,Nǋ,Nǋǋ,Nǋǋ-pentamethyldiethylenetriamine 

(PMDTA, 99 %, Aldrich), copper(II) chloride (CuCl2, 97 %, Aldrich), L-

ascorbic acid (AA, 99 %, Aldrich), butanone (99 %, HPLC grade, Aldrich) 

and hexane (95 %, Aldrich) were used as received.   

2.2.2 Synthesis and Purification of PEGMEMA-MEO 2MA -EGDMA 

Copolymers 

The copolymers were prepared in butanone using a two-necked round 

bottom flask (the volume ratio of total monomers to solvent was 1: 2).  

Copper chloride (CuCl2, 0.25 molar equiv), ethyl 2-bromoisobutyrate (1 

molar equiv) and PMDTA (0.25 molar equiv) were added into the flask and 

oxygen was removed by bubbling argon through the solutions for 25 min. L-

ascorbic acid (AA, 0.375 molar equiv) that was diluted in deionized water 

was added with a microliter syringe. The solution was stirred at 800 rpm 

and the polymerization was conducted at 50 
o
C in an oil bath for a desired 

reaction time. The reaction was stopped by opening the flask and exposing 

the catalyst to air. The monomer of EGDMA was removed by dropping the 

solution into a large excess of hexane. The precipitated mixture was 

dissolved in deionized water and purified by dialysis (spectrum dialysis 

membrane, molecular weight cut off 6000-8000 kDa) for 4 days in dark at 4 

o
C. Polymer samples were obtained after freeze-drying and weighed to 

obtain the final yields. 

2.2.3 Characterizations of PEGMEMA-MEO 2MA -EGDMA 

Copolymers 

The copolymers were characterized by gel permeation chromatography 

(GPC), 
1
H NMR and Fourier Transform Infrared Spectroscopy (FTIR). 

Weight average molecular weight (Mw), number average molecular weight 
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(Mn) and polydispersity index (PDI, Mw/Mn) were obtained by GPC 

(Polymer Laboratories) with RI detector. The columns (30 cm PLgel Mixed-

C, two in series) were eluted using dimethylformamide (DMF) and 

calibrated with poly(methyl methacrylate) (PMMA) standards. All 

calibrations and analysis were performed at 40 
o
C and a flow rate of 1 

ml/min. 
1
H NMR was carried out on a 300 MHz Bruker NMR with 

MestReC processing software. The chemical shifts were referenced to the 

lock chloroform (CDCl3). The characteristic chemical bonds were 

determined by FTIR (Varian 660-IR) to affirm the vinyl groups on the 

copolymers.  

2.2.4 Thermoresponsive Behavior of PEGMEMA-MEO 2MA -EGDMA 

Copolymers 

LCST of the copolymer solutions (0.03 % w/v) in deionized water were 

quantified by measuring their absorbance of 550 nm at temperatures from 

20 to 55 
o
C (heating rate = 0.5 

o
C/second) with a Beckman DU-800 

spectrophotometer. The data were collected every 2 seconds. The LCST 

value was defined as the temperature point when the A550 start suddenly 

increasing. Moreover, dynamic light scattering (DLS) was used to analyze 

size and distributions of copolymers in water solution on a submicron 

particle size analyzer (BeckmanCoulter DLS-N5). Polymer solutions (0.01 % 

w/v) were prepared in deionized water and filtered prior to measurements 

using a 0.45 ɛm disposable filter into a 12.5 Ĭ 12.5 mm polystyrene 

disposable cuvette.  

2.2.5 Preparation of Photo-crosslinked Gels and SEM Imaging 

A LF215L UV lamp (365 nm, 2X15 W, UVitec, light intensity 2.0 mW/cm
2
) 

was used for the preparation of photo-crosslinked hydrogels. The 

PEGMEMA-MEO2MA-EGDMA copolymers were dissolved in 0.1 % w/v 

Irgacure 2959 water solution to prepare 20 % and 40 % (w/v) copolymer 

solutions. Photo-crosslinked gels were formed using 200 µl polymer 

solutions by UV exposure of 2 h. Scanning Electron Microscopy (SEM) was 

used to characterize the porous structure of freeze-dried gels. The samples 

were mounted on an aluminum stub using an adhesive carbon tab and 
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sputter coated with gold before images were obtained using a Hitachi Field 

Emission SEM machine. 

2.2.6 Cytotoxicity Assessment 

3T3 mouse fibroblast cell line was utilized for the polymer cytotoxicity 

assessment. 15,000 cells and PEGMEMA-MEO2MA-EGDMA polymer 

solution (in Dulbeccoôs Modified Eagleôs Medium, DMEM, Sigma) were 

seeded into each well of a 48-wells tissue culture plate (the concentration of 

polymers in media were 0.5 and 1 mg/ml). After one and four days of 

incubation at 37 
o
C and 5 % CO2, alamarBlue

®
 reduction method was used 

to assess cell activity. The absorbance at the lower wavelength filter (550 

nm) was measured followed by the higher wavelength filter (595 nm) via a 

thermo scientific Varioskan Flash Plate Reader. The following equations 

were used to calculate the percentage of cell viability: 

AOLW = absorbance of oxidized form of alamarBlue
®
 along at lower 

wavelength;  

AOHW = absorbance of oxidized form of alamarBlue
®
 along at higher 

wavelength;  

Calculated correlation factor:  

Ro = AOLW / AOHW;                                                      (eqn. 2.1) 

Calculated the percentage of reduced alamarBlue
®
:  

ARLW % = (ALW - AHW × R o) × 100                             (eqn. 2.2) 

Calculated the percentage of cell metabolic activity: 

           Cell activity % = (ARLW[Samples] / ARLW[Cells along]) × 100         (eqn. 2.3) 

2.2.7 Statistical Analysis 

Comparisons between multiple groups were analyzed via one way-ANOVA 

using GraphPad Prism 5 software. Differences between two data sets were 

considered significant when p < 0.05. 
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Scheme 2.2: Mechanism of in-situ deactivation enhanced atom transfer 

radical polymerization (DE-ATRP). (a) In-situ producing Cu
I 
species from 

Cu
II
 species by reducing agent L-ascorbic acid (AA); (b) A small amount of 

AA addition ensures the excessive Cu
II
 species in the reaction system which 

leads to enhanced deactivation reaction, suppression of the growth rate and 

delayed gelation. 
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2.3 Results and Discussion 

2.3.1 Synthesis of PEGMEMA-MEO 2MA -EGDMA Copolymers via In -

situ DE-ATRP Approach 

The DE-ATRP approach was previously reported by our group for the 

synthesis of dendritic copolymers 
28, 29

. In these previous studies, halogen-

(Cu
I
+Cu

II
)/Ligand was used as the catalyst to start the reaction instead of 

using the halogen-Cu
I
/Ligand as in the conventional ATRP method; as a 

result the excessive Cu
II
 species in the DE-ATRP system enhanced the 

deactivation of the polymerization which slow down the reaction speed and 

delayed the gelation. However, using the halogen-Cu
I
/Cu

II 
mixture as the 

catalyst resulted in some disadvantages: (i) Cu
I
 species are easy to be 

oxidized in air which may affect the repeatability of the reaction; (ii) It is 

more complex to study the mechanism how the deactivation agent (Cu
II
 

species) control the actual reaction kinetics and influence the polymer 

structure.  

In this study, an in-situ DE-ATRP approach was applied by using 

Cu
II
/Ligand and a small amount of reducing agent AA to start the reaction 

(Scheme 2.2). AA reduced part of the Cu
II
 species into Cu

I
, which can start 

the polymerization, and in the meantime the extra amounts of Cu
II
 species 

that remain in the reaction lead to the slow chain growth and delayed 

gelation. Hyperbranched copolymer of PEGMEMA-MEO2MA-EGDMA 

was prepared by this approach. The reaction was monitored by GPC 

analysis (Figure 2.1). Polymer chain grew over time, for example, the total 

monomer conversion was 57 % after 26 h, with Mn of the copolymer as 9.9 

KDa (entry 1 in Table 2.1). Meanwhile, the PDI value kept at a low level 

which demonstrated the controlled chain growth.  

In addition, it was found that polymerization speed can be sensitively 

affected by varying the amount of the reducing agent AA (Figure 2.2). The 

same level of monomer conversion (i.e. 45 %) needed 9 h of reaction time 

by using 15 mol % AA, 6 h with 30 mol % AA and 1 h with 50 mol % AA. 

This result indicates that the slight change in the equilibrium between Cu
II
 

and Cu
I
 could delicately adjust the activation/deactivation process of ATRP. 
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Interestingly, PDI value remained at the same trend by the varying AA 

amount (Figure 2.3): at the beginning stage, polymer chain grew with well 

controlling; while at the later stage, the broader PDI with the polymerization 

progressing was commonly considered as a result of the hyperbranched 

chain growth 
30, 31

 which means the reducing agent can only influence the 

polymerization rate but not affect the kinetic chain growth at the molecular 

level.  

On the other hand, a similar approach to our method is called activator 

generated by electron transfer (AGET) ATRP, in which the reaction is also 

started with Cu
II
/Ligand and reducing agent. However, there is a significant 

difference between these two approaches. The AGET-ATRP usually 

requires an excessive reducing agent (e.g. 5 to 10 times excess of AA) to 

transfer Cu
II
 to Cu

I
 completely and rapidly in the reaction 

32, 33
. While only 

up to 50 mol % of reducing agent was used in the in-situ DE-ATRP, so that 

there is always an excess of Cu
II
 species in the reaction system to 

ñdeactivateò the reaction.  

2.3.2 Characterization of Hyperbranched PEGMEMA-MEO 2MA -

EGDMA Copolymers with Vinyl Functional Groups 

The structure of the copolymers were characterized by 
1
H NMR analysis 

(Figure 2.4). The characteristic peaks at chemical shifts of 6.1 and 5.6 

ppm were attributed to the vinyl functional groups in the copolymer. The 

copolymer composition (m, n, r, p)  can  be  calculated  from  the integral 

data C, D, E, H. assigned as indicated in Figure 2.4. The following 

equations (eqns. 2.4 to 2.7) demonstrate the calculating process: 

( Ð                                                                                         (eqn. 2.4) 

# τÐ ςÍ ςÎ ςÒ                                                             (eqn. 2.5) 

$ στÍφÎ                                                                            (eqn. 2.6) 

% σÍ σÎ                                                                              (eqn. 2.7) 
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Table 2.1: Copolymerization of poly(ethylene glycol) methyl ether methacrylate (PEGMEMA, Mn = 475), 2-(2-methoxyethoxy) ethyl 

methacrylate (MEO2MA) and ethylene glycol dimethacrylate (EGDMA) via in-situ DE-ATRP. 

 

entry [L -AA]: [CuCl 2] samples RT 
a  

(h) monomer conversion
b
 (%)  M n 

c
 (kg/mol) PDI 

d
 

1 15 mol% 

S1-1 5 20 4.3 1.14 

S1-2 9 45 7.3 1.22 

S1-3 26 57 9.9 1.35 

2 30 mol% S2 6 43 10.0 1.25 

3 50 mol% S3 5 83 17.9 3.92 

 

a
 Reaction time. 

b
 Monomer conversion, estimated using peak areas for monomers and copolymers in GPC traces. 

c 
Number average 

molecular weight. 
d 
Polydispersity Index (Mw/Mn). Polymerisation conditions: 50 

o
C in butanone; total monomers/butanone (v/v) = 1:2; the 

initiator (I) / catalyst (C) / ligand (L) are ethyl 2-bromoisobutyrate / CuCl2 / N,N,Nǋ,Nǋǋ,Nǋǋ-pentamethyldiethylenetriamine; the reducing 

agent is L-ascorbic acid (AA); the [I]/[PEGMEMA]/[MEO2MA]/[EGDMA]  (feed mole ratio) = 1:15:75:10, [I]/[C]/[L] = 1:0.25:025.  

 

http://www.sigmaaldrich.com/catalog/product/aldrich/369497?lang=en&region=US
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Figure 2.1: GPC traces from RI detector for the samples of entry 2 in Table 

2.1. Note: the peak became broader and moving forward indicated that the 

increased molecular weights and polydispersities with monomer conversion 

were observed. 
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Figure 2.2: Kinetic plots of the in-situ DE-ATRP polymerization of 

PEGMEMA-MEO2MA-EGDMA copolymers by using 15 mol %, 30 mol % 

and 50 mol % of reducing agent of L-ascorbic acid (AA). Increase of the 

monomer conversion along with the reaction progress. Note: the 

polymerization speed can be sensitively affected by varying the amount of 

the reducing agent AA. For example, the same level of monomer conversion 

(i.e. 45 %) needed 9 h of reaction time by using 15 mol % AA, 6 h with 30 

mol % AA and only 1 h with 50 mol % AA.  
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Figure 2.3: Kinetic plots of the in-situ DE-ATRP polymerization of 

PEGMEMA-MEO2MA-EGDMA copolymers by using 15 mol %, 30 mol % 

and 50 mol % of reducing agent L-ascorbic acid (AA). Increase of the 

polydispersity Index (PDI, Mw/Mn) along with the monomer conversion. 
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Figure 2.4: 
1
H NMR for the PEGMEMA-MEO2MA-EGDMA copolymer 

(entry 1 in Table 2.1) in CDCl3. Note: the spectrum shows the vinyl 

functional group within the structure at the chemical shifts of 6.1 and 5.6 

ppm (Insert). 
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The double bond content and the branching degree of the copolymers 

were calculated from eqn. 2.8 and eqn. 2.9, respectively: 

 $ÏÕÂÌÅ ÂÏÎÄ ÃÏÎÔÅÎÔ ÍÏÌϷÐȾÍ Î Ò Ð ρππ        (eqn. 2.8) 

 "ÒÁÎÃÈÉÎÇ ÄÅÇÒÅÅ ÍÏÌϷÒȾÍ Î Ò Ð ρππ              (eqn. 2.9) 

The composition, double bond content and branching degree of the 

copolymers are shown in Table 2.2. For example, the double bond and the 

branching structure are at 6 and 10 mol % in polymer S5. In addition, the 

chemical structure of the copolymer was also determined by FTIR (Figure 

2.5). 

2.3.3 Thermoresponsive Behavior of PEGMEMA-MEO 2MA -EGDMA 

Copolymers 

LCST of the copolymers were determined by UV-vis spectrophotometer 

(Figure 2.6). The copolymers (S4, S5 and S6 in Table 2.2) dissolved in 

deionized water were quantified by measuring their absorbance of 550 nm at 

temperatures from 20 to 55 
o
C. Compared with the linear poly(OEGMA-co-

MEO2MA) copolymer as reported by Lutz et al., our hyperbranched 

copolymer showed a lower phase transition temperature with similar 

polymer composition. For example they showed LCSTs of 39 and 49 
o
C 

with 10 and 20 % of PEGMEMA respectively 
19

, whereas our polymer 

exhibited 28 and 38 
o
C with 12 and 22 % of PEGMEMA respectively. Two 

reasons might be responsible: (1) The 3D hyperbranched structure and 

subsequently the compact space configuration of the copolymer may have 

resulted in stronger polymer-polymer interactions than polymer-water 

hydrogen bonding interaction; (2) the hydrophobic EGDMA content of the 

copolymer also reduces the LCST. Moreover, the high concentration of the 

copolymer water solution could reversible form hydrogel above the LCST 

(Figure 2.6 Insert). 

In addition, DLS indicated a significant change in particle size of the 

copolymer in deionized water when varying the temperature. At 20 
o
C, the 

hydrodynamic radius (Rh) of polymer particles were ca. 7.5 nm, and at 37 

o
C, it was found to be 125 nm (Figure 2.7). This is due to the aggregation 

occurring at the temperatures above LCST. 
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Table 2.2: Properties of PEGMEMA-MEO2MA-EGDMA copolymers 

 

Samples f 
a
 ([PEGMEMA]/ [MEO2MA]/  [EGDMA])  F 

b
([PEGMEMA]/ [MEO2MA]/  [EGDMA])  double bond content 

c
 branching degree 

d
 LCST 

o
C 

e
 

S4 10/80/10 9/77/14 4 10 24 

S5 15/75/10 12/72/16 6 10 28 

S6 25/65/10 22/63/15 6 9 38 

 

a
 Monomer feed ratio. 

b
 Polymer composition; determined by 

1
H NMR. 

c, d
 Calculated with eqs 2.4 to 2.9 (Unit: mol %). 

e
 Determined by 

UV-vis spectrophotometer. 
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Figure 2.5: FTIR analysis of freeze-dried polymer of PEGMEMA-MEO2MA-EGDMA (entry 1 in Table 2.1). The main chemical groups were 

characterized by a standard and labeled. Note: the spectrum shows the double bond within the polymer structure at the wavenumber around 1650 

cm
-1

.   
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Figure 2.6: Thermoresponsive properties of PEGMEMA-MEO2MA-

EGDMA copolymers (S4, S5 and S6 in Table 2.2). LCST behavior of the 

copolymer in 0.03 % w/v deionized water determined by UV-vis 

spectrophotometer. Insert: copolymer solution (S5 in Table 2.2, 40 % 

w/v) became physical cross-linked gel when the temperature was raised 

above its LCST from 20 
o
C to 37 

o
C.  
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Figure 2.7: Size distribution measured by dynamic light scattering. Polymer 

solutions (S5 in Table 2.2, 0.01 % w/v) were prepared in deionized water 

and filtered prior to measurements using a 0.45 ɛm disposable filter. Light 

incident angle was 90
o
. Note: at 37 

o
C, polymer particles aggregated 

together to form the microgel structure.  
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2.3.4 Photo-crosslinked Hydrogels and SEM Analysis 

Furthermore, after exposing the copolymer solution samples (with 0.1 % 

w/v of photoinitiator) to UV light (details in supporting information), the 

photo-crosslinking occurred to form gels. Although because the 

hydrogels shrank during the dehydrate process, the pore size on SEM 

images can not fully display the real situation in the hydrogels. It was 

still shown that  the polymer at a higher concentration (40 % w/v) formed 

the photo-crosslinked gel with denser structure than at a lower 

concentration (20 % w/v) (Figure 2.8). 

2.3.5 Cytotoxicity Assessment 

3T3 mouse fibroblast cells were utilized for the cytotoxicity assessment of 

the copolymer. Cells and the polymer/DMEM solution (S5 in Table 2.2, 

dissolved in DMEM medium, 0.5 and 1 mg/ml) were added into each well 

of a 48-well tissue culture plate. It was noticed that the polymer solution 

formed gel particles and sank on the bottom of the culture plate at 37 
o
C 

because its thermoresponsive behavior. The alamarBlue
®
 reduction method 

was used to assess changes in cell viability after one and four days. The 

results showed no significant difference of cells viability between the 

control (cells alone) and polymer samples after four days, indicating the 

copolymer is not affecting the cellular metabolism at such concentrations 

(Figure 2.9).  
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Figure 2.8: SEM images of freeze-dried photo-crosslinked gels prepared 

from 20 % (a) and 40 % (b) (w/v) PEGMEMA-MEO2MA-EGDMA 

copolymer (S5 in Table 2.2) solution. Note: the photo-crosslinked gel 

formed using a low polymer concentration sample demonstrated more 

looser structure (a) than the gel formed using a high polymer concentration 

(b).  
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Figure 2.9: Cell metabolic activity assessment of 3T3 cells after one and 

four days treatment with PEGMEMA-MEO2MA-EGDMA polymer (S5 

in Table 2.2) using alamarBlue
®
 assay. Cells alone as the control; the 

polymer concentrations were at 0.5 and 1 mg/ml. Note: there is no 

significant difference of cells viability between the control (cells alone) 

and polymer samples after four days (mean ± SD, n = 3, p < 0.05). 
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2.4 Conclusion 

A thermoresponsive and photo-crosslinkable hyperbranched copolymer 

PEGMEMA-MEO2MA-EGDMA has been successfully prepared via an 

in-situ DE-ATRP approach. This copolymer exhibited the LCST around 

body temperature, which could be specifically adjusted by varying 

polymer composition. Thus at room temperature, this polymer is water 

soluble, while forms a physical gel at body temperature. In addition, the 

high degree of vinyl functional group allow this polymer photo-

crosslinking by UV explosion in order to achieve a stable hydrogel 

structure with enhanced mechanical properties. In conclusion, this dual 

stimuli responsive polymer which can be easily modified further, shows 

great potentials for wide applications, including tissue engineering and 

drug delivery, polymer composites, UV cross-linkable polymer coatings, 

prototype mouldings, and micro patterning. 
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3.1 Introduction  

In-situ cross-linkable hydrogels have attracted much attention in 

applications for tissue engineering and drug delivery because they can be 

injected directly into irregular cavities and provide a homogenous 

environment for cellular and bioactive molecular distribution 
1-5

.  

Thermoresponsive polymers have been widely studied for such applications 

to in-situ form physically cross-linked gels 
6-10

. However, the physical 

thermal gelation is reversible and exhibits weak mechanical properties 

which hamper its clinical uses. Therefore, photo-polymerization or chemical 

cross-linking methods are used to enhance the gel mechanical properties. 

Drawbacks limit the applications of the photo-polymerization systems such 

as the extra equipment that is needed in a clinical setting, also the safety 

concerns of UV light in clinical uses present issues 
11-14

. On the other hand, 

the dual gelling systems by physically and chemically cross-linking via 

thiol-ene Michael-type addition reaction under physiological conditions 

have shown promising properties 
15-20

. Cellesi et al. reported the ñtandem 

processò of thermal and chemical cross-linked gel for cell encapsulation 
21, 

22
; Lee et al. reported the N-isopropylacrylamide (NIPAAm) based dual in-

situ gelling system for embolization 
23

. However, these systems usually 

need the complex multi-step modification reactions to provide the polymer 

desired cross-linkable functionalities; in addition, some of the chemical 

compositions such as NIPAAm are considered to be too toxic for in vivo 

applications.  

We have previously reported the synthesis of PEG-based hyperbranched 

thermoresponsive and photo-crosslinkable copolymers synthesized via one 

step deactivation enhanced atom transfer radical polymerization (DE-ATRP) 

24
 and in-situ DE-ATRP approach respectively 

25
. While compared to these 

UV photo-crosslinking systems, chemical gelation via thiol-ene Michael-

type addition reaction exhibits remarkable advantages such the ease to 

operate, rapid gelation, the absence of chemical initiator, no specific 

requirement of equipment and simple gelling condition close to 

physiological circumstance 
26

. Therefore, to enhance the activity of vinyl 

groups, a new hyperbranched copolymer with high degree of multi-acrylate 
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instead of methacryalte functionality has been designed and developed in 

this study in order to provide the polymer with the thermoresponsive and 

chemical in-situ cross-linkable properties. This hyperbranched copolymer 

was synthesized by co-polymerization of poly(ethylene glycol) diacrylate 

(PEGDA), poly(ethylene glycol) methyl ether methacrylate (PEGMEMA) 

and 2-(2-methoxyethoxy) ethyl methacrylate (MEO2MA) via the in-situ DE-

ATRP approach (Scheme 3.1). In addition, by varying the PEG-based 

hydrophilic/hydrophobic composition of the copolymers, desired phase 

transition temperatures were tailored close to body temperature. As a result, 

at room temperature, these copolymers are water-soluble, while at body 

temperature it forms a thermal gel. More importantly, a high concentration 

of PEGDA with diacrylate groups was used to achieve the hyperbranched 

structure while simultaneously providing the polymer with more active 

acrylate vinyl functionality, which significantly enhanced the activity during 

the thiol-ene Michael-type addition. Therefore, this copolymer led to an in-

situ gelation system via both physical thermoresponsive gelation and 

chemical reaction with thiol-functional cross-linker within minutes.  

To optimize the hydrogel microenvironment for cell seeding and 

encapsulation purposes, a semi-interpenetrated polymer network (semi-IPN) 

system was developed in this study by combining an extracellular matrix 

(ECM) biopolymer of hyaluronic acid (HA) within the hydrogel. An 

interpenetrating polymer network (IPN) is defined as a mixture of two or 

more cross-linked networks dispersed at a molecular level. If only one 

polymer is cross-linked in IPN and the other one is left in linear form, it is 

called semi-IPN structure 
27

. IPN and semi-IPN have been commonly 

utilized to modify the hydrogel structure and properties such as cross-

linking density, swelling capacity, water content and mechanical properties 

for drug delivery and cell encapsulation systems 
28-30

. HA is a linear 

polysaccharide with high molecular weight which has been widely used in 

tissue engineering for wound healing 
31, 32

, treatment of osteoarthritis 
33, 34

, 

cartilaginous tissue repair 
35-37

 and drug delivery 
38-40

. Here, HA 

macromolecule was interpenetrated within the physically and chemically 

cross-linking network without covalent linkage to form a semi-IPN structure 
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which increased the mesh size of gel frameworks 
41

, enhanced the hydrogel 

swelling behavior and provided a large porous three dimensional 

microenvironment, and therefore promotes the cell adhesion and viability 

within the hydrogel.  

Furthermore, by using the in-situ DE-ATRP polymerization approach, it is 

easy to adjust the gel properties including gelation rate, network density, 

pore size, mechanical properties, swelling and release kinetics by varying 

the acrylate content and hyperbranched structure of the copolymers, which 

provide this in-situ cross-linkable semi-IPN hydrogel system with a 

promising potential for controlled drug release and cell delivery applications. 
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Scheme 3.1: Synthesis of thermoresponsive hyperbranched PEGMEMA-

MEO2MA-PEGDA copolymer via an in-situ DE-ATRP approach. The 

copolymer can physically cross-link at body temperature and can be cross-

linked with thiol cross-linker of pentaerythritol tetrakis (3-

mercaptopropionate) (QT) via thiol-ene Michael-type addition. Meanwhile, 

by mixing with hyaluronic acid (HA) macromolecule, a semi-IPN hydrogel 

system was formed.  
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3.2 Materials and Methods 

3.2.1 Materials 

The monomers of poly(ethylene glycol) methyl ether methacrylate 

(PEGMEMA, Mn = 475 g/mol), 2-(2-methoxyethoxy) ethyl methacrylate 

(MEO2MA), and poly(ethylene glycol) diacrylate (PEGDA, Mn = 258 

g/mol) were purchased from Sigma-Aldrich. HA was purchased from 

Lifecore
 
Biomedical inc. (research grade, 66-90 kg/mol). The ethyl 2-

bromoisobutyrate (98%, Aldrich) was used as the initiator. Bis(2-

dimethylaminoethyl) methylamine (99%, Aldrich), copper(II) chloride 

(CuCl2, 97%, Aldrich), L-ascorbic acid (AA, 99%, Aldrich), butanone 

(HPLC grade, Aldrich), hexane (HPLC grade, Aldrich), diethyl ether 

(HPLC grade, Aldrich), sodium tetraborate (99%, Aldrich), carbazole 

(Vetrabal
TM

 analytical standard, FLUKA) and Pentaerythritol tetrakis (3-

mercaptopropionate) (QT, Aldrich) were used as received. 

3.2.2 Synthesis of PEGMEMA-MEO 2MA -PEGDA Copolymers via In -

Situ DE-ATRP 

The PEGMEMA-MEO2MA-PEGDA copolymers were synthesized by 

copolymerization of PEGMEMA (Mn = 475 g/mol), MEO2MA and 

PEGDA (Mn = 258 g/mol) via an in-situ DE-ATRP approach. Briefly, the 

copolymers were prepared in butanone at the volume ratio of total 

monomers to solvent of 1:2 using a two-necked round bottom flask. Copper 

chloride (CuCl2), ethyl 2-bromoisobutyrate and bis(2-dimethylaminoethyl) 

methylamine were added into the flask, followed by bubbling argon through 

the solutions for 25 min to remove the oxygen. L-ascorbic acid (molar ratio 

of CuCl2 to AA was 2:1) dissolved in deionized water was added into the 

flask with a microliter syringe. The solution was stirred at 800 rpm and the 

polymerization was conducted at 50 
o
C in an oil bath for the required 

reaction time. The experiment was stopped by opening the flask and 

exposing the catalyst to air. The solution was diluted with acetone and 

dropped into a large excess of hexane/diethylether (1:1 v/v) mixture and 

then the precipitated mixture was dissolved in deionized water and purified 

by dialysis (spectrum dialysis membrane, molecular weight cut off 6000-
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8000) for 4 days in dark at 4 
o
C to remove the monomers and catalyst. 

Polymer samples were obtained after freeze-drying and weighed to obtain 

the final yields. 

3.2.3 Characterizations of PEGMEMA-MEO 2MA -PEGDA Copolymers 

The resultant copolymers were characterized by gel permeation 

chromatography (GPC) and 
1
H NMR. Weight average molecular weight 

(Mw), number average molecular weight (Mn) and polydispersity index (PDI, 

Mw/Mn) were obtained by GPC (Polymer Laboratories) with RI detector. 

The columns (30 cm PLgel Mixed-C, two in series) were eluted using 

dimethylformamide (DMF) and calibrated with poly(methyl methacrylate) 

standards. All calibrations and analysis were performed at 60 
o
C and a flow 

rate of 1 ml per min. 
1
H NMR was carried out on a 300 MHz Bruker NMR 

with Delta NMR processing software. The chemical shifts were referenced 

to the lock chloroform (CDCl3). Lower critical solution temperatures (LCST) 

of the copolymer solutions (0.03 % w/v) in deionized water were quantified 

by measuring their absorbance of 550 nm at temperatures from 15 to 50 
o
C 

(heating rate = 0.5 
o
C per sec) with a Beckman DU-800 spectrophotometer. 

The LCST value was defined as the temperature point when the A550 start 

suddenly increasing. 

3.2.4 Preparation of Non-IPN and Semi-IPN Gels 

The PEGMEMA-MEO2MA-PEGDA copolymers were dissolved in 1 M 

phosphate buffered saline (PBS) at pH 7.4 to prepare copolymer solutions 

(10 and 20 wt %). QT (stoichiometrically molar ratio of thiol: vinyl group = 

1:1) was mixed with the copolymer solution and 100 µl of the mixture was 

rapidly transferred to 1 ml flat bottom vials for swelling study. For 

preparing the semi-IPN gels, final concentration of 16 mg/ml of HA that 

dissolved in PBS was mixed within gelation solution followed by mixing 

with QT and transferred mixture to vials as described above for swelling 

and release studies. All samples were incubated at 37 
o
C for 2 h to allow for 

a complete gelation. Scanning Electron Microscopy (SEM) was utilized to 

characterize the porous structure of freeze-dried non-IPN and semi-IPN gels 

(polymer concentration: 20 wt %). The samples were mounted on an 
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aluminum stub using an adhesive carbon tab and sputter coated with gold 

before images were obtained using a Hitachi Field Emission SEM machine.  

3.2.5 Determination of HA Retention in Semi-IPN Hydrogels 

HA release study was performed to identify the retention of HA 

macromolecules in hydrogel after gelation and confirm the semi-IPN 

structure. Semi-IPN hydrogels were prepared with 10 wt % polymer 

solution containing 10 mg/ml and 20 mg/ml of HA separately as described 

in the previous section. Then 0.4 ml of PBS buffer was added to each gel 

sample to allow HA release at 37 
o
C. At each time point, 0.2 ml of the 

supernatant was taken after gentle shaking and the same volume of fresh 

PBS was added. The concentration of HA in the release samples was 

determined with carbazole assay as described somewhere else 
42

. Briefly, 

standards were prepared by serial dilution of 1 mg/ml HA in PBS. 50 ɛl of 

samples and standards were placed in a 96-well plate, followed by adding 

200 ɛl of 25 mM sodium tetraborate in sulfuric acid. The plate was heated 

for 10 min at 100 °C in an oven. Then the plate was cooled at room 

temperature for 15 min, and 50 ɛl of 0.125 % carbazole in ethanol were 

carefully added and thoroughly mixed. After heating again at 100 °C for 10 

min in an oven and followed by cooling at room temperature for 15 min, the 

absorbance of the samples at 550 nm were determined by a microplate 

reader (Varioskan Flash Reader). Tests were performed in triplicate. 

3.2.6 Swelling Studies 

Non-IPN and semi-IPN gels were prepared as previously described. 0.5 ml 

of PBS buffer (pH 7.4) was added into each vial to allow gels to swell at 20 

o
C and 37 

o
C after exact weight measurement. The buffer was removed and 

the gels were weighed at regular time interval. Swelling ratios were 

calculated as below:   

 Ó×ÅÌÌÉÎÇ ÒÁÔÉÏ                                                                           (eqn. 3.1) 

where Wt represents the weight of hydrogel at a certain time point and W0 

represents the original weight of the hydrogels. 0.5 ml of fresh PBS was 



Semi-IPN Hydrogels 

127 
 

added after measuring and the samples were further incubated at 20 
o
C and 

37 
o
C. The swelling tests were performed in triplicate. 

3.2.7 Cytotoxicity Assessment 

For cellular viability studies, 3T3 mouse fibroblast cells (Passage 12) were 

used to study polymer cytotoxicity. 15,000 cells in Dulbeccoôs Modified 

Eagleôs Medium (DMEM, Sigma, 10 % FBS, 1 % P/S,) were previously 

seeded into each well of a 48-wells tissue culture plate. After 24 h of 

incubation at 37 
o
C and 5 % CO2, all the cells were attached to the bottom of 

culture plate and showed stable morphology under the microscope. Then 

PEGMEMA-MEO2MA-PEGDA copolymer and QT solutions (0.5, 1, 5 and 

10 mg/ml, dissolved in culture medium) were added into each well of the 

culture plate. After 48 h of incubation, the alamarBlue
®
 reduction method 

was used to assess cellular metabolic activity. The absorbance at the lower 

wavelength filter (550 nm) was measured followed by the higher 

wavelength filter (595 nm) via a thermo scientific Varioskan
®
 Flash Plate 

Reader. The results were calculated and normalized to the positive control 

(cells without treatment).  

3.2.8 Cellular Viability Assessments, 2D-Cell Seeding and 3D-Cell 

Encapsulation Experiments 

For 2D cell seeding study, PEGMEMA-MEO2MA-PEGDA copolymers 

solution (10 wt % in DMEM, 10 % FBS, 1 % P/S) was filtered (0.22 ɛm, 

Corning, Germany) for sterilizing. QT (molar ratio of thiol: vinyl group = 

1:1, stoichiometrically) was added into copolymer solution and mixed using 

a pipette for 30 s, then 80 ɛl of the mixture was transferred to a 4-well glass 

chamber slide and incubated at 37 
o
C for 2 h until it completely gelled. 

Meanwhile, HA that dissolved in culture medium was mixed with 

copolymer solution followed by the addition of cross-linker to prepare the 

semi-IPN hydrogels at the final concentration of 16 mg/ml. Rabbit adipose-

derived stem cells (ADSCs, collected from NFB storage, NUIG, Passage 3) 

were seeded on the surface of the gels  (5,000 cell/cm
2
, with 100 ɛl culture 

medium) followed by 3 h incubation at 37 
o
C and 5 % CO2 to allow the cells 

to adhere, and then more medium was applied. For 3D encapsulation study, 
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ADSCs cells (100,000 cell/ml) were mixed with gelling solutions (non-IPN 

or semi-IPN system) before gelation, followed by incubation at 37 
o
C and 5 

% CO2 for 30 min to form gel and then followed by the addition of more 

culture medium. The LIVE/DEAD
®
 assay (Molecular Probes) was utilized 

to visualize the distribution of living and dead cells on the hydrogel surface 

after 48 h for both 2D and 3D cell culture model. Fluorescence images were 

taken using an Olympus 1X81 inverted microscope examining green 

fluorescence of living cells upon the reaction of intracellular esterase and 

calcein-AM, and red fluorescence utilizing ethidium homodimer-1 dye 

bound to the DNA of dead cells with compromised membranes. 

 

3.3 Results and Discussion 

3.3.1 Synthesis of PEGMEMA -MEO 2MA -PEGDA Copolymers via In -

Situ DE-ATRP 

DE-ATRP approach was first reported by Wang et al. for 

homopolymerization of divinyl monomers, for example divinyl benzene 

(DVB) or EGDMA, to successfully achieve the synthesis of dendritic 

homopolymers with multiple vinyl functional groups without gelation 
43

. 

Then this approach was further developed for the coplymeizations of 

monovinyl monomer and multivinyl monomers to prepare responsive 

dendritic polymers with well controlled chain growth and molecular 

structure 
24, 25

. In this study, for the first time, a high degree of diacrylate 

monomer of PEGDA (up to 25 molar % of monomer feed ratio) was used to 

provide the hyperbranched structure and significantly enhance the vinyl 

activity compared to metharcylate groups in the previous studies, thus 

leading to a rapid chemical cross-linking with thiol-functional cross-linker 

via thiol-ene Michael-type addition reaction. Briefly, water-soluble 

hyperbranched PEGMEMA-MEO2MA-PEGDA copolymers were prepared 

via in-situ DE-ATRP approach (Scheme 3.1), where ethyl 2-

bromoisobutyrate was utilized as the initiator and CuCl2/PMDTA was used 

as the catalyst. A small amount of ascorbic acid was added into the reaction 

as a reducing agent that converts Cu
II
 to Cu

I
; in the meantime, the extra Cu

II
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species remained in the system which resulted in the slow chain growth and 

delayed gelation. By adjusting the amount of reducing agent used, the rate 

of molecular chain growth and the gelation point can be well controlled as 

previously described (see Chapter 2). The reaction was monitored by GPC 

analysis. Polymer chain growth over time was confirmed via GPC (Figure 

3.1) and a final conversion of up to 78 % and 66 % of water-soluble 

copolymers with different degree of acrylate functionalities were obtained 

after 12 h and 6.5 h separately (Table 3.1). Moreover, the relatively low 

PDI value for hyperbranched structures demonstrated the controlled chain 

growth. At the early stage, polymerization showed linear chain growth with 

narrow GPC traces and the low PDI values, while at the later stage of the 

reaction the intermolecular cross-linking led to the hyperbranched structure 

and the broader PDI value.  

The hyperbranched structure of the copolymer was confirmed by 
1
H NMR 

(Figure 3.2). The vinyl functional groups were identified as three 

characteristic chemical shifts between 5.8 and 6.4 ppm. The copolymer 

composition (m, n, r and p) can be calculated from the integral data of C, D, 

E and H assigned as indicated in Figure 3.2. The following equations (eqns. 

3.2 - 3.5) demonstrate the calculation process: 

 ά σ$ φ# ς%Ⱦψτ                                                                  (eqn. 3.2) 

 ὲ ρπ%ς# $Ⱦςψ                                                                   (eqn. 3.3) 

 ὴ (                                                                                                 (eqn. 3.4) 

 ὶ σ# ς% ρς(Ⱦρς                                                                 (eqn. 3.5) 

The double bond content and the branching degree of the copolymers were 

calculated from eqn. 3.6 and eqn. 3.7 also based on the 
1
H NMR analysis: 

 $ÏÕÂÌÅ ÂÏÎÄ ÃÏÎÔÅÎÔ ÍÏÌ Ϸ ὴȾά ὲ ὶ ὴ ρππ        (eqn. 3.6) 

 "ÒÁÎÃÈÉÎÇ ÄÅÇÒÅÅ ÍÏÌ Ϸ ὶȾά ὲ ὶ ὴ ρππ              (eqn. 3.7) 

Table 3.2 showed the composition, double bond content and branching 

degree of the copolymers. A high degree of vinyl functional groups (up to 

12 mol %) was achieved in copolymers without gelation by using in-situ 

DE-ATRP approach. With this high level of vinyl groups, the copolymers 
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can react readily with thiol functional cross-linker via thiol-ene Michael-

type addition to form chemically cross-linked network.  

To study the chemical cross-linking behavior, the copolymer (entry 6 in 

Table 3.1) was dissolved in 1 M PBS at the concentrations of 10 and 20wt% 

at room temperature. A small amount of QT (equal molar ratio of thiol and 

vinyl group based on 
1
H NMR analysis) was added into the copolymer 

solution and mixed using a pipette for 30 s followed by placement in an 

incubator at 37 
o
C. The chemical gelation occurred within 10 min, which 

was defined as no flow upon inversion of the vial at room temperature after 

a prolonged time (Figure 3.3a). It was also shown that the more QT 

(thiol/vinyl = 2:1 or 3:1) was used, the faster gelation and the denser the 

network identified by SEM imaging. The desired double bond content can 

be achieved by varying the percentage of PEGDA monomer feeding ratio 

via the in-situ DE-ATRP approach to tailor the copolymer gelation rate and 

network density.  
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Figure 3.1: GPC traces from RI detector for the samples of entry 1-5 in 

Table 3.1. Note: the peak became broader and moving forward indicated 

that the increased molecular weights and polydispersities with monomer 

conversion were observed. 
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Figure 3.2: 
1
H NMR for the PEGMEMA-MEO2MA-PEGDA copolymer 

(entry 6 in Table 3.1) in CDCl3. Note: the spectrum shows clearly the 

double bonds within the structure at the chemical shifts between 6.4 and 5.8 

ppm (Insert). 
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Table 3.1: Copolymerizations of PEGMEMA-MEO2MA-PEGDA via in-situ DE-ATRP 

 

entry monomer feed mole ratio f[PEGMEMA]/[MEO2MA]/[PEGDA] RT 
a 
(h) monomer conversion 

b
(%) Mn 

c 
(Kg mol

-1
)
 

PDI 
d
 

1 10/80/10 1 20 4.5 1.17 

2 10/80/10 3 48 7.1 1.27 

3 10/80/10 5 61 9.5 1.38 

4 10/80/10 7 69 12.5 1.52 

5 10/80/10 12 78 16.4 1.93 

6 15/60/25 6.5 66 17.3 2.49 

 

a
 Reaction time. 

b
 Monomer conversion, estimated using peak areas for monomers and copolymers in GPC traces. 

c 
Number average 

molecular weight. 
d 

Polydispersity Index (PDI, Mw/Mn). Polymerization conditions: 50 
o
C in butanone; total monomers/butanone (v/v) = 

1:2; the initiator (I) / catalyst (C) / ligand (L) are ethyl 2-bromoisobutyrate / CuCl2 / bis(2-dimethylaminoethyl) methylamine; the reducing 

agent is L-ascorbic acid (AA); the [I]/[Monomer] = 1:100, [I]/[C]/[L] /[AA]  = 1:0.25:025:0.125.  
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Table 3.2: Properties of PEGMEMA- MEO2MA-PEGDA copolymers 

 

entry 
monomer feed mole ratio 

f[PEGMEMA]/[MEO2MA]/[PEGDA] 
a
 

polymer composition 

F[PEGMEMA]/[MEO2MA]/[PEGDA]
b
 

double bond content 
c
 branching degree 

d
 LCST      

o
C 

e
 

5 10/80/10 9/76/15 4 11 26 

6 15/60/25 14/58/28 12 16 31 

 

a
 Monomer feed ratio. 

b
 Polymer composition; determined by 

1
H NMR. 

c, d
 Calculated with eqs 1-6 (Unit: mol %). 

e
 Determined by UV-vis 

spectrophotometer. 
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3.3.2 Thermoresponsive Behavior of Copolymers 

Different ratio of hydrophilic/hydrophobic composition can result in 

changes in varying the phase transition temperature of the copolymer: the 

more hydrophilic the copolymer was, the higher LCST would be 
25, 44

. In 

this study, the LCST of the copolymers are around 26
 o
C and 31 

o
C (Table 

3.2), determined by UV-vis spectrophotometer (Figure 3.3b). To study the 

thermal gelation behavior at body temperature, the copolymers were 

dissolved in 1 M PBS (30 wt %) at room temperature (20 
o
C) and then 

placed at 37 
o
C. Gel concentration was defined as no flow upon inversion of 

the vial within 5 s (Figure 3.3b insert). It was found that the lowest thermal 

gelling concentrations of the copolymers at 37 
o
C were about 10 to 20 wt % 

mainly dependent on the polymer molecular weight. The higher molecular 

weights of the copolymers required the lower gelling concentration.  

3.3.3 In -Situ Semi-IPN Gelation and HA Retention Assay  

The HA macromolecules were mixed into the in-situ gelation system to 

create a semi-IPN system for improving the hydrogel swelling behavior and 

porous 3D micro-environment for cell growth, adhesion and migration. The 

semi-IPN hydrogels were formed within 10 min at 37 
o
C by chemical cross-

linking with QT as similar to non-IPN (without HA) gels. The SEM images 

of freeze-dried gels showed that a less compact and more porous structure 

was achieved in semi-IPN hydrogels compared to non-IPN hydrogels 

(Figure 3.4). With the increase in the concentration of additional HA 

increasing, the more porous structure was achieved in the gels. It was 

assumed that linear HA macromolecules acted as a porogen in the semi-IPN 

hydrogel as the phase separation between HA and PEG based copolymers. 

This porous semi-IPN structure provided the hydrogel with several 

advantages such as increased swelling ratio and infiltration behavior, 

enhanced loading capacities, and providing more space for cell growth.  

As hydrophilic HA macromolecules were physically mixed into system 

without covalent cross-linking with gelled backbone, HA release study was 

performed to confirm the HA retention in the hydrogel and semi-IPN 

structure after gelation. The HA release of semi-IPN hydrogels prepared 
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with low (10 mg/ml) and high (20 mg/ml) concentrations of HA were 

followed at 37 
o
C for 48 h, and then the released HA was determined with 

carbazole assay. It was shown that only about 15 - 20 % of HA was released 

from the hydrogels after two days and most elution occurred in the first 5 h 

which was most likely from the HA on the surface of the gels (Figure 3.5). 

After 12 h the HA release had leveled off indicating most of HA molecules 

(70 - 80 %) were kept in the hydrogels after gelation to form a semi-IPN 

structure. In addition, the semi-IPN hydrogel prepared with higher HA 

concentration showed slightly more release than lower group.   

3.3.4 Swelling Characteristics of Non-IPN and Semi-IPN Hydrogels 

Figure 3.6 shows the swelling tests of the non-IPN chemical cross-linked 

gels and the semi-IPN gels at room temperature (20 
o
C) and body 

temperature (37 
o
C). It has been demonstrated that the semi-IPN structure 

significantly increased the swelling ratio of the hydrogels. For example, the 

swelling ratio of 10 % semi-IPN gels reached about 3.1 after 4 h, while for 

the non-IPN gels at the same concentration it was only about 1.7 after 5 

days at 20 
o
C. Meanwhile, the higher concentration (20 wt %) of copolymer 

led to lower swelling than the lower concentration (10 wt %) as it is a denser 

cross-linked network. Furthermore, the hydrogel showed a higher swelling 

ratio at 20 
o
C than at 37 

o
C as the copolymer presented more hydrophobic 

behavior and chain shrinking above LCST. Therefore, semi-IPN structure 

provided significantly enhanced swelling without varying polymer 

characteristics or cross-linking conditions, which is an essential property for 

medium absorption, cytotoxic elimination, nutrition diffusion and drug 

releasing in the area of controlled drug delivery and cell encapsulation.  
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Figure 3.3: Physical and chemical cross-linking properties of PEGMEMA-

MEO2MA-PEGDA copolymer (entry 6 in Table 3.1). (a) Chemical gelation 

of copolymer (10 wt %) with QT (equal molar ratio of thiol and vinyl 

group). (b) LCST behaviour of the copolymer which was dissolved in 

deionized water at the concentration of 0.03 % (w/v), determined by UV-vis 

spectrophotometer. Insert: Polymer solution (30 wt %) became physical 

cross-linked gel when the temperature was raised above its LCST from 20 

o
C to 37 

o
C. 
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Figure 3.4: SEM images for the freeze-dried gels samples prepared from 

PEGMEMA-MEO2MA-PEGDA copolymers (20 wt %) cross-linked with 

QT with different concentrations of HA from 0 mg/ml (non-IPN gel) to 20 

mg/ml. Note: the higher HA concentration leads to looser hydrogel 

microenvironment with more space and porous structure.  
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Figure 3.5: HA release study. Cumulative release of HA from semi-IPN 

hydrogels at 37 
o
C determined by carbazole assay. The absorbance of the 

samples at 550 nm was determined by a Varioskan Flash Reader. (Mean ± 

SD, n = 3). Note: after 12 h the HA release had leveled off indicating most of HA 

molecules (70 - 80 %) were kept in the hydrogels after gelation to form a semi-IPN 

structure. 
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Figure 3.6: Swelling of chemically cross-linked (P) and IPN (P/HA) gels in 

PBS (1 M, pH 7.4) at 20 
o
C and 37 

o
C within first 24 h (a) and total 19 days 

(b) (Mean ± SD, n = 3). Note: the lower cross-linking density (10 wt %) or 

at lower temperature (20 
o
C) demonstrated a higher swelling ratio than the 

higher cross-linking density (20 wt %) or at 37 
o
C. The IPN structure 

significantly enhanced the swelling capability of the gels.  
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3.3.5 Cytotoxicity of the Copolymer and 2D/3D Cell Culture on Non-

IPN and Semi-IPN Hydrogels 

The PEG based polymer is commonly considered as nontoxic and non-

immunogenic materials 
45-48

. In this study, cytotoxicity of the copolymers 

and QT was determined by alamarBlue
® 

assay using 3T3 mouse fibroblast 

cells. The results showed that there was no significant difference between 

cell alone control and testing samples (n = 3, p < 0.05); in other words, 

neither copolymer nor QT influenced the metabolic activity of 3T3 cells 

after 48 h treatments at concentrations up to 10 mg/ml (Figure 3.7). 

Furthermore, for in-situ cross-linking system, the addition of small amount 

of HA (copolymer/HA = 6.25/1, w/w) led to a semi-IPN hydrogel which 

had several advantages for cell adhesion and growth. Firstly, semi-IPN 

system provided a more porous structure and more space for cell growth, 

proliferation and migration. Secondly, the enhanced swelling property 

makes the exchange of culture medium inside the hydrogel easier and 

reduces the concentration of metabolized toxic byproducts produced by cells 

from the microenvironment. Thirdly, the HA molecule inside the hydrogel 

improved the cell adhesion and viability by providing cellular ñadhesive 

anchorsò 
49

. Finally, combination with HA molecules results in the hydrogel 

system a semi-degradable behavior as HA can be degraded by specific 

hyaluronidase which will further improve the cell proliferation and 

migration for a long-term culture.  

To determine the cellular compatibility of the semi-IPN hydrogel system, 

2D seeding and 3D encapsulation assessments were performed with rabbit 

ADSCs stem cells. After 48 h culture, LIVE/DEAD
®
 assay was used to 

visualize the distribution of living and dead cells in both 2D and 3D models. 

It was indicated that cells can hardly attach on the surface of non-IPN 

hydrogels in 2D model. Only very few living cells survived as round 

clusters (Figure 3.8a); however, many more living cells appeared on the 

semi-IPN gel surface and they showed spread morphology (Figure 3.8b). 

Similar results also appeared in 3D culture model. Very few cells survived 

inside the non-IPN hydrogel system, while in the semi-IPN system, cell 

survival was significantly improved (Figure 3.8c-d). Therefore, it was 
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demonstrated that the semi-IPN structure containing the HA 

biomacromolecules did improve the cell adhesion and cell viability both on 

the surface and inside the hydrogels. In addition, encapsulated cell viability 

was studied via different gelling conditions (Figure 3.9): (i) 7.5 % 

Copolymer with 1 % HA; (ii) 10 % Copolymer with 1 % HA; (iii) 10 % 

Copolymer with 2 % HA. Interestingly, the higher concentration of HA 

resulted in a significant decrease in percentage of alive cells after 6 days, 

which might be caused by the high viscosity of higher concentration of HA 

(Figure 3.10).      
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Figure 3.7: Cell metabolic activity assessment of 3T3 cells after 48 h 

treatment with PEGMEMA-MEO2MA-PEGDA (entry 6 in Table 3.1) and 

Pentaerythritol tetrakis (3-mercaptopropionate) (QT) using alamarBlue
® 

assay. Note: there was no significant difference between copolymer and QT 

treatment with control of cell alone (n = 3, p < 0.05). 
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Figure 3.8: LIVE/DEAD
®
 viability assay for 2D and 3D cell culture. The 

hydrogels were formed from 10 % w/v polymer solution in PBS and the QT 

was added with equal molar ratio of thiol and vinyl group. (a and b) ADSCs 

seeded on the surface of gels. (c and d) Cells were encapsulated into gelling 

system. (a, and c) Non-IPN gels without HA. (b and d) Semi-IPN gels with 

HA (16 mg/ml). The hydrogels þuorescently labeled with a dye that green 

þuoresces upon the presence of intracellular esterase activity in living cells 

(calcein-AM) and a dye that red þuoresces (ethidum homodimer-1) when 

bound to the DNA of dead cells with compromised membranes. The 

samples were directly visualized on an Olympus 1X81 inverted microscope. 

Note: cell adhesion and cell viability were significant improved in semi-IPN 

hydrogels both in 2D and 3D models.  
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Figure 3.9: LIVE/DEAD
®
 viability assay for 3D culture of ADSCs with different gelling condition after 3 and 6 days. Green fluoresces 

(calcein-AM) labeled living cells and red þuoresces (ethidum homodimer-1) labeled dead cells. The samples were directly visualized on an 

Olympus 1X81 inverted microscope. Scale bars in all cases represent 100 µm. Note: it seemed that the ratio of 10 % polymer with 1 % HA 

showed higher cell survival ratio after 6 days, which is confirmed by quantified analysis as shown.   
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Figure 3.10: Quantification analysis of LIVE/DEAD
®
 viability assay for 

3D culture with different gelling condition after 3 and 6 days. Percentage of 

live cells to total cell number calculated from LIVE/DEAD
®
 staining 

micrographs (Mean ± SD, n = 3). Note: a significant drop on percentage cell 

viability was found in ñ10% P - 2% HAò group after 6 days (n = 3, p < 0.05).  
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3.4 Conclusion 

In conclusion, a PEG-based thermoresponsive and chemical cross-linkable 

hyperbranched copolymers of PEGMEMA-MEO2MA-PEGDA with multi 

acrylate functionality were successfully achieved via a one-step in-situ DE-

ATRP approach. The phase transition temperature of the hyperbranched 

polymer close to body temperature was realized through adjusting the 

hydrophilic/hydrophobic polymer compositions. At room temperature, this 

copolymer was water-soluble while forming a gel rapidly at 37 
o
C. To 

enhance the mechanical properties of this physical cross-linked hydrogel, a 

thiol cross-linker of QT was utilized to chemically cross-link the 

hyperbranched copolymers via thiol-ene Michael-type addition reaction. In 

addition, with introduction of a HA biomacromolecule, a semi-IPN structure 

was formed which significantly improved the swelling behavior, cell 

adhesion in 2D culture model and cell viability in 3D culture model of the 

hydrogel system. With the physical and chemical cross-linkable behavior 

and the unique semi-IPN hydrogel structure, it can be expected that this 

semi-IPN hydrogel system will have good potential for the applications in 

controlled drug delivery and tissue engineering fields. 

 

 

  



Semi-IPN Hydrogels 

148 
 

3.5 References 

 

1. Anseth, K. S.; Metters, A. T.; Bryant, S. J.; Martens, P. J.; Elisseeff, 

J. H.; Bowman, C. N., In situ forming degradable networks and their 

application in tissue engineering and drug delivery. Journal of Controlled 

Release 2002, 78, (1-3), 199-209. 

2. Balakrishnan, B.; Jayakrishnan, A., Self-cross-linking biopolymers 

as injectable in situ forming biodegradable scaffolds. Biomaterials 2005, 26, 

(18), 3941-3951. 

3. Elisseeff, J., Injectable cartilage tissue engineering. Expert Opinion 

on Biological Therapy 2004, 4, (12), 1849-1859. 

4. Mano, J. F., Stimuli-responsive polymeric systems for biomedical 

applications. Advanced Engineering Materials 2008, 10, (6), 515-527. 

5. Yu, L.; Ding, J. D., Injectable hydrogels as unique biomedical 

materials. Chemical Society Reviews 2008, 37, (8), 1473-1481. 

6. Friedrich, T.; Tieke, B.; Stadler, F. J.; Bailly, C.; Eckert, T.; 

Richtering, W., Thermoresponsive copolymer hydrogels on the basis of N-

Isopropylacrylamide and a non-Ionic surfactant monomer: swelling 

behavior, transparency and rheological properties. Macromolecules 2010, 43, 

(23), 9964-9971. 

7. Galperin, A.; Long, T. J.; Ratner, B. D., Degradable, thermo-

sensitive poly(N-isopropyl acrylamide)-based scaffolds with controlled 

porosity for tissue engineering applications. Biomacromolecules 2010, 11, 

(10), 2583-2592. 

8. Hatefi, A.; Amsden, B., Biodegradable injectable in situ forming 

drug delivery systems. Journal of Controlled Release 2002, 80, (1-3), 9-28. 

9. Jeong, B.; Gutowska, A., Lessons from nature: stimuli -responsive 

polymers and their biomedical applications. Trends in Biotechnology 2002, 

20, (7), 305-311. 

10. Wang, W.; Liang, H.; Al Ghanami, R. C.; Hamilton, L.; Fraylich, M.; 

Shakesheff, K. M.; Saunders, B.; Alexander, C., Biodegradable 

thermoresponsive microparticle dispersions for injectable cell delivery 

Prepared using a single-stepprocess. Advanced Materials 2009, 21, (18), 

1809. 

11. Hoare, T. R.; Kohane, D. S., Hydrogels in drug delivery: progress 

and challenges. Polymer 2008, 49, (8), 1993-2007. 

12. Kwon, I. K.; Matsuda, T., Photo-iniferter-based thermoresponsive 

block copolymers composed of poly(ethylene glycol) and poly(N-

isopropylacrylamide) and chondrocyte immobilization. Biomaterials 2006, 

27, (7), 986-995. 

13. Potta, T.; Chun, C.; Song, S. C., Dual cross-linking systems of 

functionally photo-cross-linkable and thermoresponsive polyphosphazene 

hydrogels for biomedical applications. Biomacromolecules 2010, 11, (7), 

1741-1753. 



Semi-IPN Hydrogels 

149 
 

14. Qiu, Y.; Park, K., Environment-sensitive hydrogels for drug delivery. 

Advanced Drug Delivery Reviews 2001, 53, (3), 321-339. 

15. Cheng, V.; Lee, B. H.; Pauken, C.; Vernon, B. L., Poly(N-

isopropylacrylamide-co-Poly(ethylene glycol))-acrylate simultaneously 

physically and chemically gelling polymer systems. Journal of Applied 

Polymer Science 2007, 106, (2), 1201-1207. 

16. Hou, D. D.; Hao, T.; Ye, L.; Zhang, A. Y.; Wang, C. Y.; Feng, Z. G., 

Preparation and characterization of injectable hydrogels made via Michael-

type addition reaction of dithiothreitol with 3-Arm acryloyl end-capped 

PEG. Acta Polymerica Sinica 2008, (4), 388-393. 

17. Lin, C. C.; Anseth, K. S., PEG hydrogels for the controlled release 

of biomolecules in regenerative medicine. Pharmaceutical Research 2009, 

26, (3), 631-643. 

18. Niu, G. G.; Zhang, H. B.; Song, L.; Cui, X. P.; Cao, H.; Zheng, Y. 

D.; Zhu, S. Q.; Yang, Z.; Yang, H., Thiol/acrylate-modified PEO-PPO-PEO 

triblocks used as reactive and thermosensitive copolymers. 

Biomacromolecules 2008, 9, (10), 2621-2628. 

19. Rydholm, A. E.; Bowman, C. N.; Anseth, K. S., Degradable thiol-

acrylate photopolymers: polymerization and degradation behavior of an in 

situ forming biomaterial. Biomaterials 2005, 26, (22), 4495-4506. 

20. Vernon, B.; Tirelli, N.; Bachi, T.; Haldimann, D.; Hubbell, J. A., 

Water-borne, in situ crosslinked biomaterials from phase-segregated 

precursors. Journal of Biomedical Materials Research Part A 2003, 64A, 

(3), 447-456. 

21. Cellesi, F.; Tirelli, N.; Hubbell, J. A., Materials for cell 

encapsulation via a new tandem approach combining reverse thermal 

gelation and covalent crosslinking. Macromolecular Chemistry and Physics 

2002, 203, (10-11), 1466-1472. 

22. Cellesi, F.; Tirelli, N.; Hubbell, J. A., Towards a fully-synthetic 

substitute of alginate: development of a new process using thermal gelation 

and chemical cross-linking. Biomaterials 2004, 25, (21), 5115-5124. 

23. Lee, B. H.; West, B.; McLemore, R.; Pauken, C.; Vernon, B. L., In-

situ injectable physically and chemically gelling NIPAAm-based copolymer 

system for embolization. Biomacromolecules 2006, 7, (6), 2059-2064. 

24. Tai, H., Wang, W. Vermonden, T., Heath, F. Hennink, W.E., 

Alexander, C., Shakesheff, K.M. and Howdle, S.M. , Thermoresponsive and 

photocrosslinkable PEGMEMA-PPGMA- EGDMA copolymers from a one-

step ATRP synthesis. Biomacromolecules 2009, 10, 822-828. 

25. Dong, Y.; Gunning, P.; Cao, H.; Mathew, A.; Newland, B.; Saeed, A. 

O.; Magnusson, J. P.; Alexander, C.; Tai, H.; Pandit, A.; Wang, W., Dual 

stimuli responsive PEG based hyperbranched polymers. Polymer Chemistry 

2010, 1, (10), 827-830. 

26. Hoyle, C. E.; Bowman, C. N., Thiol-ene click chemistry. 

Angewandte Chemie-International Edition 2010, 49, (9), 1540-1573. 



Semi-IPN Hydrogels 

150 
 

27. Smart, J. D., An invitro assessment of some mucosa-adhesive dosage 

forms. International Journal of Pharmaceutics 1991, 73, (1), 69-74. 

28. Chen, S. C.; Wu, Y. C.; Mi, F. L.; Lin, Y. H.; Yu, L. C.; Sung, H. W., 

A novel pH-sensitive hydrogel composed of N,O-carboxymethyl chitosan 

and alginate cross-linked by genipin for protein drug delivery. Journal of 

Controlled Release 2004, 96, (2), 285-300. 

29. Zhang, J.; Peppas, N. A., Synthesis and characterization of pH- and 

temperature-sensitive poly(methacrylic acid)/poly(N-isopropylacrylamide) 

interpenetrating polymeric networks. Macromolecules 2000, 33, (1), 102-

107. 

30. Zhang, X. Z.; Wu, D. Q.; Chu, C. C., Synthesis, characterization and 

controlled drug release of thermosensitive IPN-PNIPAAm hydrogels. 

Biomaterials 2004, 25, (17), 3793-3805. 

31. Chen, W. Y. J.; Abatangelo, G., Functions of hyaluronan in wound 

repair. Wound Repair and Regeneration 1999, 7, (2), 79-89. 

32. Ghosh, K.; Ren, X. D.; Shu, X. Z.; Prestwich, G. D.; Clark, R. A. F., 

Fibronectin functional domains coupled to hyaluronan stimulate adult 

human dermal fibroblast responses critical for wound healing. Tissue 

Engineering 2006, 12, (3), 601-613. 

33. Lo, G. H.; LaValley, M.; McAlindon, T.; Felson, D. T., Intra-

articular hyaluronic acid in treatment of knee osteoarthritis - A meta-

analysis. Jama-Journal of the American Medical Association 2003, 290, 

(23), 3115-3121. 

34. Wang, C. T.; Lin, J.; Chang, C. J.; Lin, Y. T.; Hou, S. M., 

Therapeutic effects of hyaluronic acid on osteoarthritis of the knee - A meta-

analysis of randomized controlled trials. Journal of Bone and Joint Surgery-

American Volume 2004, 86A, (3), 538-545. 

35. Nesti, L. J.; Li, W. J.; Shanti, R. M.; Jiang, Y. J.; Jackson, W.; 

Freedman, B. A.; Kuklo, T. R.; Giuliani, J. R.; Tuan, R. S., Intervertebral 

disc tissue engineering using a novel hyaluronic acid-nanofibrous scaffold 

(HANFS) amalgam. Tissue Engineering Part A 2008, 14, (9), 1527-1537. 

36. Nettles, D. L.; Vail, T. P.; Morgan, M. T.; Grinstaff, M. W.; Setton, 

L. A., Photocrosslinkable hyaluronan as a scaffold for articular cartilage 

repair. Annals of Biomedical Engineering 2004, 32, (3), 391-397. 

37. Yamane, S.; Iwasaki, N.; Majima, T.; Funakoshi, T.; Masuko, T.; 

Harada, K.; Minami, A.; Monde, K.; Nishimura, S., Feasibility of chitosan-

based hyaluronic acid hybrid biomaterial for a novel scaffold in cartilage 

tissue engineering. Biomaterials 2005, 26, (6), 611-619. 

38. Fang, J. Y.; Chen, J. P.; Leu, Y. L.; Hu, H. W., Temperature-

sensitive hydrogels composed of chitosan and hyaluronic acid as injectable 

carriers for drug delivery. European Journal of Pharmaceutics and 

Biopharmaceutics 2008, 68, (3), 626-636. 

39. Kurisawa, M.; Chung, J. E.; Yang, Y. Y.; Gao, S. J.; Uyama, H., 

Injectable biodegradable hydrogels composed of hyaluronic acid-tyramine 



Semi-IPN Hydrogels 

151 
 

conjugates for drug delivery and tissue engineering. Chemical 

Communications 2005, (34), 4312-4314. 

40. Luo, Y.; Kirker, K. R.; Prestwich, G. D., Cross-linked hyaluronic 

acid hydrogel films: new biomaterials for drug delivery. Journal of 

Controlled Release 2000, 69, (1), 169-184. 

41. Kutty, J. K.; Cho, E.; Lee, J. S.; Vyavahare, N. R.; Webb, K., The 

effect of hyaluronic acid incorporation on fibroblast spreading and 

proliferation within PEG-diacrylate based semi-interpenetrating networks. 

Biomaterials 2007, 28, (33), 4928-4938. 

42. Cesaretti, M.; Luppi, E.; Maccari, F.; Volpi, N., A 96-well assay for 

uronic acid carbazole reaction. Carbohydrate Polymers 2003, 54, (1), 59-61. 

43. Wang, W., Zheng, Y., Roberts, E., Duxbury, C.J., Ding, L.F., Irvine, 

D.J. and Howdle, S.M., Controlling chain growth: A new strategy to 

hyperbranched materials. Macromolecule 2007, 40, 7184. 

44. Lutz, J.-F.; Weichenhan, K.; Akdemir, O.; Hoth, A., About the phase 

transitions in aqueous solutions of thermoresponsive copolymers and 

hydrogels based on 2-(2-methoxyethoxy)ethyl methacrylate and 

oligo(ethylene glycol) methacrylate. Macromolecules 2007, 40, (7), 2503-

2508. 

45. Drury, J. L.; Mooney, D. J., Hydrogels for tissue engineering: 

scaffold design variables and applications. Biomaterials 2003, 24, (24), 

4337-4351. 

46. Hedberg, E. L.; Tang, A.; Crowther, R. S.; Carney, D. H.; Mikos, A. 

G., Controlled release of an osteogenic peptide from injectable 

biodegradable polymeric composites. Journal of Controlled Release 2002, 

84, (3), 137-150. 

47. Lih, E.; Joung, Y. K.; Bae, J. W.; Park, K. D., An in situ gel-forming 

heparin-conjugated PLGA-PEG-PLGA copolymer. Journal of Bioactive and 

Compatible Polymers 2008, 23, (5), 444-457. 

48. Nuttelman, C. R.; Tripodi, M. C.; Anseth, K. S., In vitro osteogenic 

differentiation of human mesenchymal stem cells photoencapsulated in PEG 

hydrogels. Journal of Biomedical Materials Research Part A 2004, 68A, (4), 

773-782. 

49. Wang, C. M.; Varshney, R. R.; Wang, D. A., Therapeutic cell 

delivery and fate control in hydrogels and hydrogel hybrids. Advanced Drug 

Delivery Reviews 2010, 62, (7-8), 699-710. 

 



 

 
 



 

 
 

Chapter Four 

 

 

 

 

 

 

 

In-Situ Cross-link ed Hybrid  Hydrogel for ADSCs 

Encapsulation Prepared from Thermoresponsive 

Hyperbranched Copolymer and Thiolated Hyaluronic  Acid 

 

 

 

 

 

 

 

 

The majority of this chapter has previously been published in:  

Dong, Y.; Saeed, A.O.; Hassan, W.; Keigher, C.; Zheng, Y.; Tai, H.; Pandit, 

A. and Wang, W.; 'One-step preparation of thiol-ene clickable PEG based 

thermoresponsive hyperbranched copolymer for insitu cross-linking hybrid 

hydrogel', Macromolecular Rapid Communications, 2012, 33, 120-136. 

Hassan, W.; Dong, Y. (equally contribute) and Wang, W. óEncapsulation 

and 3D culture of human adipose derived stem cells in an in-situ crosslinked 

hybrid hydrogel from PEG based hyperbranched co-polymer and hyaluronic 

acidô. Stem Cell Research & Therapy. 2013, 4:32. 



P-SH-HA Hybrid Hydrogels  

154 
 

4.1 Introduction 

Materials that respond to external stimuli have been a focus of research 

for drug delivery and tissue engineering 
1-3

. Among these materials, 

thermoresponsive polymers, that undergo thermal phase transition 

phenomena, are widely explored as drug and cell delivery vehicle 
4-9

.
 
The 

synthetic polymers with thermoresponsive property provide a unique 

opportunity for the fabrication of in-situ cross-linking systems with 

injectable property, which can conform to irregular shapes, deformities at 

the site of delivery 
10-13

 and minimise the invasiveness of the surgical 

techniques 
14, 15

.  

On the other hand, naturally occurring polymers such as extracellular 

matrices (ECM) biopolymers have demonstrated many advantages over 

common synthetic materials 
16-19

, due to their high water content, 

improved biocompatibility and tailored enzymatic biodegradation 
20, 21

. 

Moreover, ECM biopolymers may also provide biological cues and guide 

or induce tissue-specific regeneration 
22

. Hyaluronic acid (HA), a non-

sulphated glycosaminoglycan, is a major constituent of ECM which plays 

a vital role in cell proliferation and differentiation 
23-25

. A recent example 

of semi-synthetic thermoresponsive hydrogel is injectable hyaluronan-

dopamine/Pluronic
®
 F127 hydrogel 

17
. In this system, Pluronic F127 

serves as a thermoresponsive component which was chemically modified 

with cysteamine to have free thiol end groups reacting with dopamine 

conjugated HA to form the gel via Michael-type catechol-thiol addition 

reaction. Other hydrogel systems have also been developed, which rely 

on chemical modification of PEG based thermoresponsive polymers to 

allow cross-linking via Michael-type addition reaction 
26, 27

. However, 

the chemical modification requires multi-step reactions and purification, 

which significantly increase the cost and complexity of preparation 

process. Therefore, the design of óone-pot and one-stepô synthesis of a 

new thermoresponsive polymer with desired end functionality to afford 

in-situ cross-linkable property is highly beneficial.  

As discuessed in former sections (see Chapter 2 and 3), via an advanced 

one-step in-situ deactivation enhanced atom transfer radical 
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polymerisation (DE-ATRP) approach, we have successfully achieved 

PEG-based hyperbrnched copolymer with thermoresponsive behavior 

and photo- or chemical cross-linkable properties. In additon, in 

combination with ECM biopolymer of HA to form a semi-IPN hydrogel 

network, the hydrogel microenvironment for encapsulated cell growth 

has been promoted, and cell viability has been significantly increased. 

However, the small molecular cross-linker (QT) lead to relative dense 

cross-linked network, which still limited the cell survive in the hydrogel 

(about 50 % survival ratio after 6 days).  

To overcome this limitation, in this study, we modified HA with thiol 

functional groups so that the multifunctional copolymer of PEGMEMA-

MEO2MA-PEGDA (see Chapter 3) can directly cross-link with the 

thiolated HA (HA-SH) via Michael-type addition reaction under 

physiological condition (Scheme 4.1). This copolymer exhibited the 

thermorsponsive behavior as described earlier (see Chapter 3) and can 

cross-link with HA-SH to form a stable hydrogel with strengthened 

mechanical property. In addition, by using this modified biopolymer as 

cross-linker, we hypothesised that the hydrogel microenvironment could 

be further optimized for encapsulated cell survive, proliferation and 

function.   
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Scheme 4.1: Synthetic route and chemical structures of PEGMEMA-MEO2MA-PEGDA and HA-SH hydrogel. (i) modification of HA 

with cysteamine (EDAC-NHS) carbodiimide coupling; (ii) óOne-pot and One-stepô in-situ DE-ATRP in butanone at 50 
o
C; (iii) hydrogel 

from in-situ cross-linking of components via thiol-ene Michael-type addition reaction at pH 7.4. 
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4.2 Materials and Methods 

4.2.1 Materials 

The monomers of poly(ethylene glycol) methyl ether methacrylate 

(PEGMEMA Mn = 475 g/mol), 2-(2-methoxyethoxy) ethyl methacrylate 

(MEO2MA), and poly(ethylene glycol) diacrylate (PEGDA Mn = 258 

g/mol) were purchased from Sigma-Aldrich. The ethyl 2-

bromoisobutyrate (EtBriB, 98 %, Aldrich) was used as the initiator. 

Bis(2-dimethylaminoethyl) methylamine (99 %, Aldrich), copper(II) 

chloride (CuCl2, 97 %, Aldrich), N, N, Nǋ, Nǋǋ, Nǋǋ-

Pentamethyldiethylenetriamine (PMDTA, 98 % Aldrich), N-(3-

Dimethylaminopropyl)-Nǋ-ethylcarbodiimide hydrochloride (EDAC, 98 

% Fluka), N-Hydroxysuccinimide (NHS, 97 % Fluka), L-ascorbic acid 

(99 %, Aldrich), butanone (99 %, HPLC grade, Aldrich) and hexane (95 

%, Aldrich) were used as received. Sodium hyaluronate, (HA, 1.5 MDa) 

was obtained from Lifecore Biomedical, Inc. 

4.2.2 Synthesis of Hyperbranched PEGMEMA-MEO 2MA -PEGDA 

Copolymer  

The Hyperbranched copolymer of PEGMEMA-MEO2MA-PEGDA, poly 

(ethylene glycol) methyl ether methacrylate-co-2-(2-methoxyethoxy) 

ethyl methacrylate-co-poly(ethylene glycol) diacrylate was synthesized 

via a one-step in-situ DE-ATRP. The polymerization was conducted in 

butanone using a two-necked round bottom flask (the volume ratio of 

total monomers to solvent adjusted at 1:2).  First, PEGMEMA (7.4 g, 

0.016 mol), MEO2MA (12.8 g, 0.068 mol), PEGDA (5.4 g, 0.021 mol), 

the initiator EtBriB (155 µl, 1.05 mmol), CuCl2 (0.032 g, 0.26 mmol), 

PMDTA (64 µl, 0.26 mmol) were all added to polymerization flask in 50 

ml of butanone. The mixture was stirred for complete dissolution of the 

components and then followed by purging with argon for 30 min to 

remove dissolved oxygen. L-ascorbic acid (AA, 0.011 g, 0.07 mmol) was 

added to the polymerisation solution under argon condition and the 

mixture was then heated in an oil bath at 50 
o
C and stirred for 6 h. The 

polymerization was stopped by opening the flask and exposing the 
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catalyst to air. The PEGDA monomer was removed by dropping the 

solution into a large excess of hexane/diethyl ether solution (1/1, v/v). 

The precipitated mixture was dissolved in deionised water and dialysis 

(MWCO 6-8 kDa) for 4 days in dark at 4 
o
C. Polymer samples were 

obtained after freeze-drying and weighed to obtain the final yields.  

Molecular weights and molecular weight distributions of the copolymer 

samples were determined using GPC (Varian) with RI detector. The 

columns (30 cm PLgel Mixed-C, two in series) were eluted using 

dimethylformamide (DMF) and calibrated with poly(methyl 

methacrylate) (PMMA) standards. All calibrations and analysis were 

performed at 60 
o
C and a flow rate of 1 ml per min. 

1
H NMR was carried 

out on a 300 MHz Bruker NMR with MestReC processing software. The 

chemical shifts were referenced to the lock chloroform (CDCl3). The 

copolymer composition, the double bond content and the branching 

degree of the copolymer can be calculated from 
1
H NMR analysis result 

as previously described (see Chapter 3). 

4.2.3 Thermoresponsive Behavior of Copolymers 

LCST of the copolymer solutions (0.03 % w/v) in deionized water were 

quantified by measuring their absorbance of 550 nm at temperatures from 

20 to 55 
o
C (heating rate = 0.5 

o
C per sec) with a Beckman DU-800 

spectrophotometer. The data were collected every 2 seconds. Moreover, 

oscillatory rheology tests (Advanced Rheometer AR 500) were 

performed to investigate the thermal gelation behaviour of the copolymer 

(30 wt%). Tests were performed using parallel plate geometry (40 mm in 

diameter), over a temperature range of 20 to 31 °C, with a frequency of 

10 Hz and a strain of 0.5% and results were recorded every 30 seconds. 

4.2.4 Synthesis of Thiol Derivatised Hyaluronic Acid (HA-SH) 

Hyaluronic acid was modified with thiol groups by reaction of carboxylic 

acid with cysteamine hydrochloride, which was performed as described 
28

 

with slight modification. First, 0.200 g of sodium hyaluronate was hydrated 

in 50 ml of demineralised water to obtain a 0.4 % (w/v) polymer solution. 

The pH of the reaction mixture was adjusted to 5.5 by the addition of 0.1 M 
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HCl. Then, EDAC and NHS were added in at final concentrations of 50 

mM. The pH was readjusted to 5.5 and the reaction mixture was stirred for 

15 min at room temperature. Then, 0.250 g of cysteamine hydrochloride 

was added and the pH was readjusted to 4.75. The reaction mixture was 

incubated for 4 h at room temperature under stirring. The resulting 

conjugate was dialysed (MWCO 12 kDa) three-times against 1% NaCl and 

finally against demineralised water. Finally, the frozen aqueous polymer 

solution was freeze dried for two days. 
1
H NMR was carried out for analysis 

of the molecular structure of thiolated HA as described earlier. The chemical 

shifts were referenced to the deuterium oxide (D2O). The amount of free SH 

content of HA-SH (1 mg/ml in assay buffer) was determined by using 

Ellmanôs reagent quantifying free thiol groups. The quantity of free thiol 

groups was calculated from the standard curve obtained by solutions with 

increasing concentrations (0 - 2 mM) of l-cysteine hydrochloride. 

4.2.5 Preparation of P-SH-HA H ybrid  Hydrogel via Michael-type 

Addition R eaction 

The hydrogel was prepared via Michael-type addition reaction between 

the pendant vinyl groups on the hyperbranched copolymer with free thiol 

contents of modified HA at physiological condition. First, HA-SH and 

PEGMEMA-MEO2MA-PEGDA (10 and 15 wt%) were prepared in 

phosphate buffered saline (PBS, pH 7.4) in separate glass vials. The two 

solutions were combined (corresponding to the ratio of free thiol to vinyl 

groups of 1:1) and gently mixed for 15 s. The incubated solution at 37
o
C 

was observed for gel formation via solution (flow) - gel (no flow) 

transition and the gel state was determined by inverting the vial when no 

fludity was visually observed. Moreover, the compression test were 

performed to the chemical cross-linked hydrogel using a dynamic 

mechanical analyser (DMA). Hydrogel speciments (diameter 12.5mm, 

thickness 2.5 mm), prepared from 15 and 30 wt% polymer solution with 

HA-SH, were loaded by a controlled force mode, with a force ramp from 

0.001 to 1.0 N at a rate of 0.1N per min was applied to the samples at 37 

°C.  

4.2.6 Morphological Characterisation 
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Scanning Electron Microscopy (SEM) was used to determine the 

morphology of freeze-dried hydrogels, which was performed by a 

colleague of Dr Aram O. Saeed (Postdoc. researcher in our group) and 

the results have been published by the first-authored paper 
29

. The 

hydrogels (10 and 15 wt%) were prepared as mentioned earlier and the 

samples were freeze-dried overnight. The freeze-dried samples were 

mounted on an aluminium stub using an adhesive carbon tab and sputter 

coated with gold before images were obtained using a Hitachi S-4700 

Scanning Electron Microscope machine. 

4.2.7 Swelling Behaviour 

The swelling ratio of the hydrogel was determined as described 
18 

with 

slight modification, which was performed by a colleague of Dr Aram O. 

Saeed (Postdoc. researcher in our group) and the results have been 

published by the first-authored paper 
29

. A volume of 0.6 ml of PBS 7.4 

was added into the glass vials, with 0.2 ml hydrogel on the bottom 

prepared by combining HA-SH and varied concentration of PEGMEMA-

MEO2MA-PEGDA 10 and 15 wt% (corresponding to thiol to vinyl group 

ratio of 1:1). In this circumstance, the hydrogel swelling occured 

unaxially towards the upper direction of the vials. The samples were 

incubated at 37 
o
C and constant agitation at 150 rpm. The weight of the 

hydrogel plus the vials was recorded, after careful removing of the 

surface buffer, at predetermined time interval. The weight of swollen 

hydrogel (Wt) was determined by substracting the vial weight from the 

total weight of the vial plus hydrogels. The dried weight (W0) of the 

hydrogel was also determined in the same manner after freeze drying of 

hydrogels (dry state). The swelling ratio (Q) of the hydrogel was defined 

as Wt/W0. 

4.2.8 Cell Viability, Proliferation and Metabolic Activity Analysis of 

ADSCs-embedded Hydrogel from PEGMEMA -MEO 2MA -

PEGDA Copolymer and Commercially Available HA-SH 

Free thiol groups are easily oxidized in air. Therefore to ensure the 

repeatability of the studies, a commercially available thiolated hyaluronic 
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acid (HA-SH, HyStemÊ, Glycosan) was purchased to replace our own 

synthesized HA-SH from BioTime Inc., Alameda, CA. 

Copolymer of PEGMEMA-MEO2MA-PEGDA was dissolved in phosphate 

buffered saline (PBS, pH 7.4), mixed with ADSCs suspension (in serum-

free medium) and the HA-SH (HyStemÊ) gently by pipette, in which the 

final concentration of the copolymer as 5 % (w/v), HA-SH as 0.5 % (w/v) 

and ADSCs as 1 million/ml. Gelation occurs within 8 min at 37 
o
C through 

Michael-type addition between vinyl groups on copolymer and thiol groups 

on the HA-SH.  

ADSCs extracted from rat adipose tissue. The tissue was digested by type I 

collagenase at 0.025 % (w/v) for shaking 1 h at 37 
o
C, and the reaction was 

stopped by addition of complete medium (DMEM, 10% FBS, 1% P/S). The 

stromal fraction was collected by centrifugation 5 min at 1,200 rpm, re-

suspended and filtered on a cell strainer (70 µm mesh size, BD Sciences, 

Switzerland). After 24 h of incubation at 37 
o
C in a humidified atmosphere 

of 5 % CO2, cells were washed in order to eliminate the contaminant cells 

(e.g. blood cells and adipocytes). Complete culture medium was changed 

every 2 to 3 days and cells were maintained as sub-confluent. Adipogenic, 

chondrogenic and osteogenic differentiation assays were used to confirm the 

stemness (assessment was performed by a colleague of Robert Kennedy 

who is a PhD student in our group, protocol see Appendices-I ). For the 

present in vitro and in vivo (see Chapter 5) studies, only rADSCs of passage 

2 to 4 were used.  

Cell-embedded hydrogels (40 µl each) were prepared on a hydrophobic 

Teflon tape surface, incubated at 37 
o
C for 20 min for complete gelation as 

described, and then transferred into each well of a 12-well culture plate and 

add 2 ml DMEM culture medium (10% FBS, 1% P/S). Cell- embedded 

hydrogels were incubated at 37 
o
C in a humidified atmosphere of 5 % CO2 

for 3, 7, 14 and 21 days with medium change every 2-3 days. For each time 

point, LIVE/DEAD
®
 (Molecular Probes

®
), alamarBlue

®
 (Invitrogen

®
) and 

PicoGreen
®
 (Molecular Probes

®
) assays were used to determine the viability, 

metabolic activity and proliferation of the encapsulated ADSCs. 

LIVE/DEAD
®
 and PicoGreen

®
 assays were performed with recommended 
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procedure. For quantitatively analysis of LIVE/DEAD
®
 result, 15 

micrographs with the magnification of ×100 were taken randomly from 3 

hydrogel samples for each time point using an Olympus 1X81 inverted 

microscope. The cell viability was calculated by dividing the number of live 

cells by the total cell number in the field. All cells per area were counted 

using the ImagePro
®
 Plus software (Meida Cybernetics, USA). For 

alamarBlue
®
 assay, cell- embedded hydrogels were washed three times by 

HBSS, followed by incubation with 10 % alamarBlue
®
 (v/v) in complete 

medium for 12 h. The absorbance at the lower wavelength filter (550 nm) 

was measured followed by the higher wavelength filter (595 nm) via a 

thermo scientific Varioskan Flash Plate Reader. The following formulae 

were used to calculate the percentage of cell viability: 

AOLW = absorbance of oxidized form of alamarBlue
®
 along at lower 

wavelength;  

AOHW = absorbance of oxidized form of alamarBlue
®
 along at higher 

wavelength;  

Calculated correlation factor:  

  Ro = AOLW / AOHW;                                                                          (eqn. 4.1) 

Calculated the percentage of reduced alamarBlue
®
:  

  ARLW %= (ALW - AHW × R o) × 100                                                  (eqn. 4.2) 

4.2.9 Determination of Growth Factor Secretion  

Growth factor secretion assessment was performed by a colleague of 

Waqar Hassan (PhD student in our group) and the results have been 

published by a co-authored paper 
30

. Briefly, Conditioned media were 

collected from both 2D (on tissue culture plate) and 3D culture system 

(P-SH-HA hydrogel system with 0.5 0.5×10
6
 cells/ml of STEMPRO

®
 

human adipose-derived stem cells, Invitrogen
®
) after 1, 3, 5 and 7 days 

and stored at -80 
o
C. Multi-plex ELISA system was used to analyse for 

both the angiogenic growth factors vascular endothelial growth factor 

(VEGF), placental growth factor (PlGF), transforming growth factor-ɓ 

(TGF-ɓ) and pro/anti-inflammatory cytokines Interferon-ɔ (INF-ɔ), 
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Interleukin-2 (IL-2) and Interleukin-10 (IL -10) (mesoscale development 

system, MSD TH1/TH2 7-plex, MSD Human Growth factor 1 4-Plex).   

4.2.10 Statistical Analysis   

Comparisons between multiple groups were evaluated by One way ANOVA 

and Tukeyôs post analysis method.  p value of less than 0.05 was considered 

as significant. The software used in the analysis was GraphPad Prism 5 

software (GraphPad Software, US). 

 

4.3 Results and Discussion  

4.3.1 Polymer Synthesis 

The concept in this study was to develop a facile route for the synthesis 

of a thermoresponsive hyperbranched copolymer with high content of 

acrylate vinyl functional groups via óone-pot and one-stepô DE-ATRP 

approach to cross-link with thiolated HA by Michael-type addition 

reaction. Briefly, ethyl 2-bromoisobutyrate was used to initiate the 

polymerization of mono-functional monomers of poly(ethylene glycol) 

methyl ether methacrylate (PEGMEMA, Mn = 475 g/mol), 2-(2-

methoxyethoxy) ethyl methacrylate (MEO2MA) and bifunctional 

monomer of poly(ethylene glycol) diacrylate (PEGDA, Mn = 258 g/mol, 

branching agent). The copper (Cu
II
) and N,N,Nǋ,Nǋǋ,Nǋǋ-

Pentamethyldiethylenetriamine (PMDTA) were utilised as catalyst 

system, whereas a small amount (25 mol% to Cu
II
) of L-Ascorbic Acid 

(AA) was used to reduce inactive Cu
II
 into active form of Cu

I
. By using 

the deficient amount of reduce agent and CuCl2 to start the reaction, extra 

Cu
II
 species remained in the system during the whole reaction process, 

which reduced the polymer chain growth rate with better controll over 

the reaction. This led to a highly branched polymer structure with 

significantly delayed gelation point 
31

.
 
As a result, a final conversion of 

water soluble hyperbranched copolymer was obtained up to 45 % after 6 

h of polymerisation with relatively narrow molecular weight distribution.  

This indicates the controlled chain growth has been achieved via efficient 

DE-ATRP approach. GPC was used to determine the molecular weight 
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and polydispersity of the copolymers and to monitor the polymerisation 

process with reaction time (Table 4.1). Furthermore, to obtain the high 

content of acrylate vinyl functional groups, the high feeding ratio (20 

mol %) of branching agent PEGDA was used in this study. The 

copolymer cross-linking reaction via thiol-ene Michael-type addition was 

significantly enhanced by using this acrylate bifunctional monomer 

instead of methacrylate monomer, compared with our previous work on 

UV photo-crosslinkable coplymers 
32

. The hyperbranched structure of 

PEGMEMA-MEO2MA-PEGDA was confirmed by 
1
H NMR (See 

Chapter 3). The degree of branching and percentage of vinyl content 

were obtained from 
1
H NMR spectra using the equations as described in 

supporting imformation. The value of 22 % and 10 % were found for the 

degree of branching and vinyl content respectively (Table 4.1). With this 

large number of acrylate vinyl functional groups, the copolymers 

efficiently performed the thiol-ene Michael-type reaction with thiolated 

HA, which provided in-situ chemical network in min. The LCST of 

PEGMEMA-MEO2MA-PEGDA was determined via UV-vis 

Spectrophotometer, which exhibited a sharp change in temperature-time 

curve around 27 
o
C (Figure 4.1a), as a result the polymer solution (30 

wt%) formed a reversible gel rapidly at 37 
o
C. In addition, the 

rheological result showed a dramatic increase of Loss Modulus and 

Storage Modulus with temperature increasing from 23 to 25 
o
C (Figure 

4.1b). Furthermore, the effect on the LCST value can be easily adjusted 

by varying the polymer composition as described in the previous work, 

the higher level of hydrophilic composition resulted in higher LCST 

value 
31

. 

4.3.2 Synthesis of Thiol Derivatised Hyaluronan (HA-SH)  

The hydroxyl and carboxylic acid groups on the polysaccharide repeating 

units of HA (D-glucuronic acid and D-N-acetylglucosamine respectively) 

are reported to be the main target for chemical modification. The 

conjugate form of HA-SH was synthesized by amide bond formation 

between the carboxylic acid groups and amine groups of cysteamine. As 

shown in Scheme 4.1, cysteamine was conjugated to HA (1.5 × 10
6
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g/mol, Lifecore Biomedical) via covalent bonds formation in the 

presence of carbodiimide coupling agents (EDAC and NHS). Higher 

molar excess of cysteamine to HA was utilised in the reaction in order to 

maximise the degree of modification. The molecular structure of 

modified HA was confirmed by 
1
H NMR, which showed characterized 

chemical shifts at 2.4 and 2.6 ppm (Figure 4.2). In addition, the free thiol 

groups on HA-SH was about 0.2 µmol/mg which was determined by by 

standard Ellmanôs assay as shown in Figure 4.3.  

4.3.3 Fabrication of Hybrid H ydrogels 

Michael-type addition between PEGMEMA-MEO2MA-PEGDA and HA-

SH to form in-situ cross-linkable gelling system is under physiological 

condition. The mechanism is described as base-catalysed reaction which 

involved a step growth reaction between the acrylate groups and thiolated 

anions under mild condition subsequently leading to formation of 

insoluble network between the polymer and modified HA components. 

The vial tilting method was used to confirm the gel formation at 

predetermined concentration of the PEGMEMA-MEO2MA-PEGDA and 

HA-SH. As shown in Figure 4.4, stable hydrogels formed with the 

copolymer and thiolated HA at room temperature (molar ratio of thiol to 

vinyl groups were 1:1 and 1:2).  

In addition, the mechanical property of the chemical cross-linked 

hydrogel was determined with a compression test using a dynamic 

mechanical analyser (DMA). Thermoresponsive physical gelation can 

only form an unstable and reversible gel which depends on the 

environmental temperature, while the enhancement in mechanical 

strength was observed for gels with the chemical cross-linking. For 

example, it is found that the storage modulus of 15 wt% hydrogel is 

about 9 kPa and about 38 kPa for 30 wt% hydrogel at 37 
o
C (Figure 4.5).    
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Table 4.1: Copolymerization of PEGMEMA-MEO2MA-PEGDA via in-situ DE-ATRP 

 

monomer feed molar ratio 

f [PEGMEMA]/[MEO2MA]/[PEGDA]  
sample # 

RT 
a 

(h) 

monomer 

conversion 
b 
(%) 

Mn
c 

(Kg/mol) 
PDI 

d
 

double bond 

content 
e
 

branching 

degree 
e
 

LCST
f 

(
 o
C) 

15/65/20 

S1 3 18.0 6.1 1.16 

   S2 4 29.4 7.3 1.22 
   

S3 6 45.0 11.6 1.33 10  22  27 

 

a
 Reaction time. 

b
 Monomer conversion, estimated using peak areas for monomers and copolymers in GPC traces. 

c 
Number average 

molecular weight. 
d 
Polydispersity Index (Mw/Mn). Polymerization conditions: 50 

o
C in butanone; total monomers/butanone (v/v) = 1:2; the 

initiator (I) / catalyst (C) / ligand (L) are ethyl 2-bromoisobutyrate / CuCl2 / N,N,Nǋ,Nǋǋ,Nǋǋ- Pentamethyldiethylenetriamine (PMDTA); the 

reducing agent is L-ascorbic acid (AA); the [I]/[Monomer] = 1:100, [I]/[C]/[L] /[AA]  = 1:0.25:025:0.0625. 
e
 Polymer composition; 

determined by 
1
H NMR (Unit: mol %). 

f 
Determined by UV-vis spectrophotometer. 
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4.3.4 Morphological Characterisation and Swelling Behaviour of the 

Hydrogels 

Morphological characteristic of hydrogel is an important factor in terms 

of tissue engineering applications. The presence of porous structure is 

necessary to allow for tissue growth, diffusion of nutrients and waste 

products. Moreover, the percentage of porosity, pore size and 

interconnectivity are vital parameters in determining the performance of 

the hydrogel. Therefore, to assess the network structure of the formed 

hydrogel, the freeze-dried samples were analysed by Scanning Electron 

Microscopy (SEM). As shown in Figure 4.6, the prepared hydrogel 

clearly demonstrated the presence of porous structure and the pores 

bifurcated into adjacent visible pores, which may offer advantage to 

optimise the hydrogel system for different tissue engineering applications 

that require different pore sizes and porosity.  

The swelling profile of the hydrogels were obtained by soaking in PBS 

7.4 at 37 
o
C until they reached the equilibrium state. Different time 

intervals were selected to monitor the change in weight of hydrated 

hydrogel. As shown in Figure 4.7, the hydrogel made with 15 wt% 

polymer resulted in slightly lower swelling ratio compared to 10 wt% 

polymer. This observation is due to the higher density of cross-linking 

between polymer with HA-SH at 15 wt% polymer, which is in agreement 

with the morphological analysis. However, the hydrogel formed with 

both weight percentage of the polymers were found to reach a steady 

state and maintained its weight. Each data point was obtained by 

averaging values from three samples under the same conditions, with 

error bars shown. 
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Figure 4.1: (a) LCST of the PEGMEMA-MEO2MA-PEGDA copolymer 

determined by UV-vis spectrophotometer. (b) A temperature ramp 

rheological measurement for the copolymer (30 wt%). Note: the LCST 

of the copolymer was around 27 
o
C; and the rheological modulus were 

dramatic increased due to the aggregation of polymer particles above 

LCST. 
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Figure 4.2: 
1
H NMR (300Hz) spectrum of HA and thiolated HA (HA-SH) 

in DO2. Note: the protons from 2.6 (1) to 2.4 (2) ppm confirm the 

conjugation of thiol groups.   
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Figure 4.3: Content of free thiol groups on HA and thiolated HA (HA-SH), 

determined by Ellmanôs assay. Note: the content of free thiol group on the 

modified HA showed significant higher than control group of normal HA.  
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Figure 4.4: Chemical gelation via Michael-type addition between 

PEGMEMA-MEO2MA-PEGDA copolymer and thiolated HA (HA-SH) at 

room temperature. The molar ratio between thiol groups on the HA-SH and 

the vinyl groups on the copolymer were (a) 1:0 (without polymer), (b) 1:1, 

and (c) 1:2, which were calculated based on 
1
H NMR and Ellmanôs analysis. 

Note: HA-SH solution without polymer stay as liquide form, while in the 

other two groups, stable hydrogels were formed.  
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Figure 4.5: Compression tests on chemical cross-linked hydrogels 

fabricated from PEGMEMA-MEO2MA-PEGDA with thiolated HA. (a) 

Storage Modulus of hydrogels prepared at different polymer concentration 

(n = 3, Mean ± SD). (b) A hydrogel sample (diameter 12.5 mm, thickness 

2.5 mm) was under a compression test using DMA. Note: the hydrogel 

prepared from higher polymer concentration exhibited the strengthened 

mechanical properties.    
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Figure 4.6: SEM images of the cross-linked hydrogel using (a) 10 wt% 

and (b) 15 wt% PEGMEMA-MEO2MA-PEGDA polymer and fixed 

concentation of HA-SH. (The assay was performed by a colleague of Dr 

Aram O. Saeed (Postdoc. researcher in our group) and the results have 

been published by the first-authored paper 
29

). Note: slight larger pore 

formed with lower polymer concentration. 
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Figure 4.7: Swelling ratio of hydrogel with 10 wt% and 15 wt % 

PEGMEMA-MEO2MA-PEGDA copolymer and HA-SH at 37 
o
C. (The 

assay was performed by a colleague of Dr Aram O. Saeed (Postdoc. 

researcher in our group) and the results have been published by the first-

authored paper 
29

). 
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4.3.5 Cell Metabolic Activity , Viability  and Proliferation in 3D Culture 

To increase the reproducibility of the studies, a commercially available 

thiolated hyaluronic acid (HA-SH, HyStemÊ, Glycosan) was used to 

replace our own synthesized HA-SH for in vitro cell viability studies. Cell 

viability, proliferation and metabolic activity of the encapsulated ADSCs in 

the P-SH-HA hydrogel were assessed in vitro up to three weeks in this study. 

LIVE/DEAD
®
 (Molecular Probes

®
) staining kit was used to label the live 

cells (by Calcein-AM) and dead cells (by ethidium homodimer-1) in the 

hydrogel after 3, 7, 14 and 21 days (Figure 4.8). It is shown that very few 

dead cells (red) compare with live cells (green), and quantitative result 

shows no significant difference of cell viability from every time point (n = 3, 

p <  0.05) (Figure 4.9). However, although the viability of the cells in the 

hydrogel was 85 %, total DNA amount stopped increasing after 7 days as 

determined by PicoGreen
®
 (Molecular Probes

®
) assay which means the 

proliferation of the cells were restricted (Figure 4.10). It is assumed that the 

non-degradable property of the hydrogel and the difficulty of cell 

attachment of ADSCs on PEG and HA based material limited the cell 

migration and proliferation. In addition, the results from the PicoGreen
® 

assay were confirmed by the result from alamarBlue
®
 (Invitrogen

®
) assay, 

in which the cell metabolic activity remained at the same level and slightly 

decreased at 14 days (n = 3, p < 0.05) (Figure 4.11).   

In summary, more than eighty percent of encapsulated cells remained alive 

in the hydrogels up to three weeks. However, the non-degradable properties 

of the hydrogel limited the cell proliferation and metabolic activity at some 

level, but these limitations can be overcome by regularly dressing change 

for further clinical use. Furthermore in vitro modification work on the 

degradable and mechanical properties of the hydrogel is carried continues in 

our group in order to optimize the stem cell niche in this dressing system for 

further increase the cell proliferation and secretion.  
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Figure 4.8: Cell viability of ADSCs encapsulated in P-SH-HA hydrogels at 

3, 7, 14 and 21 days. (a) Representative þuorescent images of encapsulated 

ADSCs stained with calcein AM (green) for live cells and ethidum 

homodimer-1 (red) for dead cells by LIVE/DEAD
®
 stain kit. (b) Hydrogel 

prepared on Teflon tape (molar ratio of thiol:vinyl as 1:1).    
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Figure 4.9: Cell viability of ADSCs encapsulated in P-SH-HA hydrogels at 

3, 7, 14 and 21 days. Percentage of live cells to total cell number calculated 

from LIVE/DEAD
®
 staining micrographs (Mean ± SD, n = 3). Note: there 

is no significant difference of cell viability from every time point (p < 0.05).  
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Figure 4.10: Cellular proliferation assessment by PicoGreen
®
 assay. Note: 

total DNA content in the hydrogel is significant increased from 7 days (n = 

3, p < 0.05) and maintain at the same level after that, which means the 

proliferation of the cells were restricted after 7 days.  
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Figure 4.11: Cell metabolic activity assessment by alamarBlue
®
 assay. 

Percentage of deduced alamarBlue
®
 was calculated by the absorbance at 

550 and 595 nm. Note: total cellular metabolic activity were significantly 

reduced after 14 days (n = 3, p < 0.05). 
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4.3.6 Determination of Growth Factor Secretion 

As described in Chapter 1, growth factors and cytokines are essential 

mediators that regulate the wound healing process. In this study, we 

evaluated the secretion of a number of main growth factors and cytokines 

commonly involved in wound healing in vitro both in 2D (as control) and 

3D culture condition, which included pro-inflammatory cytokines of IL -2 

and INF-ɔ; anti-inflammatory cytokines of IL-10 and angiogenic growth 

factors of PlGF, VEGF and TGF-ɓ. It was found that the pro-

inflammatory cytokines of IL-2 and INF-ɔ reduced after 7 days in 3D 

hydrogel microenvironment, while remained at the same level for 2D 

seeded cells (Figure 4.12a-b). At the meantime, the release level of anti-

inflammatory cytokine of IL-10 in hydrogel seemed higher than 2D 

control (Figure 4.12c), which may explain the reduction of pro-

inflammatory cytokines in hydrogel system as above described. In 

addition, release of the angiogenic growth factors of PlGF, VEGF 

significantly increased in hydrogel system over time (Figure 4.13a-b); 

TGF-ɓ was also showed increased production over time in both 2D and 

3D conditions, but there was no significant difference in concentration 

levels at any time for 3D culture (Figure 4.12c). In conclusion, these 

results suggest that hADSCs can secrete pro-angiogenic and anti-

inflammatory cytokines and growth factors in our P-SH-HA hydrogel 

system.  
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Figure 4.12: Secretion profile of cytokines of hADSCs in both P-SH-HA 

hydrogel (3D) and tissue culture plastic (2D) over 7 days. Cells were seeded 

at 0.5 x 10
6
 cells/ml in both 3D and 2D culture conditions in 48-well plates. 

Supernatant from both conditions was analysed using multi-plex ELISA kit 

for IL-2, IL-10 and INF-ɔ. (n = 3, p < 0.05). The assessment was performed 

by a colleague of Waqar Hassan (PhD student in our group) and the results 

have been published by a co-authored paper 
30

. Note: inflammatory 

cytokines of IL-2 and INF-ɔ reduced after 7 days in 3D hydrogel 

microenvironment, while remained at the same level for 2D seeded cells (a-

b); anti-inflammatory cytokine of IL-10 in hydrogel seemed higher level 

than 2D control (c).   
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Figure 4.13: Secretion profile of growth factors of hADSCs in both P-SH-

HA hydrogel (3D) and tissue culture plastic (2D) over 7 days. Cells were 

seeded at 0.5 x 10
6
 cells/ml in both 3D and 2D culture conditions in 48-well 

plates. Supernatant from both conditions was analysed using multi-plex 

ELISA kit for PlGF, VEGF and TGF-ɓ. (n = 3, p < 0.05). The assessment 

was performed by a colleague of Waqar Hassan (PhD student in our group) 

and the results have been published by a co-authored paper 
30

. Note: the 

angiogenic growth factors of PlGF, VEGF significantly increased in 

hydrogel system over time (a-b); TGF-ɓ was also showed increased 

production over time in both 2D and 3D conditions, but there was no 

significant difference in concentration levels at any time for 3D culture (c).  
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4.4 Conclusion 

In this study, we have demonstrated the preparation of an injectable, in-situ 

cross-linking, hybrid hydrogel from the combination of thiolated hyaluronic 

acid and PEG-based thermoresponsive hyperbranched polymer with acrylate 

vinyl groups. Over 80 % of encapsulated ADSCs cells remained alive in the 

hydrogels up to three weeks in vitro, and the secretion profile of ADSCs in 

this P-SH-HA hydrogel system via multi-plex ELISA showed that 

inflammatory cytokines of IL-2 and INF-ɔ significantly reduced after 7 days 

in 3D hydrogel microenvironment, and the anti-inflammatory cytokine of 

IL-10 in hydrogel seemed higher level than 2D control. Furthermore, the 

angiogenic growth factors of PlGF, VEGF significantly increased in 

hydrogel system over time. In conclusion, this in-situ cross-linked P-SH-HA 

hydrogel system, in which ADSCs can be easily encapsulated and maintain 

their viability and secretion level, has shown promise as an injectable 

system for tissue engineering application.  
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5.1 Introduction  

Wound dressing-based treatments are the main therapeutical approaches for 

both acute and chronic wounds.  Specific wound dressings have been 

developed over the years for different types and physiologic conditions of 

the wounds 
1, 2

. Traditional dressings were mainly used to absorb the 

exudates, to keep the wound bed dry and to prevent bacterial contamination, 

while the modern wound dressings focus more on creating an optimum 

moist environment to promote wound repair 
3, 4

. Appropriate amount of 

wound exudate not only supplies the wound bed with nutrients, but provides 

favorable conditions for certain cell recruitment and migration 
5-7

. Among 

different wound dressings, hydrogel dressings made from swellable 

polymeric hydrophilic materials can maintain the moist wound environment, 

provide autolytic debridement and also cool the wound surface which lead 

to pain relief for patients 
8-10

. Current commercially available hydrogel 

dressings include Nu-gel
®
 wound dressing, Purilon

®
 gel dressing, SAF-Gel

®
 

hydrating dermal wound dressing, Curagel
TM

 hydrogel wound dressing, and 

Carrasyn
®
 gel wound dressing among others 

11
. Although significant 

progress has been made in the developemnt of modern wound dressings, 

promoting the healing process is still restricted, especially when compared 

to cellular skin substitutes.  

Stem cells such as bone marrow derived stem cells (BMSCs) 
12-16

 and 

adipose-derived stem cells (ADSCs) 
17-20

 have been widely studied for 

wound healing applications. Most of these studies focus on developing skin 

substitutes in which the stem cells differentiate into epidermal cell 

phenotypes, regulate the level of cytokines and growth factors around the 

wound site, and accelerate wound healing 
16, 21-23

. In the past few years, 

increasing evidence has emerged demonstrating the stem cell paracrine 

effects which play key roles in promoting the healing process. Conditioned 

medium of both BMSCs and ADSCs have been reported to enhance 

angiogenesis, epithelialization, and affect recruitment or proliferation of 

macrophages and endothelial progenitor cells during the healing process 
24-

26
. Furthermore, in comparison to BMSCs, ADSCs yield from adipose tissue 

is generally 40-fold higher 
27

. ADSCs removed in liposuction are much 
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easier to access because the surgical approach is considerably less painful. 

In addition, the isolated cells can be cryopreserved maintaining all their 

properties intact for up to 6 months 
28

, which provides a good potential for 

ADSCs to get integrated in an off-the-shelf product. 

Ideally, the next step is to develop a hydrogel dressing with specific 

therapeutic functions, which not only act as a hydrogel dressing but aslo be 

able to deliver therapeutic agents such as growth factors or stem cells i.e. 

preventing unwanted inflammatory reactions and providing an ideal wound 

healing environment. To this end, an in-situ cross-linked hydrogel (i.e. P-

SH-HA) cell delivery system based on a PEG based thermoresponsive 

hyperbranched copolymer of poly(ethylene glycol) methyl ether 

methacrylate-co-2-(2-methoxyethoxy) ethyl methacrylate-co-poly(ethylene 

glycol) diacrylate (PEGMEMA-MEO2MA-PEGDA) was developed in our 

group 
29

 (see Chapter 4). At room temperature, the polymer solution can be 

easily mixed with cells and thiolated hyaluronic acid (HA-SH); while at 

body temperature physical cross-linked hydrogel forms rapidly onto the 

wound site. A chemical gelation between polymer and HA-SH occurs 

within a short time to achieve a stable hydrogel with enhanced mechanical 

properties. As an injectable system, this hydrogel can be easily applied to 

any wound size, shape or cavity, is less invasive than other approaches and 

minimizes patientsô discomfort. Upon cross-linking an in-situ gelation 

occurs forming a three-dimensional (3D) water content polymer network via 

physical and chemical cross-linking which can mimic tissue 

microenvironment for cell growth. In addition, its relatively slow degradable 

and non-adherent properties provide this hydrogel dressing with the 

advantage to be removed chemically intact with ease at dressing changes 

without causing pain and/or further trauma. 

In this study, as an in-situ cross-linked bioactive hydrogel dressing, P-SH-

HA system in combination with rat extracted ADSCs was evaluated by 

using a rat dorsal full-thickness wound model. It was hypothesized that 

ADSCs could survive in the in-situ formed hydrogel system in vivo, and 

then promote angiogenesis and wound healing by paracrine effect.  
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5.2 Materials and Methods 

5.2.1 Materials and Reagents 

The monomers of poly(ethylene glycol) methyl ether methacrylate 

(PEGMEMA Mn = 475 g/mol), 2-(2-methoxyethoxy) ethyl methacrylate 

(MEO2MA), and poly(ethylene glycol) diacrylate (PEGDA Mn = 258 g/mol) 

were purchased from Sigma-Aldrich. Ethyl 2-bromoisobutyrate (EtBriB, 

98 %, Aldrich), bis(2-dimethylaminoethyl) methylamine (99 %, Aldrich), 

copper (II ) chloride (CuCl2, 97 %, Aldrich), L-ascorbic acid (L-AA, 99 %, 

Aldrich), butanone (99 %, HPLC grade, Aldrich) and hexane (95 %, Aldrich) 

were used as received. Thiolated hyaluronic acid (HA-SH, HyStemÊ, 

Glycosan) was purchased from BioTime Inc., Alameda, CA.  

5.2.2 Polymer Synthesis and Hydrogel Fabrication 

The thermoresponsive copolymer of PEGMEMA-MEO2MA-PEGDA was 

synthesized by the copolymerizing of PEGMEMA (Mn = 475 g/mol), 

MEO2MA and PEGDA (Mn = 258 g/mol) via in-situ deactivation enhanced 

atom transfer radical polymerization (DE-ATRP) approach as previously 

described 
29

. Briefly, PEGMEMA (15 molar equiv), MEO2MA (65 molar 

equiv), PEGDA (20 molar equiv), EtBriB (1 molar equiv), CuCl2 (0.25 

molar equiv), bis(2-dimethylaminoethyl) methylamine (0.25 molar equiv) 

were all added into a two-necked round bottom flask (the volume ratio of 

total monomers to butanone solvent adjusted at 1:2).  The mixture was 

completely dissolved, purged with argon for 30 min to remove oxygen, and 

then L-AA (0.125 molar equiv) was added to the polymerization solution 

under argon condition. The reaction was performed at 50 
o
C in an oil bath 

for about 6 h with monitor of gel permeation chromatography (GPC). The 

copolymer products were purified and characterized by GPC, 
1
H NMR and 

UV spectrophotometer as previously described 
29, 30

. The molecular weight 

(Mw) of the copolymer is 72 KDa with a Polydispersity Index of 3.97. The 

content of vinyl functional group of the copolymer was approximate 12 mol 

percentage calculated by 
1
H NMR analysis and the lower critical solution 

temperature (LCST) of this copolymer was determined around 32 
o
C.    
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Copolymer of PEGMEMA-MEO2MA-PEGDA was dissolved in phosphate 

buffered saline (PBS, pH 7.4), mixed gently by pipetting to the ADSCs 

suspension (in serum-free medium) and commercially available thiolated 

HA (HA-SH). Here, the final concentration of the copolymer was 5 % (w/v), 

HA-SH was 0.5 % (w/v) and ADSCs was 1 million/ml. Gelation occurs 

within 8 min at 37 
o
C through Michael-type addition between vinyl groups 

on copolymer and thiol groups on the HA-SH.  

5.2.3 In Vivo Model  

All procedures were conducted under an animal license (no. B100/4342) 

authorized by the Irish Department of Health and Children and were 

approved by the Animal Care and Research Ethics Committee of the 

National University of Ireland, Galway (no. 009/10(B)). Animal care 

followed the Standard Operating Procedures of the Animal Facility at the 

National Centre for Biomedical Engineering Science, NUIG.  

ADSCs were extracted from rat fat tissue and characterized as described 

earlier (see Chapter 4). Twenty one male Sprague Dawley rats (CD
®
 IGS, 

CharlesRiver, UK) with body weights ranging between 275 g and 325 g 

were used in this study. Three time periods were designed as 3, 7 and 14 (n 

= 7 wounds per treatment per time point). The animals were anesthetized 

with isoflurane with oxygen (5 % for induction and 1-2 % for maintenance). 

Two full-thickness square wounds (1 cm × 1 cm) were created at each side 

of dorsal midline being at least 1 cm apart (see Appendices.M). 

Photographic images were taken for each wound. Four different treatment 

groups were randomized: no treatment (NA); hydrogel alone (120 µl gelling 

mixture solution) (H); hydrogel + rADSCs (0.12 million cells in 120 µl 

gelling mixture solution) (H+C); rADSCs alone (0.12 million cells in 30 µl 

serum-free medium) (C) (Table 5.1). Hydrogels with/without cells were 

formed in-situ as described above. The cells alone group was prepared by 

pipetting 0.12 million rADSCs in 30 µL serum-free medium to the wound 

surface. The wounds were covered by commercially available transparent 

film dressing (Tegaderm 
TM

 Film, 3M
®
), followed by medical gauze to 

prevent disturbance of the wounds. Analgesia was granted by the used of 

Buprenorphine (0.03 mg/Kg every 8 h, Vetergesic) and inflammation due to 
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local contamination was prevented by the use of broad spectrum antibiotics 

(Enrofloxacin: 5 mg/Kg once a day) for the first three days.    

5.2.4 Harvesting and Processing of Tissue  

The animals were sacrificed by CO2 asphyxiation at each time points. Gauze 

and film dressing were carefully removed and photographic images were 

taken for each wound. All samples were identified by animal number, time 

point and positions (AL: anterior left; AR: anterior right; PL: posterior left; 

PR: posterior right) to avoid analytic bias. Samples were fixed in 10 % 

formalin for 24 h, followed by automatic paraffin processing (Leica 

ASP300), blocked and sectioned perpendicularly to wound surface in 5 µm 

consecutive sections. The samples were stained with haematoxylin eosin 

(H&E), collagen type IV and CD 68 immunohistochemical staining using 

standard protocols developed in our lab to be subsequently analyzed 

stereologically. 

5.2.5 Analysis for In Vivo Study 

5.2.5.1 Wound closure  

The wound areas were measured using image analysis software (ImagePro
®
 

Plus, Media Cybernetics, USA) on the photographic images. The percentage 

of reduction in the wound area at different time points was performed by 

comparing them with the wound area at day 0.  

5.2.5.2 Wound contraction and epithelialization 

Wound contraction (C) and epithelialization (E) was measured on the ×12.5 

images with H&E staining. The distance between dermal edges at both side 

of the wound was measured as wound length (Wt). The percentage of 

epithelialization (E %) was determined by the total epithelial layer over the 

wound at both side (E1+E2) divided by the original wound length (W0) (eqn. 

5.1). The original wound size was 1 cm and roughly 10 % contraction was 

caused by fixing and processing processes, therefore W0 was considered as 

0.9 cm for calculation here. Percentage of wound contraction (C %) was 

determined by the reduction of wound length divided by the original wound 

length (eqn. 5.2). The identification of all the parameters can be observed in 

Figure 5.1.    
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%Ϸ  ρππ                                                                         (eqn. 5.1) 

#Ϸ  ρππ                                                                        (eqn. 5.2) 

5.2.5.3 Cell retention 

rADSCs used for in vivo study were incubated with CellTracker
TM

 CM-Dil 

(Invitrogen
®
) at a concentration of 4 µmol/l for 30 min at 37 

o
C. The 

paraffin slide samples of rADSCs alone group and Hydrogel + ADSCs were 

further stained by Hoechst 33258 (Invitrogen
®
), and fluorescent 

micrographs were taken with ×100 magnification (five fields of view per 

slide, three slides per treatment) by Olympus 1X-81 inverted microscope. 

The volume fractions of rADSCs were determined by stereological analysis 

using a grid mask (40×40 µm
2
).   

5.2.5.4 Determination of inflammation  

The inflammatory cells including neutrophils, lymphocytes and 

macrophages were detected by micrographs with × 600 magnification taken 

from H&E staining slides. In addition, ED-1 (mouse monoclonal anti-CD 68 

antibody, Abcam) was used to label macrophages by standard 

immunohistochemical staining (AlexaFluor
®
 488 Goat anti-Mouse IgG 

(H+L from Invitrogen) as secondary antibody. Nucleus was stained with 

Hoechst 33258 (Sigma). A grid mask (20 µm × 20 µm) was applied to 

images with × 200 magnification (three fields of view per slide, three slides 

per treatment) and the numbers of grid intersections that touch or traverse 

the nucleus of CD68
+
 cells were tagged. The volume fraction (VV) of each 

treatment was expressed as the fraction of tagged intersections (PV) in 

relation to the total number of intersections (PT) in the grid (eqn. 5.3).   

6                                                                                                (eqn. 5.3) 
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Table 5.1: Treatment groups design for in vivo study.  

No. Treatment   No. of Treatment 

I No Treatment 7 

II  P- HA-SH Hydrogel Alone (120 µL gelling mixture solution per wound) 7 

III  P- HA-SH Hydrogel + RatADSCs (0.12 million cells in 120 µL gelling mixture solution per wound) 7 

IV  RatADSCs Alone (0.12 million cells in 30 µL  serum-free medium per wound) 7 

Time points:        3, 7 and 14 days 

ü    Wound Closure: Digital image analysis 

ü    Wound Contraction &  Epithelialisation:  H&E Stain  

ü    Cell Retention: CellTracker
TM

 and Hoechst fluorescent, micro-imaging 

ü    Inflammatory  Response: H&E stain, CD68 immunohistochemical stain  

ü    Angiogenesis: Collagen type IV immunohistochemical stain 
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Figure 5.1: The identified parameters for measurement of wound 

contraction and epithelialization on H&E staining slides. E: epidermal; D: 

dermal; E1/E2: regenerated epidermal; G: granulation tissue. Note: wounds 

are contracted along with healing process.  
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5.2.5.5 Angiogenesis  

Neoangiogenesis of the wound was determined by collagen IV 

immunohistochemical staining (Rabbit polyclonal antibody to collagen type 

IV, ab6586, Abcam plc, and AlexaFluor
®
 488 Goat anti-Rabbit IgG (H+L) 

as secondary antibody, Invitrogen). Stereological analysis was performed as 

described elsewhere 
31

. Surface density (SV), length density (LV) were 

measured using a cycloid grid with known total length of cycloid lines (L) 

and counting the number of intersections (I) of those lines with fluorescent 

labeled blood vessels. Horizontal positioning grid was used for SV and the 

vertical positioning grid for LV (eqn. 5.4 and 5.5, TS presents the thickness of 

sections). Wound volumes (V), surface area (SA) and total length (LT) were 

calculated by eqns. 5.6 - 5.8 (WA presents the wound area determined by 

H&E staining slides).  

Ὓ  ς                                                                                           (eqn. 5.4) 

ὒ  
  ϳ

                                                                                   (eqn. 5.5) 

ὠ  Ὕ ὡ                                                                                      (eqn. 5.6) 

Ὓ Ὓ ὠ                                                                                       (eqn. 5.7) 

ὒ ὒ ὠ                                                                                      (eqn. 5.8) 

5.2.5.6 Statistical analysis   

Comparisons between multiple groups were evaluated by One way or Two 

way ANOVA and Tukeyôs post analysis method.  p value of less than 0.05 

was considered as significant. The software used in the analysis was 

GraphPad Prism 5 software (GraphPad Software, US). 
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Figure 5.2: Representative photographs of wounds at 3, 7 and 14 days. NA: no treatment group; C: ADSCs cell alone group; H: hydrogel alone 

group; H+C: hydrogel + ADSCs group. Note: obvious wound contraction occurred in no treatment and cell alone control groups at 7 and 14 

days. 
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Figure 5.3: Percentage of wound area at 3, 7 and 14 days comparing to 

original wound area measured by ImagePro
®
 Plus, (Media Cybernetics, 

USA). (*) labels the significant differences between each time point and 

groups (Two way ANOVA with Tukeyôs post analysis method, Mean ±SD, 

n = 7, p < 0.05). Note: wound areas of hydrogel treatment groups (with or 

without cells) were significantly larger than no treatment and cell alone 

control groups at 14 days due to the skin contraction.   
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5.3 Results 

5.3.1 Wound Closure 

Wound closure was determined by measuring the surface area from 

photographic images (Figure 5.2). As a contractive skin model, wounds 

with óno treatmentô and ócell aloneô treatment groups were significantly 

contracted during the healing process (Figure 5.3); the statistical result of 

wound area analyses showed significant reduction in wound area in the 

groups without hydrogels. In contrast, treatment groups of hydrogels with or 

without rADSCs resisted wound contraction to some extent.  

5.3.2 Wound Contraction and Epithelialization 

The wound contraction was calculated as percentage of wound length 

reduction (Figure 5.1) from the histological analysis. The contractive ratios 

of all the treatments were higher than 80 % of original wound size at 14 

days, and there is no statistic significant difference between each group. 

However, a trend can be found that hydrogel treatment groups (with or 

without rADSCs) contracted less than other groups at day 7 and day 14 

(Figure 5.4). For epithelialization measurement, it was found that the 

wounds were fully closed with complete re-epithelialization at 14 days in 

óno treatmentô and ócell aloneô treatment groups; while the re-

epithelialization only occurred at the edges of the wounds in the hydrogel 

treatment groups (with or without cells). It appeared as if the keratinocytes 

ceased growing underneath the hydrogels in the center of the wound area. 

This observation could be explained by the inability of the keratinocytes to 

attach and migrate along the hydrogel surface (Figure 5.5). However, 

because of the large skin contraction, no statistical significant difference 

was noted for re-epithelialization between all the groups (Figure 5.6) at 

each time point.   

5.3.3 Cell Retention 

The cell retention ratio in the wound bed was assessed by labeling the 

rADSCs used in the in-vivo study with CellTracker
TM

 CM-Dil (Invitrogen
®
). 

The marker in this kit which conjugates with intracellular proteins reflects 

the cell survival rate in the hydrogels. After each time point, paraffin fixed 
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slides were further stained by Hoechst 33258 and determined using a 

fluorescent microscope. For the ócell aloneô group, although we applied a 

more concentrated cell suspension (with the same number of total cells as 

treatment group) and completely covered the wound with commercially 

available film dressing in order to prevent the cell loss from the wound bed, 

no labeled rADSCs could be found after 3 days. In contrast, the hydrogels 

provided sufficient structural support to allow their visualization after 14 

days. Figure 5.7 shows representative micrographs of implanted rADSCs 

(cytoplasm red and nucleus in blue) within hydrogels at three time points. 

The stereological quantification calculated from these microscopes showed 

the rADSCs volume fraction remained at the same level between each time 

point (Figure 5.8). In addition, no labeled rADSCs can be found in the host 

tissue; in other words, the implanted cells did not infilt rate into the host 

tissue from the hydrogel dressing.  

5.3.4 Inflammatory  

Immunohistochemistry assessment by ED-1 (anti-CD68) antibody (Abcam, 

UK) was used to evaluate the macrophages recruitment at each time point 

(Figure 5.9). It appeared that the hydrogel treatment groups (with or 

without cells) had higher inflammatory response to macrophages than the 

óno treatment groupô or ócell aloneô control treatment groups, but no 

statistically significant difference was noted between each group (Figure 

5.10). H&E staining showed that the number of neutrophils surrounding the 

hydrogels was obviously increased compared with control groups at day 3, 

but clearly decreased at day 7, which indicated that the hydrogel triggered 

higher acute inflammatory response than control groups at the early stage of 

wound healing (Figure 5.11 &  5.12). In addition, the counting results for 

macrophages from immunohistochemistry assessment were higher than 

H&E analysis in all treatment groups. It might because the CD68 was also 

expressed on the surface of other cell type such as monocytes, histiocytes 

and giant cells.  
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Figure 5.4: Percentage of wound contraction. Note: no significant 

difference between each treatment group at each time point (Two way 

ANOVA with Tukeyôs post analysis method, Mean ± SD, n = 7, p < 0.05), 

but a trend can be found that hydrogel treatment groups (with or without 

rADSCs) contracted less than other groups at 7 and 14 days. 
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Figure 5.5: In vitro 2D cell attachment assessment. Fibroblast (3T3), normal human keratinocytes (NHK) and ADSCs were seeded on the cell 

culture plate (Cont.) and on the surface of the P-SH-HA hydrogels (Gel) and detected by LIVE/DEAD
®
 stain after 48 h. Scale bars in all cases 

represent 100 µm. Note: neither of these cells can attach on the hydrogel surface compared with the cells seeded on tissue culture plates.  
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Figure 5.6: Percentage of wound epithelialization. Note: no significant 

difference between each treatment group at each time point (Two way 

ANOVA with Tukeyôs post analysis method, Mean ± SD, n = 7, p < 0.05). 
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Figure 5.7: Representative þuorescent images of rADSCs embedded 

hydrogels at 3, 7 and 14 days. Implanted cells were marked with 

CellTracker
TM

 CM-Dil (red) counterstained with Hoechst 33258 (blue). The 

yellow dotted line labeled the hydrogel area above wound bed. 
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Figure 5.8: The stereological quantification of the volume fraction of 

implanted rADSCs based on the þuorescent images labelled by 

CellTracker
TM

 CM-Dil/Hoechst 33258. Note: no significant difference 

between each time point (Studentôs t-test, Mean ± SD, n = 7, p < 0.05). 
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Figure 5.9: Representative þuorescent images of CD68
+
 immunohistochemistry stained macrophages (green) counterstained with Hoechst 

33258 (blue) for different treatment groups at 3, 7 and 14 days. Scale bars in all cases represent 50 µm.  



Assessment in Rat Wound Model 

 

207 
 

 

 

 

 

 

 

Figure 5.10: Quantification of volume fraction of macrophages at 3, 7 and 

14 days based on the immunohistochemistry images (CD68
+
/Hoechst 

33258). Note: no significant difference between each treatment group at 

each time point (Two way ANOVA with Tukeyôs post analysis method, 

Mean ± SD, n = 7, p < 0.05). 
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Figure 5.11: Representative images (x 600 magnification) of H&E stained tissue slides at 3, 7 and 14 days. W: skin tissue at wound area; H: 

hydrogel. The arrows highlight the neutrophils cells. Scale bars in all cases represent 10 µm. Note: the neutrophils surrounding the hydrogels 

was obviously more than control groups at day 3, but clearly decreased at day 7, which indicated that the hydrogel triggered higher acute 

inflammatory response than control groups at the early stage of wound healing. 
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Figure 5.12: Volume fraction of total inflammatory cells at days 3, 7 and 14. 

Counted inflammatory cells included neutrophils, eosinophils, lymphocytes 

and macrophages. Note: because of the increased neutrophils, total 

inflammatory cells in Hydrogel with/without cells groups are significantly 

higher than control groups at day 3 and day 7 (Two way ANOVA with 

Tukeyôs post analysis method, Mean ± SD, n = 7, p < 0.05). 

 

 














































































