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ABSTRACT 
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Bioengineering Research Group 

Thesis for the degree of Doctor of Philosophy 

NOVEL CLAY GELS AS REGENERATIVE MICROENVIRONMENTS FOR 
THE TREATMENT OF DIABETIC FOOT ULCERS 

By Daniel Joseph Page 

People that suffer with diabetes have an elevated risk of developing diabetic foot ulcers (DFUs), a 
type of chronic wound associated with hyperglycaemia. Current DFU treatments vary in their effectiveness 
and people that suffer with DFUs have an increased risk of eventual lower limb amputation. Biological agents 
including vascular endothelial growth factors (VEGF) and agonists of the Wnt signalling pathway have been 
investigated as agents that improve wound healing, yet delivery in an active economical form remains a 
significant clinical challenge.  

In this project, we tested the hypothesis that Laponite, a synthetic smectite clay biomaterial, can 
be used to localise bioactive molecules to skin injury sites and can increase the rate and quality of wound 
healing.  

Growth factor (VEGF) and small molecule (BIO, a Wnt pathway agonist) were incorporated in 
Laponite hydrogels, and their activity tested using cell-reporter assays. Laponite hydrogels were then 
administered subcutaneously and applied to circular wounds made on the dorsal skin of healthy and diabetic 
(db/db) mice. Bioactivity of localised VEGF by Laponite gels and its effect on wound healing was assessed 
by measuring the rate of wound closure and by histological analysis of blood vessel formation, the degree of 
cell invasion and the rate of re-epithelisation.  

Human vein endothelial cell (HUVEC) tube formation was significantly increased when cultured on 
Laponite gels premixed with 1-5 µg/ml VEGF (p = < 0.05-< 0.0001). Successful adsorption of BIO by 
Laponite from aqueous media was measured at early time points. There was substantial retention of premixed 
BIO by Laponite over 7 days with the only evidence of BIO release (4.76%) into aqueous media measured 
at 24 hours (p = < 0.01). Laponite hydrogels were successfully retained in vivo up to 21 days 
(subcutaneously) and 18 days (wounds). There was a significant increase in blood vessel ingrowth into 
subcutaneously injected Laponite gels premixed with 10-40 µg/ml VEGF after 21 days in healthy mice (p = 
< 0.05-< 0.0001). Treatment of back skin wounds of db/db mice with vehicle Laponite gels exhibited a 
significant increase in the rate of re-epithelisation (p = < 0.05) and improvement to wound healing quality 
both visually and histologically. No further improvements to the rate of wound closure, re-epithelisation and 
appearance (e.g. reduced redness) was present when treated with Laponite gels containing 40 µg/ml VEGF; 
1.1% alginate gel controls containing 40 µg/ml VEGF did exhibit improved wound closure suggesting that 
more rapid release of VEGF was more appropriate to a wound model that requires < 30 days recovery. 

These results show the potential of Laponite hydrogels localising biologically active molecules to 
skin injury sites and improving the rate and quality of wound healing. However additional in vitro analysis 
and a modified murine model that would better characterise impaired wound healing in human DFUs, would 
be required to explore these findings in greater detail.  
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1.1 Preface: Chronic Wounds & Tissue 

Engineering Intervention 

Chronic wounds are defined as skin injuries that fail to recover in an orderly and 

timely fashion. Restoration of anatomic and functional integrity of injured tissue 

is prolonged, requiring 4 weeks or more of recovery time (~3 months) [1]. In 

extreme cases, chronic wounds fail to fully recover and can result in the 

amputation of affected limbs [2].  

  

The physical and mental burden that is imposed on individual sufferers can be 

huge [1]. There are also massive financial implications that result from treatment 

and care regimens, many of which are inefficient and lead to poor outcomes; this 

has been predicted to cost more than $10 billion globally each year [3]. The 

number of people suffering with chronic wounds will continue to rise due to an 

ageing population [4, 5] and from the impact of other chronic diseases [5].  

 

More specifically, diabetes mellitus is a chronic condition that has a profound 

negative effect on an individual’s overall health [6]. Amongst other associated 

complications, the developmental risk of chronic wounds in diabetic people are 

increased. These wounds usually develop in the lower legs and feet of an individual 

and are commonly known as diabetic foot ulcers (DFUs) [7].   

 

In recent times, biomaterial and hydrogel-based wound interventions have been 

increasingly used as a method to treat serious chronic non-healing wounds to 

improve healing outcome [8]. These bioengineered strategies have additionally 

focused on the delivery of drugs or other exogenous bioactive molecules (e.g. 
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growth factors). This has become a huge area of interest as they have enormous 

potential for slow, sustained release of bioactive molecules to improve wound 

healing mechanisms in chronic wounds [9, 10]. However, delivery of these 

biomolecules in an economical and active form remains a significant challenge, 

often because of hostile proteinases that can degrade these molecules [10].  

 

Suitable biomaterial delivery ‘vehicles’ to transport them in an economical and 

sustained fashion remains elusive, but over the years great strides have been made 

within the hydrogel and nanocomposite research fields [10-12]. A material of 

specific interest that comprises many nanocomposite biomaterials are clays. Their 

unique properties (e.g. highly sorptive and viscoelastic) can be incredibly useful 

for creating materials with high mechanical strength with a great capability of 

retaining bioactive molecules [13-16].  

 

This chapter will address and compare current literature that documents recent 

biomaterial and hydrogel treatments that have shown potential at delivering 

bioactive molecules and improve DFU outcome. More specifically, it will: 

 

• Summarise the potential of nanoclay gels as novel “carriers” of bioactive 

molecules appropriate to improve wound healing. 

 

Prior to this however, a detailed summary of how diabetes increases the risk of 

chronic wounds will be explored. This will include: 

 

• An overview of diabetes mellitus, chronic hyperglycaemia and associated 

complications; 

• An overview of the major events associated with wound healing;  
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• The mechanisms behind chronic wound formation and persistence; 

• An overview of key bioactive factors that could be used for DFU therapy.   

1.2 Diabetes Mellitus 

Diabetes mellitus is a disease that, as of 2014, affected 422 million people 

worldwide [17]. Between 1996 and 2015, the number of people in the UK with 

diabetes increased from 1.4 million to almost 3.5 million [18]; it has been estimated 

that the number of sufferers will increase to 4.5 million by the year 2030 [19].   

Diabetes is characterised by a lack of insulin production, insulin function, or a 

combination of both that ultimately results in hyperglycaemia. Chronic 

hyperglycaemia can result in a multitude of long-term physiological complications 

including damage to various organs such as the nerves, kidneys, eyes, heart, and 

blood vessels [20].   

The disease is usually categorised into two separate types: type 1 and type 2 

diabetes mellitus. The incidence of type 2 is far higher than type 1, accounting 

for about 90% of all cases of diabetes [21]. 

1.2.1 Type 1 & Type 2 Diabetes Mellitus – A Brief 

Overview 

Type 1 diabetes is caused by an autoimmune response that attacks and destroys 

the pancreatic insulin-secreting β-cells of the islets of Langerhans, leading to 

severe insulin deficiency [22]. The destruction of β-cells are thought to be caused 

by a complex ensemble of cellular immune responses [23], with evidence that 

genetic [24, 25] and environmental factors [26, 27] both play a role. The discovery 
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of insulin in 1921 by Sir Fredrick Banting, James Collip, Charles Best and John 

James Rickard Macleod was ground breaking. It revolutionised diabetic care and 

has saved the lives of many people suffering with type 1 diabetes [28, 29]. In more 

recent years, technological advancements in the form of blood glucose monitoring 

and insulin pump therapy have improved the control of type 1 diabetes. This has 

allowed sufferers of the disease to lead more normal lives and an increased life 

expectancy [30]. 

Type 2 diabetes is a heterogeneous disorder that is defined by a combination of 

insulin deficiency and insulin resistance leading to poor cellular uptake of glucose 

and elevated glucose concentrations in the bloodstream [31]. As with type 1 

diabetes, an individual’s susceptibility to type 2 diabetes is also determined by 

genetic and environmental factors. However, unlike type 1, deficiency and 

resistance to insulin are not caused by the complete destruction of β-cells by the 

host’s immune system. Instead it is the combined effect of β-cell dysfunction, 

which leads to reduced insulin output [32, 33] and the host cells becoming 

desensitised to insulin. Genetic factors also play a significant role in an individual 

developing type 2 diabetes; recent research has identified various polymorphisms 

that may lead to increased susceptibility [34, 35].  

1.2.2 Acute & Chronic Complications of Diabetes 

People suffering with diabetes can exhibit acute and chronic complications during 

their lifetime. The risk of developing these complications depends on a variety of 

factors, with most of them linked to poor control of plasma glucose levels in the 

blood; this is known as hyperglycaemia or hypoglycaemia. Hyperglycaemia is 

defined as an individual who has a fasting plasma glucose level of ≥ 7.0 mmol/l 

(126 mg/dl) or a plasma glucose level ≥ 11.1 mmol/l (200 mg/dl) following 
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ingestion of a 75 g glucose load [36]. Lack of insulin released into the bloodstream 

(either full or partial deficiency) means that blood sugar rises uncontrollably as 

cells (particularly adipose and muscle cells) are not signalled to take up glucose. 

Acute complications of diabetes include diabetic ketoacidosis (DKA), 

hyperosmolar non-ketotic coma (HNC), lactic acidosis (La) and hypoglycaemia 

[37].  

In addition to acute complications, people with diabetes also face a host of 

chronic, long-term problems that can cause increased morbidity and mortality. 

Chronic hyperglycaemia is considered the major causative factor behind many of 

these long-term issues. The most common include the reduced ability to heal, 

micro- and macrovascular problems, neuropathy, retinopathy and nephropathy 

[38, 39]. Many of these problems are interrelated, having an impact on one another 

that can result in further difficulties. This is very much the case with the 

formation of chronic wounds and foot ulcers. 

1.2.3 The Role of Hyperglycaemia in Chronic 

Diabetic Complications  

Over the past 50 years there has been a great deal of research that has enhanced 

our knowledge about hyperglycaemia and its negative long-term effects. It is 

generally understood that excessive levels of glucose within the blood stream lead 

to increased cellular uptake within specific types of cells, particularly vascular 

endothelial cells, neuronal cells and retinal cells [40].  

Following excessive intracellular glucose uptake there are a variety of metabolic 

pathways that can become dysregulated, produce damaging metabolites. These 
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mechanisms include: (1) increased flux through the polyol pathway [41], (2) 

increased formation of advanced glycation end-products (AGEs) and receptor for 

AGEs (RAGE) [42], and (3) increased activation of protein kinase C (PKC) 

isoforms [43].  

1.3 Chronic Wounds and the Diabetic Foot 

Ulcer Pathogenesis 

The diabetic foot is defined as a pathological lower limb disorder that is either 

caused directly from diabetes or its associated long-term complications. Minor 

skin trauma to diabetic feet can potentially be disastrous, leading to a non-healing 

chronic wound often characterised as a diabetic foot ulcer (DFU). Individuals 

suffering with type 1 and type 2 diabetes are at risk of developing a DFU. The 

causes behind their formation and progression are multifactorial, however the risk 

of one forming is dictated by individual patient physiology as well as 

environmental factors [39].  

DFUs are more prominent in people over the age of 60, with evidence that men 

develop ulcers more than women [44]. People that have suffered with diabetes for 

longer are more likely to develop an ulcer. In addition, patients with better blood 

glucose control are less likely to develop a DFU [45]. Studies have also shown that 

foot ulcer incidence is higher in Caucasian compared to Asian populations [46]. 

Other factors such as low socioeconomic status and poor education are also 

associated with increased risk [47]. However, diabetic individuals that already 

have a history of ulcers and lower extremity amputations are more likely to 

develop further DFUs [48].  
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The causative pathway of DFU formation is very complex. It is best summarised 

as a complication resulting from neuropathy, ischaemia and trauma. One of these 

aetiologies alone may not cause formation of ulcerative tissue, it is only when 

neuropathy, ischaemia or both occur in combination with trauma that problems 

can arise (e.g. callus formation, damage from walking bare foot and infection). 

These factors also impact on the healing of an existing ulcer that can (in some 

circumstances) never fully recover.  

Therefore, DFUs are often characterised as chronic non-healing wounds. A review 

by Mustoe [49] suggested that chronic wounds can be broadly divided into 4 major 

casual groups: (1) cellular and metabolic changes associated with ageing (2), 

underlying disease state, (3) repeated reperfusion injury events and (4) bacterial 

infection that results in prolonged state of inflammation.   

1.4 Normal Wound Healing 

The skin is the largest organ of the integumentary system. It is a truly 

multifunctional organ that not only serves as the outer covering that protects the 

body from external stimuli (e.g. damage, pathogens and water loss), but is 

essential for the regulation of body temperature, sensation, and vitamin D 

synthesis. It is broadly separated into three different layers; the epidermis, dermis 

and hypodermis (subcutaneous layer) [50].  

After skin tissue becomes damaged, underlying tissue may become exposed to 

various unwanted environmental factors. Swift action to repair skin breakage is 

essential so that normal physiological functions can be restored in the shortest 

time possible. This can be described as acute wound healing; an uncomplicated, 
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elegant and infection-free tissue recovery process that exhibits minimal scarring 

and negligible loss of physiological function [51]. 

The process of wound healing is complex and is initiated almost immediately 

following skin trauma. It can be categorised into four distinctive, yet overlapping 

events known as: haemostasis, inflammation, proliferation and remodelling. Both 

illustrations shown in Figure 1.1 and Figure 1.2, in addition to the following 

subchapters, breakdown and explain each stage in detail.   

1.4.1 Haemostasis 

Immediately following damage to skin and its underlying blood vessels, platelets 

within the blood plasma are exposed to various extracellular proteins (e.g. fibrillar 

collagen). Platelets that bind to these proteins undergo a change in morphology 

and become activated [52], which causes them to congregate at the wound site to 

form a ‘platelet clot’ (Figure 1.1. i).  

Following platelet adhesion, activation and aggregation, the clotting cascade/ 

coagulation is the next stage in haemostasis, also known as secondary 

haemostasis. There are two coagulation pathways; the intrinsic and extrinsic 

pathways. Although each pathway is distinct and initiated in an unique way, 

both share commonalities that ultimately leads to the production of a stable fibrin 

clot [53].   

The fibrin clot that is created by the coagulation cascade at the wound site acts 

as temporary shield against environmental factors. It also generates a suitable 

microenvironment for inflammatory cellular migration, initiates the tissue 

movements of re-epithelialisation and connective tissue contraction, and 

stimulates the production of new blood vessels. This is supported by the 
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production of cytokines and cell signalling molecules by activated platelets (Figure 

1.1. i) [54]. 

1.4.2 Inflammatory Stage 

Following haemostasis, inflammatory cells are recruited to the wound site and 

remove cell debris, prevent infection and begin to produce various cytokines to 

orchestrate cell movement and proliferation [55]. Immediately following fibrin clot 

formation, chemical mediators secreted by platelets initiate the recruitment of 

neutrophils (occurs within minutes to an hour). It has been shown that 

neutrophils engage with activated platelets during the initial stages of 

inflammation through a process of tethering; as neutrophils pass by immobilised 

platelets, which are attached to the blood vessel wall, they tether to p-selectin on 

platelets. This in turn promotes neutrophils to adhere to endothelial cells [56]. 

The high concentration of inflammatory mediators and the presence of 

prostaglandins causes blood vessels at the site of the wound to vasodilate, allowing 

more inflammatory cells to aggregate and become activated. Increasing numbers 

of neutrophils may be found within the wound due to a concentration gradient of 

chemical mediators, including interleukin-8 (IL-8) [57], transforming growth 

factor-β (TGF-β), IL-1 and tumour necrosis factor TNF-α [58] (Figure 1.1. ii). 

The number of neutrophils reaches its peak 24 to 48 hours after skin injury [59]. 

Neutrophils primarily phagocytose bacteria and cell debris, however they can also 

destroy bacterial cells through degranulation (the release of bactericidal 

substances). In addition, research has shown that they release chromatin and 

protease ‘traps’ as a way of inhibiting bacterial cells [60]. 
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Circulating monocytes in the blood stream differentiate into macrophages 

following recruitment to the site of the wound (Figure 1.1. ii). Macrophages are 

present in small numbers after initial skin trauma, but following early 

inflammation, neutrophils are increasingly replaced with macrophages. Providing 

that there are minimal infectious cells present at the wound site, neutrophils 

undergo apoptosis. This process releases a huge burst of cytokines and a resultant 

of increased chemotaxis of macrophages. This is an important aspect of 

macrophage recruitment during wound healing; it has been shown to be 

responsible for the massive influx of macrophage cells 48 hours post injury [61].   

Macrophages are responsible for phagocytosing any remaining bacterial cells and 

cell debris, which include the remnants of neutrophils following apoptosis. They 

are responsible for secreting an assortment of pro-inflammatory cytokines (IL-1 

and IL-6) and growth factors (TGF-β, epidermal growth factor (EGF), fibroblast 

growth factor (FGF), TNF-α, platelet-derived growth factor (PDGF) and 

vascular endothelial growth factor (VEGF) (Figure 1.1. ii). The arrival of these 

growth factors acts as a cue for the wound healing process to move forward 

towards final stages by stimulating proliferative and regenerative cells [62]. 

1.4.3 Proliferation Stage 

As the inflammatory response begins to subside there is a distinct shift towards 

tissue repair. During this stage, there are three important distinct phases that 

occur; (1) formation of granulation tissue and the extracellular matrix (ECM), 

(2) neovascularisation and (3) re-epithelialisation (see Figure 1.1. iii) [60]. 

At around three days following injury, fibroblasts begin to proliferate at the 

wound site [63]. They are responsible for laying down key components of the 

extracellular matrix (ECM) including: hyaluronan, proeteoglycans, fibronectin 
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and type 1 and type 3 collagen. ECM is an essential component of healing skin 

tissue providing a suitable environment for cells to grow, divide and differentiate 

[64].   

Collagens are the most abundant protein within the ECM and are important for 

many of the ECM functions listed above [65]. Type 3 collagen is secreted by 

fibroblasts in greater quantities during wound healing than in skin homeostasis 

(30-40% compared to the 20% present in unwounded skin) [66]. During the latter 

stages of healing type 3 collagen is replaced with type 1 collagen [67], marking 

the transition into the remodelling stage. Importantly, after a substantial increase 

in collagen deposition within the first three weeks the rate stabilises after around 

21 days; this is due to the reduction in proliferation of fibroblasts [68].  

TGF-β, PDGF, TNF-α, FGF, and VEGF secreted during the inflammatory stage 

by platelets and macrophages stimulate angiogenesis (Figure 1.1. i-iii) [69-74]. 

This is essential because proliferating cells like fibroblasts, epithelial cells, 

keratinocytes and plasma B cells all require constant delivery of oxygen, nutrients 

and cytokines/growth factors supplied by blood [75].  

Nearby endothelial cells respond to proangiogenic factors by activating mitosis, 

cell movement and secretion of molecules that initiate host cells to further secrete 

proangiogenic factors. More specifically the angiogenic cascade includes: protease-

dependent degradation of the basal membrane facilitating endothelial cell 

movement through the extravascular space, chemotaxis and increase in vascular 

permeability, endothelial proliferation, remodelling and differentiation [76, 77]. 

The most dominant angiogenic factors that initiate this cascade of events are 

FGF and VEGF (Figure 1.1. iii) [78-80]; in vitro and in vivo studies have shown 

that they work in a synergistic manner [75].  
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After stimulation of growth factors, endothelial cells proliferate and traverse 

towards the site of the wound, also known as ‘sprouting’ [76, 77]. Matrix 

metalloproteinases (MMPs) and serine proteases (particularly the plasminogen 

activator (PA)–plasmin system) are enzymes that are commonly associated with 

angiogenic-dependent ECM degradation. Following degradation, endothelial cell 

junctions become relaxed and pericytes dissociate. Exposed endothelial ‘tips’ are 

able to extend into the degraded extravascular space and chemotactically respond 

to proangiogenic growth factors. The destruction of the ECM, which acts as a 

storage cytokine ‘pool’, leads to an increase in local proangiogenic cytokine 

concentration [76, 77].   

As endothelial cells migrate, plasma proteins (e.g. fibronectin and fibrin) within 

the existing vessel leak out into the extravascular space providing a provisional 

matrix. This gives cells a supporting structure which enables tube formation. 

Eventually, vascular endothelial-cadherin (VE-cadherin) tight junctions form 

between adjacent endothelial cells creating vessels with lumens [76, 77].  

Following the establishment of the ECM, vascular supply and mitogenic cytokine 

pool, various cell types undergo rapid proliferation. It is at this stage that the 

wound site will appear pink and fibrous in nature and it is commonly known as 

granulation tissue. Fibroblasts differentiate into myofibroblasts where they 

organise themselves along the edge of the ECM and generate a constrictive force; 

this aids in contraction and closure of the wound [81].  

Neighbouring keratinocytes at the wound edge and epithelial stem cells from the 

hair follicles or sweat glands are responsible for the re-epithelialisation process 

[82]. Keratinocytes can re-epithelialise the wound bed in one of two ways: either 

by moving across the matrix proteins covering the wound bed in a ‘rolling’ [83] 
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or ‘sliding’ motion [84], undergoing mitosis and differentiation. Cell migration 

ceases once opposite keratinocytes meet each other due to contact inhibition [85].  

The ‘rolling’ or ‘sliding’ motion remains controversial and is still currently 

unknown which one is more accurate at describing re-epithelisation. This is still 

an area of intense research with various updated models suggested in recent years 

[86, 87].  

1.4.4 Remodelling Stage 

Remodelling is the final stage of wound healing. It is a lengthy process that can 

take up to two years to complete and involves the maturation of the wound bed, 

and the cessation of the proliferation in the previous stage (see Figure 1.2 A) [88]. 

Over the course of this stage the ECM gradually transforms to a more stable 

structure, mainly due to a shift in collagen deposition where type 3 fibres are 

substituted with type 1 [67] (Figure 1.1. iv). This recreates a structure that is 

comparable to unwounded tissue yet is almost always physiologically inferior. 

Collagen deposited by fibroblasts is not uniformly organised and this results in 

reduced tensile strength and elasticity (the maximal strength that is usually 

achieved is approximately 80%) [89]. Sweat glands and hair follicles are also 

usually absent. The resulting structure that replaces the wound is characterised 

as a scar (Figure 1.1. iv). Over time a newly formed scar will show signs of 

maturity by exhibiting a distinct change in colour from red to pink to grey [60].   



 

 

 

Figure 1.1. Phases of normal wound healing(adapted from [90], see main text for details). (i) Haemostasis: Platelets react to tissue damage and form a stable clot. (ii) Inflammation: 
Neutrophils initially phagocytose bacteria. They are subsequently replaced by macrophages, secreting an array of cytokines. (iii) Proliferation: Cell growth increases, granulation 
tissue, angiogenesis and re-epithelialisation occurs; many cell types/cytokines involved. (iv) Remodelling: Tissue remodelled to form a fibrous scar. 
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1.4.5 Impaired Wound Healing in Diabetes  

Individuals suffering with diabetes have an increased risk of wound healing 

complications, mainly due to having a suppressed immune system. In addition, 

they are also susceptible to neuropathy and vascular problems. These factors have 

collectively been described as the triad of issues that cause ulceration of the foot. 

This however, is a very crude generalisation as the triad does not incorporate the 

risk of infection as a potential cause. Nor does it describe the domino effect that 

one pathogenic problem can cause leading to another, which in turn creates a 

wound that can never properly heal [39]. 

Wound healing deficiencies in people with diabetes are characterised by a variety 

of physiological deficiencies. Some of the major factors include impaired cytokine 

and growth factor production [91, 92], impaired macrophage function [93, 94] and 

failure to provide an adequate blood supply to the wound.  

One vital difference that occurs in a diabetic wound compared to a non-diabetic 

wound is the abnormal extension in time of inflammation (refer to Figure 1.2 B) 

[95]. This can progress to a state where inflammatory cells, such as neutrophils, 

are always present and prevents the normal cascade of healing to occur [95, 96]. 

In turn, this can affect the overall environment of the wound; various cell types 

do not become activated, inhibiting the production of essential cytokines [95, 96]. 

In addition, increased presence of neutrophils in chronic wounds leads to more 

degradative enzymes and include, MMPs (specifically MMP-8) and neutrophil-

derived elastase [97-99].  
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Microcirculatory defects due to endothelial cell dysfunction lead to a reduction in 

a thickening of the capillary size, basement membrane and reduction of blood 

supply to the wound bed; consequently, nutrient, cytokine and cellular delivery 

is compromised. In addition, vascular synthesis is inhibited, a situation negatively 

affecting both vasculogenesis and angiogenesis. AGEs have been suggested to play 

a pivotal role in reducing vasculogenesis; they have been shown to decrease nitric 

oxide (NO) bioavailability in late epithelial cells (EPCs) that negatively affects 

their migratory, adhesive and secretory action [100]. Impaired angiogenesis is 

caused by poor production of important angiogenic growth factors, namely 

vascular endothelial growth factor (VEGF) [101], platelet derived growth factor 

(PDGF) [102, 103], insulin like growth factor (IGF-1) [104], epidermal growth 

factor (EGF) [105] and interleukin 8 (IL-8) [106]. 

The bioactivity of secreted growth factors is hindered further by uncontrolled 

proteomic degradation. Amongst others (e.g. PDGF-BB, TGF-β [99]) VEGF has 

been shown to be susceptible as a study by Lauer et al [107] documented that 

plasmin can unwantedly facilitate its degradation. They also showed that in a 

chronic wound setting that VEGF transcription is likely to be increased, however 

this study was not specific to diabetic wounds. This further highlights the negative 

impact that diabetes has on a chronic wound environment and the many ways 

DFUs can arise.  



 

 

 

Figure 1.2. Normal vs chronic wound healing timeline (see main text for further details). (A) Normal wound: The overlapping stages of wound healing occur in a timely manner. 
(B) Chronic wound: Inflammation stage of wound healing is prolonged due to excessive proteinases and inflammatory signal molecules. This impacts on cytokine production and 
cell growth which results in an increase in cell senescence and death; proliferation and matrix remodelling is inhibited.  
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Aberrant cell signalling in DFUs, overproduction of proteases and response to 

bacterial invasion can cause fibroblasts and keratinocytes to enter a senescent 

state. Senescence is displayed when metabolically active cells are unable to 

undergo any further mitotic divisions. Although this is common in aged cells that 

have shortened telomeres, senescent cells in DFUs are commonly associated with 

stressful stimuli (e.g. Deoxyribonucleic acid (DNA) damage, oxidative stress) 

mimicking the effects of ageing [108]. These events are dependent on blood glucose 

control, duration of suffering with diabetes, environmental factors (e.g. repeated 

trauma events) and age.          

1.5 Diabetic Foot Ulcer Prevention & 

Treatment 

1.5.1 DFU Classification  

Preventing formation in the first place the most desirable approach and can be 

achieved by good blood glucose control. Ensuring that hyperglycaemia is kept to 

a minimum there is an emphasis to educate individuals with diabetes to maintain 

strict blood glucose control; a comprehensive study carried by The Diabetes 

Control and Complications Trial (DCCT) in 1993 showed that by implementing 

an intensive glucose control regimen, the progression and effects of diabetes-

related complications can be significantly reduced in those suffering with type 1 

diabetes [109].  

Sufferers of diabetes are also made aware of potential complications that an 

individual may endure as the disease progresses. To minimise foot complications, 

it is recommended that individuals with diabetes regularly check their feet for 
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signs of diminished sensitivity, pain, vascular problems and trauma. On a positive 

note, it is thought that 69% of the adult population with diabetes are at low risk 

of ulcer formation [110]. People in this group have no symptoms of neuropathy 

and ischaemia; 99.6% of them will not develop an ulcer in a 2-year period [110]. 

In the UK, these people are not expected to have routine podiatry care, however 

it is still recommended that they have an annual check-up [111].  

1.5.2 Current DFU Treatments and Their 

Limitations 

The standard practice for DFU treatment includes: wound debridement, infection 

control, revascularisation procedures and ulcer offloading. This approach can be 

successful depending on the progression of an ulcer and the physiological and 

environmental state of the patient [112].  

Wound debridement involves the removal of necrotic tissue and wound debris 

that (both of which inhibit the healing process of a chronic wound). It also 

significantly decreases the risk of infection because it removes a source of bacterial 

nutrition at the wound site. Devitalised necrotic tissue can look yellow, wet and 

stringy in appearance and is often known as slough [113]. Importantly, necrosis 

and debris can cause dysregulation of the wound healing cascade, marked by 

increased inflammation. Overproduction of inflammatory cytokines from 

neutrophils and macrophages up-regulate secretion of matrix metalloproteinases 

(MMPs) during the proliferation stage. Although MMPs are required for natural 

wound debridement during normal wound healing, their overproduction is 

thought to be hallmark of DFU pathogenesis [114]. 
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Various forms of debridement are currently used during DFU care in the UK. 

These include: autolytic, mechanical, larval therapy (biosurgical), ultrasonic, 

hydrosurgical, sharp and surgical debridement [102]. Sharp debridement is 

considered the ‘gold standard’ for DFU care, however it is not necessarily more 

effective than the other debridement methods listed and there is not conclusive 

evidence that any single method of debridement is the best [103]. Sharp 

debridement involves surgical removal of dead tissue using scalpel or forceps until 

a healthy bleeding ulcer site is created; care and attention to not disrupt healthy 

granulation tissue must be undertaken for this method to be successful [115]. 

When the lower limb is affected by severe ischaemia then revascularisation 

procedures can be carried out. A revascularisation procedure will either involve a 

bypass or an endovascular technique (e.g. transluminal angioplasty, subintimal 

recanalisation or a hybrid of both) [116]. The goal is to re-establish adequate 

perfusion of the lower limb and in extreme cases salvage the limb from amputation 

[117].   

Offloading techniques can be used as both a preventative method and as a 

treatment. If sensitivity examinations indicate diminished sensitivity, specialised 

footwear can be recommended to inhibit the pressure on high risk areas of the 

foot. If there is an existing ulcer, offloading is essential because it improves the 

healing capacity of the wound and reduces repeated trauma [112].  

While standard diabetic foot care does improve the recovery of chronic wounds, 

in many cases it is not effective enough; current statistical data suggests that up 

to 84% of amputations would have been preceded with a DFU [2]. In the UK, it 

is suggested that the amputation rate is increasing and could be as high as 7000 
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per year by 2015 [118]. Also, many of these standard treatments are invasive and 

rather extreme and usually require the expertise of highly trained doctors or 

podiatrists. 

The choice of dressing is another key aspect of standard DFU wound care. It has 

been known for many years that a moist environment improves the rate of 

epithelisation during healing [119, 120]. This type of environment can be 

maintained by using suitable occlusion dressings [121]. However, the application 

of moist dressings to chronic diabetic ulcers requires careful consideration because 

they sometimes negatively impact wound recovery (e.g. excess production of 

exudate leading to skin tissue maceration) [122].  

Many of the standard care procedures described above are reliant on the natural 

healing process. Therefore, the chance of an ulcer progressing to the latter stages 

and ultimately requiring amputation of lower limbs remains high. As impaired 

wound healing is a core feature of DFU progression there has been a great focus 

in recent years to try and investigate the mechanisms that cause disruptions in 

the wound healing cascade.  

1.6 Factors That Could Improve Chronic 

Wound Healing and DFUs 

An area of significant interest is delivery of essential growth factors or biological 

active molecules directly to the wound site to improve cell signalling, 

differentiation and proliferation. In addition, cell therapy based approaches 

attempting to replace expired or senescent cells to achieve tissue regeneration 

would be advantageous [123].  
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However, the regeneration potential of adult tissue during wound healing is 

limited, where original tissue is replaced with physiologically inferior fibrous 

tissue. The formation of fibrous ‘scar’ tissue is partly due to inefficient collagen 

deposited by fibroblasts [123]. Furthermore, cutaneous adult healing does not 

recover through a regenerative process even though it has been shown that 

multipotent epidermal stem cells exist within hair follicle bulb [124, 125] and 

undifferentiated mesenchymal cells are present within the dermis [126]. Activation 

of these stem cells may provoke cell regeneration and could restore cell integrity 

and reverse senescence in a chronic wound [123].  

The rationale for use of growth factors as a DFU therapy was based on early 

animal studies. These investigated important growth factors (PDGF-BB, TGF-β, 

EDF, and FGF-2) and showed that PDGF-BB had the potential to increase 

granulation, tissue formation and re-epithelisation in chronic wounds [127, 128]. 

To date, only recombinant PDGF-BB (rhPDGF) (Becaplermin, trade name is 

Regranex) has been approved in the UK for the treatment of chronic wounds and 

diabetic ulcers that are ≤ 5cm2 in size [129]. Its positive stimulation of 

macrophages, fibroblasts and vascular endothelial cells means that it can promote 

healthy granulation tissue formation and angiogenesis [130]. The approval to use 

rhPDGF-BB treatment was based off several randomised control trials 

(measuring its efficacy and cost-effectiveness), and since has become available 

globally [131-133].  

A double-blinded study by Steed [132] indicated that administration of 

Becaplermin gel to DFUs achieved complete wound healing in 48% of patients 

compared to 25% of patients treated with a placebo (p = 0.01). A subsequent 

study by Wieman, Smiell and Su [134] also showed a significant difference with 
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administration of Becaplermin gel however only at a higher concentration (50% 

Becaplermin-treated vs 35% placebo-treated, p = 0.01). Two other studies 

compared classical treatment therapies with Becaplermin gel therapy [131, 133]. 

The results were contradictory and indicated that there was no significant benefit 

with using PDGF treatment compared to classical therapy [131].  

The limitations of growth factor therapy are often attributed to poorly controlled 

delivery and excessive growth factor degradation within chronic wounds [135]. 

Therefore, alternative strategies to alter the milieu of a chronic wound could be 

investigated. A possible approach could be to exploit the highly conserved Wnt 

signalling pathway to stimulate differentiation of stem cells and test if it promotes 

skin regeneration [136]. As for a possible growth factor, exogenous VEGF could 

be introduced to promote angiogenesis and potentially restore a functional 

vascular network. Such approaches will require effective delivery methods to 

ensure that biologically active proteins or molecules are not degraded. 

Furthermore, it should be accessible to cells so that a suitable regenerative 

microenvironment is established.           

1.6.1 Vascular Endothelial Growth Factor (VEGF) 

VEGF is a well-documented growth factor that is responsible for increasing 

vascular permeability, endothelial cell signalling and proliferation to stimulate 

angiogenesis [137].  

VEGF exists as a family of proteins with a total of five members: VEGF-A, 

VEGF-B, VEGF-C, VEGF-D and placental-derived growth factor (PlGF). The 

most important and most characterised member is VEGF-A, especially in wound 

healing [79]. It was the first member of VEGF family to be discovered and 
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extensively researched, so for this reason it is often referred as VEGF. It is a 

homodimeric glycoprotein that exists in many different isoforms. 

In humans, there have been shown to be several VEGF-A isoforms, all named 

VEGFxxx. The xxx refers to the number of amino acid residues the variant consists 

of, all of which is achieved by alternative splicing of pre-Messenger ribonucleic 

acid (pre-mRNA) from a single gene [138]. The most biologically understood 

spliced variants are VEGF121, VEGF165, and VEGF189 [139-142].  

VEGF164 (165) is described as the perfectly ‘balanced’ isoform in vivo, as it is 

biologically more available than VEGF189, yet exhibits a similar mitogenic 

potency. Conversely it is less diffusible than VEGF121, but its impact is for 

angiogenic signalling is vastly more effective [143, 144]. This is supported by the 

fact VEGF121 exerts a 100-fold less mitogenic effect on vascular endothelial cells 

and in turn, produces a more disordered pattern of vessel growth [145]. The slight 

functional differences present between VEGF isoforms suggests that VEGF165 is 

the most promising candidate for ectopic application of VEGF for therapeutic 

benefit. 

1.6.1.1 VEGF Application to Improve Chronic Wound 

Healing 

Numerous studies have assessed VEGF165-based treatments to improve wound 

healing outcome in chronic wounds. A study by Peppe et al [140] showed that 

adenovirus-mediated transfer of the human VEGF165 gene into CD1 

streptozotocin-induced diabetic mice wounds improved wound recovery compared 

to saline-treated controls; encouragingly, the rate of recovery was comparable to 

normal healing in healthy CD1 mice.  
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Another study by Galiano et al [146] topically applied recombinant VEGF165 to 

full-thickness wounds on db/db mice; they documented a significant improvement 

in wound closure size in VEGF-treated wounds compared to phosphate buffered 

saline (PBS) controls (p = < 0.05) 5 days post wounding. After 10 days, there 

was a 225% increase in granulation tissue area (p = < 0.05) and a 3.4-fold increase 

(p = < 0.001) in CD31 antigen staining; the former showed that the proliferation 

stage occurred much sooner during healing, whereas the latter was a good 

indicator that there were more blood vessels present.  

Although these studies have shown some promising data, a VEGF-based therapy 

for DFUs has yet to reach the clinic. The drawback with topical-based VEGF 

treatment is that frequent applications are required to ensure sustained delivery 

occurs, which has an impact on cost and safety of the treatment. Furthermore, 

the biological stability of VEGF has also been questioned due to having a short 

half-life in vivo (≤ 30 minutes in blood plasma) [147]. This means a more effective 

delivery vehicle is required that ensures controlled, sustained and protected 

delivery of VEGF to the wound site.              

1.6.2 The Wnt Signalling Pathways 

Wnt based strategies have also been explored as an alternative to VEGF. Wnt 

signalling is formed by a group of signal transduction pathways that are controlled 

by a group of secreted Cys-rich proteins that are evolutionarily conserved. These 

have been conventionally divided into two subclass pathways: the canonical (β-

catenin dependent) and the non-canonical pathway (β-catenin independent). 

These subclasses should only be used as a general guide as there are many 

upstream pathways that interact between the two [148].  
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1.6.2.1 The Canonical (β-catenin dependent) Pathway 

The canonical pathway is the most understood Wnt signalling pathway. It is 

defined by the cytosolic accumulation of β-catenin that subsequently translocates 

into the nucleus where it activates Wnt target gene expression [149].  

Figure 1.3 illustrates the two main pathways of the canonical pathway. Following 

Wnt ligand binding to Fz and LRP5 and 6, a member of the Dishevelled (Dvl) 

proteins is recruited to the Fz receptor through its PDZ domain and 

oligomerisation of its DIX domain. Subsequently, Axin and GSK-3 associate with 

Dvl, disrupting the β-catenin destruction complex. Stable β-catenin translocates 

to the nucleus where it interacts with T-cell factor/lymphoid enhancer factors 

(TCF/LEF transcription factors) and initiates gene expression (Figure 1.3 A) 

[149].  

β-catenin production by cells is regulated through a degradation mechanism which 

is controlled via binding of Wnt ligands to an appropriate Wnt receptor. Thus, 

in the absence of a Wnt ligand the β-catenin population is targeted by a protein 

complex and ultimately degraded [150] (Figure 1.3 B).   
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Figure 1.3. Diagram representing the canonical (β-catenin dependent) Wnt pathway (figure adapted from 
Behrens [151]). (A) The presence of Wnt protein binding to Fz causes Dishevelled (Dvl) to associate with 
GSK3 that inhibits the β-catenin destruction complex from phosphorylating β-catenin for proteasomal 
destruction. β-catenin can then translocate to the nucleus and activate gene expression of key regulatory 
genes. (B) When there is absence of Wnt protein binding the Frizzled (Fz) receptor, β-catenin is degraded 
by the β-catenin destruction complex and is unable to activate Wnt-related gene expression. 
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1.6.2.2 The Role of Wnt Signalling for Skin Homeostasis 

and Wound Healing 

Wnt signalling is known to be essential for the regulation, maintenance, self-

renewal and differentiation of stem cells in adult mammalian tissue. It has been 

shown that interfollicular stem cells require autocrine signalling to maintain self-

renewal [152]. Stem cells that reside within the hair follicle bulge have also been 

documented to be in direct control by Wnts [153]. These stem cells are important 

for cutaneous wound repair [154, 155] and recent evidence has shown that 

stimulating the canonical Wnt pathway can augment the healing process [136]. 

Thus, treatment of non-healing wounds using Wnts or Wnt agonists may offer 

significant benefits that improve wound recovery.  

1.7 Biomaterial Hydrogels, Drug Delivery 

and Nano-clay for Wound Healing 

Therapy 

The earliest evidence showing benefits of hydrogels in biomedical applications was 

provided by Wicherle and Lim in 1960; they had developed a synthetic polymer 

hydrogel, poly(hydroxyethyl methacrylate) (pHEMA), that was used as a 

material for soft contact lenses [156]. Since then, hydrogels have played an 

essential role within the biomedical field. Their applications as biomaterials to 

treat various diseases and defects has had an important impact on improving 

human health. This includes products that are used for hygiene purposes, tissue 

engineering, wound dressings and drug delivery [9].  
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The primary reason why hydrogels are suitable for biomedical applications are 

due to their unique structural properties. They consist of three-dimensional, 

hydrophilic, polymeric networks capable of retaining copious quantities of water 

or biological fluids. Their high-water content and flexible structure allows them 

to integrate well with biological tissue, with minimal risk of host rejection [157]. 

Traditional hydrogels consist of synthetic or natural polymers, exist as 

homopolymers or copolymers and can be cross-linked by chemical or physical 

means [158]. 

Though hydrogels alone can improve wound healing outcome [159, 160], their 

capabilities as drug carriers [161] has provided further opportunities in the fields 

of wound care and tissue engineering [10]. Reflecting this, there is a large field of 

ongoing research that is attempting to deliver small or large molecular weight 

drugs and other bioactive agents in a time-controlled, site-specific manner using 

hydrogels [10, 162-165].  

The specific benefits that hydrogel-based materials can offer to wound healing 

was first demonstrated by a landmark paper published in 1962 by George D. 

Winter [119]. This research provided evidence against the notion that skin wounds 

healed more quickly when exposed to air (promoting the formation of a scab). A 

moist environment was shown to double the rate of re-epithelisation, which the 

author attributed to greater migration of leucocytes and epithelial cells into the 

surrounding wound exudate.  

Shortly after this publication, medical researchers were curious to develop better 

ways to promote moist wound healing. Naturally, hydrogels were of significant 

interest due to the hydrophilicity and biocompatibility that had been documented 
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two years earlier [156]. The pHEMA hydrogel was subsequently patented 

manufactured under its trade name, Hydron [166] and was investigated early on 

as a dressing to help treat burn wounds [159, 160]. 

In the decades that followed, the development of advanced wound dressings 

containing hydrogels had increased significantly; these include ActiFormCool® 

(Activa), Aquaflo® (Covidien) and can be applied to an array of different 

cutaneous wound types [167, 168]. Hydrogels within these dressings are either 

amorphous gels or sheet gels; amorphous hydrogels are flexible and soft that 

reduce in viscosity as they absorb fluid whereas sheet hydrogels are less flexible 

and swell when fluid is absorbed, yet retain their structural integrity [167, 168]. 

Many hydrogel-based drug delivery systems are now more sophisticated and are 

formed from composite materials. These materials attempt to address the inherent 

problems of many hydrogel systems or augment their capabilities further. These 

include; improving mechanical strength [169, 170], enhancing biomolecule release 

kinetics [171, 172], improving gel porosity [173] and creating self-assembling gels 

with stimulus-specific properties [174]. 

One group of materials of significant interest that have been used as additives for 

hydrogel enhancement are clays [175, 176]. Clay minerals exhibit unique sorptive 

properties due to their charged structure and small size (nanometre particulate 

crystals), which can aid in improving gel strength [177] and improve retention of 

bioactive molecules for drug delivery [14]. Clay minerals alone can even be 

formulated into hydrogel-like materials, formed by electrostatic interactions 

between clay particles, inter-clay cations and water molecules [14, 178]. Whilst 

these nano-clay gels are not created by any form of polymer-based crosslinking, 
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they exhibit many of the beneficial properties that hydrogels can offer in a wound 

healing milieu. A definition that better describes materials that deviate from 

standard hydrogel formulations (like those containing nano-clays) could be classed 

as hydrocolloids [179, 180]. The true definition of a hydrocolloid would be a 

colloidal suspension of nanoparticles (the biomaterial) in gel phase which consists 

primarily of water [179].     

As the technologies into biomaterial drug delivery and production of advanced 

wound dressings evolved, various derivatives of hydrogels have been formulated. 

There are now hydrogel-based films that have the potential to coat materials and 

deliver drugs [181]. As mentioned previously, many different composite materials 

can create hydrogel formulations described as hydrocolloids. Some hydrogel 

technologies now involve the use of 3D-printing [182] and production of 

electrospun nano-fibres [183] for increased strength, durability, compatibility with 

biological tissues and drug delivery.  

Combining all current knowledge on the benefits of hydrogels for improving 

wound healing and drug delivery, there are many opportunities for better, novel 

treatments to be formulated. Desirable outcomes for successful novel drug delivery 

treatments are that they are simple, cheap and easy to administer within the 

clinic [184]. Sustained, slow-releasing delivery of bioactive factors would be 

essential as this ensures that beneficial effects are translated in a safe manner 

[185]. Furthermore, many bioactive factors are produced at considerable expense 

so economical delivery is also important for future-proofed therapies [184]. The 

use of clay-based hydrogels address many of these requirements and therefore 

offer great promise towards a novel DFU therapy.    
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1.7.1 Current Biological Applications of Clays  

Clay is defined as a fine-grained material consisting primarily of phyllosilicate  

minerals (i.e. any silicates with a crystal structure of parallel sheets of silicate 

tetrahedra with Si2O5 or 2:5 ratio [186]) with traces of organic matter that is 

malleable in the presence of water and becomes hardened when dried or fired 

[187]. The use of clay medicinally has occurred since prehistoric times; it is 

believed that Homo erectus and Homo neanderthalensis used soil and various 

earth minerals (e.g. ochre) mixed with water to clean and treat wounds. There is 

even evidence that the ancient Egyptians would topically apply clay on their skin 

for therapeutic purposes. Furthermore, they also were known to ingest clay to aid 

digestion and treat gastrointestinal problems [188]. The practice of using clay in 

this manner is believed to be instinctive and many animals also exhibit similar 

behaviour, especially through the ingestion of clay and soils (termed as geophagy) 

[189].  

Since then the use of clay for therapeutic benefits has continued as well as being 

used to solve various environmental problems. It has only been within the last 

100 years that the true capabilities of clay have been elucidated, namely their 

high adsorption properties and small particle size (nanometre to micrometre). Our 

knowledge of chemistry has improved over this time and there have also been 

huge technological advances. We now have a more detailed understanding about 

the structure of clays and the reasoning behind their unique properties [188]. 

The high sorptive capacity, low toxicity, rheological properties and high cation 

exchange capacity (CEC) of clays (particularly those from the smectite group, for 

instance montmorillonite) have made them of interest for drug delivery and other 

medical applications. Conventionally they have been used as antacids, often 
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prescribed following prolonged use of non-steroidal anti-inflammatory (NSAIDs) 

drugs. They are also present within many gastrointestinal drugs for the treatment 

of diarrhoea. Their ability to treat gastrointestinal problems is due to their high 

proton adsorption and water swelling properties, which neutralises stomach acid 

and solidifies faecal matter [188]. Kaolinite and smectite clay minerals are a large 

component within many cosmetic-based products, especially topical skin products 

that serve as a protective barrier and remove excess skin secretions [188]. Talc is 

also found in cosmetic products with a similar function (e.g. talcum powder), and 

is also useful as a lubricant in baby powder to prevent nappy rash [190].     

There has been a focus on more innovative ways to use clay medically in recent 

years especially in areas of antibiotic resistance, drug delivery and tissue 

regeneration [191]. Due to the great capacity for bioactive molecules and drugs to 

adsorb to the surface of smectite crystal particles, they have been identified as a 

suitable “carrier” material for biological systems. The nature of how smectite 

particles interact within a biological system to promote tissue regeneration is also 

of interest [14].           

Although natural clays and clay minerals are ubiquitous in nature there can be a 

high degree of structural heterogeneity when they are extracted. This can limit 

the potential benefits they offer for specific applications. Furthermore, some 

natural clays can be difficult to obtain in adequate quantities, so as a solution to 

these draw-backs, synthetically-produced alternatives are now available [192]. 

Through the recent development of nanotechnology and nanoscience there is ever 

increasing interest for synthetically-produced and naturally-enhanced clay 

minerals.  
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1.7.1.1 Overview of Clay Minerals & Structural Properties 

Clay minerals are layered hydrous phyllosilicates that are either formed naturally 

through the process of weathering, or that can be created synthetically. They all 

contain a silica tetrahedral sheet where four oxygen atoms are covalently bonded 

to a single silicon atom. Each tetrahedron are associated by three adjacent 

tetrahedra through covalent bonding with three basal oxygen atoms. The fourth 

apical oxygen atom within a single tetrahedron are all orientated in the same 

direction as neighbouring tetrahedra, which point away from the basal oxygen 

atoms (i.e. like the ‘tip’ of a pyramid) [193]. Repeating tetrahedron units that are 

bonded in this way form the silicon tetrahedral sheet within clays. Clay mineral 

layers also consist of an octahedral sheet where a metal cation (often aluminium) 

is surrounded by six oxygen atoms. Two of these are shared from apical oxygen 

atoms presented in the tetrahedral sheet, given by two tetrahedra. Any remaining 

oxygen atoms within the octahedral sheet that are not shared by either the 

adjacent octahedron or tetrahedral sheet become hydrated (form –OH groups 

through covalent bonding with a hydrogen atom). An illustrative example 

showing the arrangement of atoms within the tetrahedral/octahedral sheets is 

shown in a later subchapter discussing in detail about the structure a synthetic 

clay named Laponite (Figure 1.5 B).  

The tetrahedral/octahedral sheets exist in either a 1:1 or 2:1 crystal lattice 

arrangement depending on the number of tetrahedral sheets that ‘fuse’ to an 

octahedral sheet. So, a 1:1 layered silicate consists of one tetrahedral sheet and 

one octahedral sheet whereas a 2:1 layered silicate consists of two-dimensional 

layers where a central octahedral sheet is sandwiched in-between two tetrahedral 

sheets [194].  
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Depending on the type of metal cation that forms the octahedral sheet, either a 

dioctahedral or trioctahedral sheet silicate is created. A trioctahedral sheet is 

formed when divalent cations, like Mg2+ or Fe2+, occupy all available (3/3) 

octahedral cation sites. Conversely, a dioctahedral sheet is formed when trivalent 

cations (usually Al3+) occupy only two of every three octahedral cation sites [195].    

A single crystal particle can associate with another and this interaction occurs 

via interlayer counter-ions, however this depends if the crystal particle exhibits a 

net layer charge or is neutral. By understanding their layer arrangement, the 

magnitude of net layer charge (x) per formula unit, and the type of interlayer 

species that resolves the net layer charge, clays can be categorised into seven 

groups: (1) serpentine-kaoline, (2) talc-pyrophyllite, (3) smectite, (4) vermiculite, 

(5) mica, (6) chlorite and (7) interstratified clay minerals [196]. 

The structural differences that exist between the natural clay minerals can yield 

varying negative-unit charges. This determines how strongly they interact with 

interlayer cations and how tightly each silicate layer associate with one another 

Of particular interest in this regard are smectite clays which have a net negative 

unit charge of 0.2-0.6 (vermiculite and mica range from 0.6-1.0) [196, 197]. This 

allows the layers of smectite clays can fully delaminate when hydrated in excess 

[14]. Some clays like the synthetic smectite Laponite can form complex networks 

when hydrated due to the relatively weak association between layer particles. 

This occurs because water molecules that interact within the layers cause the 

particles to “swell” (Figure 1.4 A).  

The weak negative-face charge in smectites also allows substitution of interlayer 

cations with other positively charged molecules, for instance proteins and other 
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biologically active molecules. This high adsorption capacity, along with their 

rheological properties are why smectites are of particular interest therapeutically 

[14].  

 

Figure 1.4. Illustration of the several types of interactions of seen in smectite clays (specifically Laponite) 
(A) Depicts how clays can swell in the presence of water molecules. (B) Face-edge interactions leading a 
“house-of-cards” type of structure.    

  

Another important structural property of many of the phyllosilicates is that they 

exhibit a weak pH-dependent charge at the edge of crystal particles. This plays 

an important role in the colloidal aspect of clay mineral suspensions as crystal 

particles often arrange in a face-edge manner (Figure 1.4 B) [194]. This can be 

seen with hydrated smectite clays where following crystal particle delamination, 

a “house-of-cards” structure is created [198]. This type of suspension generates a 

low viscosity hydrogel that can occur at low clay particle concentrations (2-3%). 
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What is remarkable about this structure is that it can be easily disrupted due to 

the weak Van der Waal forces that hold the face-edge interactions in place. Hence, 

clay hydrogels have a unique shear thinning property (thixotropy), which means 

gel suspensions can become less viscous upon agitation. Furthermore, the 

interlayer cations and crystal particle face-edge association can be exploited in 

the form of clay-biomolecule, clay-polymer and clay-clay interactions, all of which 

allow clays to be used to in a beneficial manner [14].   

1.7.2 Overview of Hydrogel-Based Drug Delivery 

for Wound Healing 

1.7.2.1 Synthetic Polymers 

Synthetic polymers such as poly(ethylene glycol) (PEG), poly(lactic‐co‐glycolic 

acid) (PLGA), poly(2-hydroxypropyl methacrylamide) (pHPMAm), poly(vinyl 

alcohol) (PVA) and poly(hydroxyethyl methacrylate) (pHEMA) provide great 

chemical and architectural versatility when used to formulate drug delivery 

hydrogels. They can be tailored in combination with different synthetic and 

natural polymers to improve hydrogel structure, site-specific formation (e.g. in 

situ formation) and controlling the release of drugs and biological factors [199].       

A non-biodegradable and highly biocompatible polymer widely adopted in many 

hydrogel systems is PEG. It is also one of the most well-known and well-

characterised synthetic polymers in use today. Each monomer unit can exist as a 

linear or branched (multi-armed or star) structure and can be polymerised to any 

length via ethylene glycol or ethylene oxide in aqueous solution [200]. PEG is 

highly hydrophilic, making it excellent at sequestering water and other biological 

fluids and an ideal prerequisite for hydrogel synthesis. Crosslinking between PEG 
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monomer units can be achieved in three ways: (1) through specific chemical 

reactions (e.g. Michael-type addition, click chemistry, condensation), (2) radiation 

(e.g. gamma) and (3) free radical polymerisation. The latter crosslinking method 

is one of the most popular as it can be easily achieved via photo-polymerisation; 

this allows the use of natural or UV light to generate hydrogels quickly, efficiently 

and in an environment, that is alike human tissue [201, 202].   

One of the earliest reports of the use of PEG as a biomaterial for skin wounds 

was during the development of a novel pHEMA-PEG film in the mid-1970s [160]. 

Shortly afterwards research into PEG for various biomedical applications 

increased dramatically. Throughout the 1990s, PEG was formulated into various 

hydrogel systems with increasing popularity; more was known about the potential 

benefits of PEG-based hydrogels with an emphasis to development a biomaterial 

capable of controlled drug delivery [203].  

PEG and other synthetic polymers are often formulated into hydrogel systems as 

co-polymers with other synthetic and/or natural polymers (composite hydrogels). 

A recent publication by Zhu et al [204] developed a star-shaped amphiphilic block 

copolymer comprising poly(ethylene glycol) and poly (propylene sulfide) to aid 

the delivery of hydrophobic agents such BRAF inhibitors. This hydrogel system 

allowed for injectable in situ delivery of these agents and was found to improve 

wound recovery in diabetic mice.    

Another example of PEGylated hydrogel system was the creation of a porogen-

free injectable gel as a scaffold for cell invasion [205]. Whilst this published work 

was not directly focusing on drug delivery, they showed in a robust way how 
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tuneable gels can be formulated using a combination of PEG, RDG binding 

domains and MMP substrates.  

PLGA is another widely used biodegradable polymer used in hydrogel 

formulations, often in accordance with PEG. Lee et al [206] showed that an 

acceleration in re-epithelialisation rates when PEG‐PLGA‐PEG hydrogels were 

loaded with a TGF‐β1 encoding plasmid in diabetic mice.  

There are many more examples of synthetic polymers being used for wound 

applications to improve hydrogel strength, formation, cell adhesion and drug 

delivery [207-209], many of which are out of the scope of this introduction. 

However, this subchapter emphasises the importance of synthetic polymers used 

in hydrogel drug delivery systems.  

1.7.2.2 Natural Materials 

Collagens 

There has been widespread use of collagens in drug delivery and tissue engineering 

for many years due to their biocompatibility with cells and tissues and convenient 

properties; these properties include visco-elasticity (free-flowing when under stress 

but are semi-solid when resting), self-assembly of polymeric networks under 

physiological conditions and interaction with bioactive proteins/small molecules 

[210]. The simplicity and convenience of collagens also have several drawbacks 

including poor mechanical properties and limited control of gelation. To overcome 

many of these restrictions, collagens are often used within composite or more 

advanced gelation systems [211]. Nevertheless, there has been successful reports 

within the literature of collagen-based, drug delivery hydrogels that have been 

used for wound healing applications. 
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Ono et al., [212] documented reduced contraction and increased re-epithelisation 

of full-thickness dorsal wounds on rabbits when treated with basic fibroblast 

growth factor (bFGF) incorporated within collagen hydrogels; bFGF is a potent 

mitogen that promotes angiogenesis and stimulates the proliferation of fibroblasts 

[213]. These cells are essential for modulating wound contraction and deposition 

of matrix proteins (e.g. hyaluronan, proeteoglycans, fibronectin and collagens) 

[64]. Furthermore, knockout studies have showed that bFGF-/- mice exhibited 

wound healing impairment [214].  This study documented more efficient matrix 

deposition and increased wound granulation which boosted the quality of healing. 

A similar effect was noticeable in mice treated with aqueous bFGF. Crucially, 

bFGF delivery via collagen gels enhanced its positive effect when compared to 

bFGF administered aqueously. Furthermore, high doses of aqueous bFGF (10 µg) 

was required to yield a positive effect that was significantly different to controls; 

this response was akin to bFGF-collagen gels that contained only 1 µg of bFGF. 

Similar reports of increased reduction in wound size have been documented with 

bFGF using other biomaterial delivery systems [215, 216].  

The same group later investigated the delivery of prostaglandin E1 to skin wounds 

using the same hydrogel and rabbit model [217]. Similarly, in their previous study, 

collagen hydrogels alone had positive effect on wound contraction. The use of high 

concentrations of prostaglandin E1 also had a minor positive effect on contraction. 

However, when prostaglandin E1 was combined with their collagen gel 

formulation, there was a huge increase in wound contraction at both 3 and 5 

weeks post wounding.    

Gelatin is a denatured form of collagen and has frequently been used as a 

biomaterial hydrogel for drug delivery. Extensive research into gelatin-based 
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hydrogels have also been successful at delivering bFGF to promote wound healing.  

Most of these hydrogels are based on gelatin microspheres; in brief, these are 

micro/nano-particles of gelatin hydrogels (± biomolecules) that are formed by 

emulsification of crosslinked gelatin in oil phase, followed by recovery and 

purification of microspheres and freeze-dried until use. Treatment of bFGF-

gelatin microspheres has shown increased fibroblast proliferation, angiogenesis 

[218] and improved wound healing in both healthy wounds and a diabetic model 

of impaired wound healing.  

Chitosan/Chitin 

Chitin is one of most abundant natural polysaccharides available with an annual 

global availability of over 10 gigatons (1 x 1013 kg) [219]. It is largely derived from 

crustacean shell wastes but it can also be extracted from fungi and bacteria [219]. 

Chitin and its derivatives are known to harbour unique structure and chemical 

properties. These are specifically beneficial for biological applications including 

therapeutic benefits (e.g. anti-inflammatory, antimicrobial, immunity-enhancing, 

anti-cancer and antioxidant effects) and as biomaterials in the form of scaffolds 

or drug carriers for localised delivery [220].  

Chitin and chitosan are both linear polysaccharides that are comprised of two 

monomer units; N-acetyl-glucosamine (N-acetylated groups) and N-glucosamine 

(N-deacetylated groups) units. Chitosan is the most well-known derivative of 

chitin; a deacylated analogue that contains lower amounts of N-acetylated groups 

than chitin [221]. Importantly, the conversion of chitin into chitosan creates a 

polymer that is water soluble in acidic media (it is possible for chitosan be soluble 

at neutral pH, but only when under specifically designed conditions). This allows 
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for greater flexibility when used for biological purposes, namely hydrogels and 

drug delivery [221].    

Chitin and chitosan were proposed back in the 1970s as a potential biomaterial 

to accelerate the rate of wound healing [222-224]. In the following decades, chitin 

and chitosan were formulated into a commercially-available treatment for 

wounds, although most of these were in the form of filaments, powders, granules 

and sponges [225, 226]. More recently there have been an array of hydrogel 

systems that incorporate chitin/chitosan to aid in drug delivery for wound repair. 

Many of these exist alongside other biomaterial as composites, although there 

have been reports of a few simple chitosan-based gels. 

Ono et al., [227] formulated a novel photo-crosslinkable chitosan hydrogel that 

could be useful as a biological adhesive. They incorporated azide (Az) and lactose 

(LA) moieties within chitosan molecules via a two-step condensation reaction 

using lactobionic acid and p-azidebenzoic acid, to form Az-CH-LA monomers. 

The Az groups attached to CH-LA monomers are photoreactive, meaning that 

they are susceptible to forming insoluble hydrogels when irradiated with UV 

radiation. These gels were reported to be soft, flexible and capable of offering 

biological adhesion properties with sealant strengths comparable to fibrin glue. In 

addition, they exhibited great biocompatibility with dermal fibroblasts with no 

measurable cytotoxicity. This hydrogel was later shown to exert positive effects 

on wound healing when applied as a wound occlusive dressing [228].          

A study by Alemdaroğlu et al., [165] also investigated the effects of a chitosan 

hydrogel on wound healing in burn wounds; this gel was polymerised in the 

presence of glacial acid and incorporated with epidermal growth factor (EGF). It 
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is also an example of chitosan hydrogels being adapted and used as a vehicle for 

biomolecule delivery. They documented a significant increase in in vivo cell 

proliferation within rat wounds when treated when alone and as chitosan-EGF 

gels. Importantly, the proliferation rate was enhanced in chitosan-EGF gels which 

suggested that delivery of EGF from chitosan gels was positive. 

Alginate 

Alginate is an anionic polysaccharide that is classically derived from brown algae 

[229, 230], these include (but are not exclusive to): Laminaria hyperborean, 

Laminaria digitata, Laminaria japonica, Ascophyllum nodosum and Macrocystis 

pyrifera [231]. This biomaterial has been widely used for many biomedical 

applications due to its excellent biocompatibility, low toxicity and cost. It can 

form a hydrogel through the process of cross-linking with divalent cations (e.g. 

Ca2+). Cross-linking occurs between linear co-polymers that consist of blocks of 

(1,4)-linked β-d-mannuronate and α-l-guluronate. These co-polymers will 

naturally contain cations that are associated with side-groups. When a divalent 

cation like Ca2+ is presented (usually in the form of CaCl2) it displaces the 

endogenous cations and forms a stronger linkage between two-polymer blocks 

[232, 233]. Cross-linking between Ca2+ is the most conventional ionic method, but 

there have been other methods that include: covalent linkages with synthetic 

polymers (e.g. PEG) and through photo-crosslinking [231]. 

Alginate gels have been shown to deliver bioactive molecules for wound healing 

application. A paper by Tellechea et al [234] investigated the delivery of alginate 

gels encapsulating VEGF, neuropeptides, endothelial cells and a combination of 

the three and their effect on diabetic wounds healing. They showed that gels that 
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contained the combination of VEGF and endothelial cells and VEGF, cells and 

neuropeptides accelerated wound healing. Unfortunately, the authors did not 

include histological data for alginate-based treatments to support these claims, 

which would have improved the robustness of the data. They also showed that 

the release kinetics of Substance-P and Neurotensin exhibited a burst release from 

alginate gels. Another previous report by Dawson et al [235] also demonstrated 

that alginate gels delivering proteins result in a burst release. This may be useful 

in certain circumstances but the consensus within the drug delivery field is that 

slow, sustained delivery is more advantageous [236]. Furthermore, whilst the 

paper by Tellechea et al [234] exhibited positive changes within wound recovery 

using a delayed wound healing model, its release kinetics may not be suitable for 

chronic wounds exhibited in humans. This is because chronic DFUs can exhibit 

lengthy recovery times (months to years) [237], often due to a wound environment 

that can degrade bioactive molecules and inhibit cell growth [39]. However, 

alginate still exhibits important characteristics for drug delivery and wound 

healing, with extensive investigation within advanced, composite hydrogel 

systems [238-240].  

1.7.2.3 Composites Using Natural Clays for Wound Care 

and Drug Delivery 

Clay nanocomposite biomaterials may also have clinical potential in wound 

healing. A study by Kokabi et al [11] formulated a polymer-clay (Na-

montmorillonite) nanocomposite poly(vinyl alcohol) (PVA) hydrogel for wound 

dressing application; they discovered that the proportion of clay that was added 

to nanocomposite hydrogel had a direct effect on the wound dressing properties. 

Specifically, higher quantities of clay led to gels with greater resistance to 
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mechanical strain, whilst not significantly impacting on the ability of the dressing 

to absorb moisture or wound exudate. 

Nano-reinforced composite films consisting of cellulose and different 

montmorillonite analogues were investigated for their potential antimicrobial 

benefits [241]. The clay analogues were distinguished by slight variances in cation 

content (Na+, Ca2+ and Cu2+) and it was hypothesised that exposure to these 

cations would inhibit bacterial growth. They showed that Cu2+-montmorillonite 

cellulose films offered superior reduction in bacterial growth than all the other 

test groups. Furthermore, the greater the content of clay, the stronger the 

antimicrobial effect. Antimicrobial natural clays have been shown to have positive 

effects on wound healing in rats; in one  study, a clay emulsion was used rather 

than a composite gel, however its relevance is still important as it highlights the 

benefits that clays naturally induce on wound healing [242].  

Many of the recent drug delivery systems containing clay minerals for wound 

healing applications have focused on antimicrobial and antibiotic delivery. 

Combining the antimicrobial properties that clays already exhibit, this is a logical 

progression that could have even greater benefits for wound care (e.g. novel 

wound dressings).  

Again, many of these systems incorporate similar natural-based clays such as 

montmorillonite; a study by Saha et al [183] formulated an electrospun polymer 

fibres containing montmorillonite loaded with a cationic antiseptic 

(chlorahexidine acetate) showing positive in vitro effects against bacteria. 

Intercalation of antimicrobial silver sulfadiazine with chitosan/montmorillonite 

nanocomposites was successful in another study [243]. This research suggested 
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this novel composite would be applicable for burn wounds; however further study 

would be required to prove if their formulated composite has any benefits because 

only characterisation of intercalation was proven.    

1.7.2.4 Synthetic Nanoclay (Laponite) for Wound Care 

and Drug Delivery 

The commercially available, Laponite is produced by BYK Additives & 

Instruments [244] and is a synthetic nanoclay that overcomes the limitations of 

natural clays as discussed in section 1.7.2.3. It is structurally similar to the natural 

clay mineral hectorite and has a 2:1 layered structure with an empirical formula 

of Na+
0.7[(Si8Mg5.5Li3.3)O20(OH)4]-0.7 [245]. It is manufactured into different grades 

with slightly varying properties. Like natural smectite clays, it is classed as a 2:1 

layered phyllosilicate that can form crystal particles 25 nm in diameter and 

approximately 1 nm in depth. Laponite has a high cation exchange capacity 

(CEC) within its interlayer due to hydrated sodium ions that weakly interact 

with the tetrahedral layer of individual crystal particles. This weak interaction is 

caused by a relatively low negative unit surface charge due to random isomorphic 

cation substitutions in the octahedral sheet [14] (see Figure 1.5). 

Due to its purity, small particle size and charged structure, Laponite forms clear 

colloidal dispersions when added to water at low concentrations. These dispersions 

resemble a hydrogel in appearance yet offer greater benefits in mechanical 

strength and viscoelasticity. Laponite gels are strongly thixotropic - under shear 

stress the viscosity of Laponite gels decreases rapidly. Upon removal of the applied 

stress, these gels can regain their original viscosity rapidly [14]. 
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Figure 1.5. Structural properties of Laponite clay particles (figure adapted from Dawson and Oreffo [14]. (A) 
Indicating the possible functional binding sites available for proteins or other biologically active molecules. 
(B) Simplified diagram showing Laponite’s structural layers within each nano-sized disc.  

The charged structure of Laponite particles and the interlayer cations that allow 

interaction with water molecules also promotes strong association with other 

charged molecules such as proteins and bioactive molecules. The combination of 

gel-forming, thixotropic and sorptive properties make it an attractive biomaterial 

for drug delivery and wound healing therapy [14]. 

Research published by Wang et al [246] successfully intercalated a broad spectrum 

anti-cancer drug (doxorubicin) with Laponite particles. They showed that the 

cytotoxic effect of the drug was significantly greater when intercalated with 

Laponite. Further research into this area also documented Laponite’s potential to 

be further enhanced when formulated into nanocomposite biomaterials with 

synthetic polymers; coating Laponite-doxorubicin with charged poly(allylamine) 

hydrochloride (PAH) and negatively charged poly(sodium styrene) sulfonate 

(PSS) led to more effective drug release at neutral and acidic pH levels [247]. 

Laponite has also been used as part of a nanocomposite in conjunction with 

alginate [248].    

Other research groups have focused their attention to developing Laponite 

biomaterial gels/films that is specifically targeted for wound healing application. 
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Ghadiri et al [249] have investigated Laponite-amino acid functionalised gels at 

improving wound healing rates. Certain amino acids (e.g. arginine, lysine and 

leucine) are thought to be essential for wound healing recovery [250]; the authors 

showed that gels functionalised with these amino acids resulted in greater 

proliferation of human fibroblasts, with the most effective amino acid released 

(determined via release profiles) being Laponite-lysine gels. The same group also 

investigated delivery of the antibiotic, mafenide (a common antibiotic used to 

treat infections against Pseudomonas aeruginosa in burn wounds) with a Laponite 

gels and films [251]. They concluded that the use of Laponite-antibiotic 

combinations for wound infections could be beneficial due to the combination of 

antibiotic delivery, the soothing effect that Laponite offers (relieving pain) and 

release of Mg2+ ions into the wound from Laponite (these ions can offer further 

antimicrobial effects). Both functionalised Laponite gels/films investigated by this 

group would require further research, more specifically direct application within 

a suitable in vivo model.    

VEGF offers potential therapeutic benefits to chronic wounds, but only when 

delivered in a controlled fashion, as explained in section 1.6.1.1. Encouragingly, 

Laponite has been shown by Dawson et al [235] to adsorb and localise VEGF165; 

when testing VEGF-Laponite hydrogel capsules in an in vitro release/uptake 

human umbilical vascular endothelial cell (HUVEC) culture, they witnessed 

significant microtubule network formation between neighbouring cells. The extent 

of the tubule network was akin to HUVECs cultured in media containing VEGF. 

In the same paper, Laponite-VEGF suspensions were tested in an in vivo bone 

defect model using mice; it was discovered that VEGF could be delivered from 

Laponite-VEGF suspensions, improving the vasculature and recovery of the bone 
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defect. Nevertheless, the use of Laponite as a growth factor delivery vehicle in 

skin wounds remains untested. 

1.8 Hypothesis and Objectives 

Several properties of Laponite clays make it an attractive material for use in 

treating skin wounds. Laponite exhibits specific rheological characteristics, high 

CEC and adsorption properties.  

The broad aim of this thesis is to test the hypothesis that Laponite clays can be 

used to deliver bioactive molecules to skin injury sites and to increase the rate 

and degree of healing in chronic wounds.  

To test the above hypothesis, this thesis has been separated into distinct chapters 

investigating the following specific aims: 

• To investigate the bioactive delivery of VEGF165 by: 

o Encapsulating VEGF within 3% Laponite hydrogel suspensions 

o Determining the concentration of encapsulated VEGF that can 

exert a bioactive effect of human umbilical vein endothelial cell 2D 

tubule formation using Laponite-VEGF suspensions.    

o The adsorption and retention of small molecule Wnt signalling 

agonist 6-bromoindirubin-3'-oxime (BIO) by Laponite 

• To determine if the bioactive effect of encapsulated VEGF within Laponite 

is translated in vivo by: 
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o Using an in vivo subcutaneous injection model to measure 

angiogenic effects over 21 days. 

o Characterisation of an in vivo full-thickness wound healing mouse 

model to investigate:  

 The effect of Laponite suspensions on wound recovery in 

healthy and diabetic mice 

 Localising bioactive VEGF165 at skin injury sites to stimulate 

angiogenesis within granulation tissue and improve wound 

recovery 
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2.1 General 

2.1.1 Laponite Preparation 

Suspensions of Laponite XLG (BYK Additives, Widnes, UK; product:) were 

prepared by slowly adding Laponite powder to distilled water under rapid 

agitation until a vortex was achieved. Suspensions were stirred 1-2 hours until a 

clear suspension was formed and then sterilised via autoclaving (Figure 2.1). 

Suspensions were weighed pre- and post-sterilisation to calculate water 

evaporation and % concentrations adjusted accordingly. 3% Laponite gel 

suspensions were used in all experiments; where an additive was required (e.g. 

growth factor), the dilution factor was always considered. Vehicle controls were 

always substituted with diluent (i.e. distilled water) to ensure Laponite 

concentrations were consistent. 

 

Figure 2.1. Preparation of Laponite Hydrogels. Anhydrous Laponite (A) was added slowly to distilled water 
under rapid agitation (B, C). Suspensions were stirred 1-2 hours until a clear suspension was formed then 
sterilised via autoclaving (D).   

 

 



Chapter 2: Methods 

55 

 

2.1.2 Alginate Preparation 

2.1.2.1 Calcium Chloride (CaCl2) Cross-linker Preparation  

CaCl2 stock: A 10% (w/v) CaCl2 stock solution was created by dissolving CaCl2 

powder (Merck/Sigma-Aldrich, Gillingham, UK, product: 449709) in ddH2O. A 

1M 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) stock solution 

was also created by dissolving HEPES powder (Merck/Sigma-Aldrich, product: 

PHG0001) in ddH2O.  

 

CaCl2 working solution: A final CaCl2 working solution that contained CaCl2 

(1.1%), HEPES (20 mM) and Tween 20 (0.1 %) was created by diluting CaCl2, 

HEPES stock solutions (as outlined above) and Tween 20 (Merck/Sigma-Aldrich, 

product: P1379) in ddH2O. This was adjusted to pH 7.0 and filter sterilised using 

a 0.22 µm syringe filter.   

2.1.2.2 Alginate Hydrogel Preparation 

Anhydrous ultra-pure alginate (NovaMatrix, Sandvika, Norway) was UV 

sterilised for 30-60 minutes prior to preparation.  Suspensions of alginate were 

prepared by slowly adding alginate powder to sterile PBS under rapid agitation 

until a vortex was achieved. Suspensions were stirred 30-60 minutes until a clear 

suspension was formed. 1.1% alginate gel suspensions were used in all 

experiments; where an additive was required (e.g. growth factor), the dilution 

factor was always considered. Vehicle controls were always substituted with 

diluent (i.e. 1x phosphate buffered saline (PBS); Thermo Fisher Scientific Oxoid 

Ltd, Basingstoke, UK; product: BR0014G) to ensure alginate concentrations were 

consistent. To crosslink the alginate gel suspensions, CaCl2 was added as a 10% 
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fraction and mixed thoroughly (this step was always performed after the 

incorporation of additives).  

2.2 In vitro Studies 

2.2.1 2D Tubule Studies 

2.2.1.1 Human Vein Endothelial Cell (HUVEC) Isolation 

and Culture 

HUVECs were isolated from umbilical cords collected from the Princess Anne 

Hospital, Southampton, UK, with the approval of Southampton and South West 

Hampshire Local Research Ethics Committee (Ref:05/Q1702/102) by Stefanie 

Inglis. HUVECs were isolated and cultured as described by Jaffe et al [252] and 

Dawson et al [235] with some minor modifications. 

The umbilical cord was cut at both ends; to one end, a cannula was inserted into 

an exposed vein and secured with ties. A syringe was then attached to the cannula 

and sterile PBS (Lonza, Castleford, UK; product: BE17-516F) was flushed 

through the cord until the waste PBS collected at the other end was clear. The 

umbilical cord was then fastened at the other end and umbilical cord vein filled 

with 5 mg/ml sterile collagenase B (Sigma-Aldrich/Merck; product: 11088807001) 

using a clean syringe. The syringe was left attached to the cord and the vein 

incubated with collagenase at room temperature for 1 hour. Following incubation, 

the collagenase was gently aspirated and then retracted back into the syringe. 

The collagenase containing detached cells was centrifuged at 1100 RPM for 4 

minutes and the supernatant discarded. Cells were re-suspended in endothelial 

cell growth medium (ECGM), which consisted of: Medium 199 (Lonza; product: 
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LZBE12-117E), 10% foetal bovine (calf) serum (FCS; Life Technologies, Paisley, 

UK; product: 10270106, batch: 41Q4297P), penicillin-100U/ml-streptomycin-

100U/ml (Sigma-Aldrich/Merck; product: P4333) and endothelial cell growth 

supplement (Promocell GmbH, Heidelberg, Germany; product: C-30120). Re-

suspended cells were cultured at 37°C/5% CO2 in humidified conditions. 

Following incubation, cells were sub-cultured using ECGM and passages of 1-4 

were used in all experiments.  

2.2.1.2 HUVEC 2D Tubule Formation on Laponite 

This protocol was documented previously by Dawson et al [235] and adapted with 

a few modifications. HUVECs were cultured in ECGM as described above. 

Laponite was premixed with human fibronectin (Merck-Millipore, Watford, UK; 

product: FC010) as a 5% fraction to create a final concentration of 50 μg/ml. To 

create vascular endothelial growth factor subunit-165-Laponite suspensions 

(VEGF-Laponite), reconstituted human recombinant VEGF165 (from this point 

on this will be referred to as VEGF) (PeproTech, London, UK; product: 100-20) 

was added as 10% fraction. A concentration range of 1-5 µg/ml VEGF was used 

for VEGF-Laponite gels in this study.  

150 µl of Laponite or VEGF-Laponite was added to the base of 48-well plate, 

briefly centrifuged to ensure an even Laponite layer was formed and then 

incubated for 1 hour at 37℃ to allow gelation (Figure 2.2 iii). The ‘Bound VEGF’ 

treatment involved adding ECGM that contained 40 ng/ml VEGF to Laponite 

coated wells and then ECGM alone to all other Laponite coated wells (‘No VEGF 

Control’). Following a 2-hour incubation at 37℃, the ‘Bound VEGF’ treatment 

(Figure 2.2 ii) and ECGM alone treatment were removed and all wells were 

washed twice with sterile PBS. HUVECs were re-suspended in ECGM containing 
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10% FCS and 40 ng/ml of basic fibroblastic growth factor (bFGF; Thermo Fisher 

Scientific-Invitrogen, UK; product: 13256029) (present in all treatments) and 40 

ng/ml VEGF (VEGF in media control, Figure 2.2 i) and seeded at 5 x 104 

cells/well (n=6). ‘Mixed VEGF’ involved the same procedure as the ‘No VEGF 

Control’ but ECGM was added to wells containing VEGF-Laponite (Figure 2.2 

iii). Seeded cells were incubated at 37°C/5% CO2 for 18 hours and then microscope 

images were taken to assess HUVEC tubule formation.  

 

Figure 2.2. Human umbilical vein endothelial cell (HUVEC) 2D Tubule Formation Assay Schematic. 
HUVECs were seeded on top of Laponite gels that either contained: (1) VEGF in the growth medium, (ii) 
VEGF-bound to Laponite gels via surface-adsorption or (iii) VEGF pre-mixed within Laponite gels. Refer 
to main text for details.   

2.2.1.3 Image Analysis of HUVEC 2D Tubule Network 

A freely available macro for ImageJ called ‘Angiogenesis Analyzer’ by Gilles 

Carpentier (Gilles Carpentier. Contribution: Angiogenesis Analyzer, ImageJ 

News, 5 October 2012, http://image.bio.methods.free.fr/ImageJ/?Angiogenesis-

Analyzer-for-ImageJ#nb1 for NIH Image J 1.47v Program was used to 

automatically quantify HUVEC 2D tubule network. The settings that were 

applied to compare tube networks were as follows: Show maps of elements (single 

analysis), show segments, Show nodes and junctions, Show meshes, Analyse 

http://image.bio.methods.free.fr/ImageJ/?Angiogenesis-Analyzer-for-ImageJ#nb1
http://image.bio.methods.free.fr/ImageJ/?Angiogenesis-Analyzer-for-ImageJ#nb1
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master tree, Show extremities, Show branches, Show master segments and Show 

supressed isolated elements was all checked. Default sizes were used but an 

Iteration number of 2 was applied. Phase contrast images were first converted to 

8-bit by using the Image/Type module and then finally converted to red, green, 

blue (RGB) (Macro requires 8-bit RGB image for phase contrast analysis. The 

Batch Image Treatment Tool was used to analyse a batch of captured images 

using the phase contrast module. The macro generates a network overlay of each 

analysed imaged where it has identified the HUVEC network and an output data 

file; the Tot. branching length (pixels) was used to determine network 

organisation. A total of 6 wells per test group were analysed. 3-6 images were 

taken from each well and the mean calculated; these individual means were then 

used to calculate an over mean for that test group.       

2.2.2 3T3 Mouse Fibroblast Cell Culture 

3T3 mouse fibroblast cells were grown using reagents from the Leading LightTM 

Wnt Reporter Assay Kit (Enzo Life Sciences, Exeter, UK; product: ENZ-61001-

0001). Cells were grown in Growth Medium provided by the kit at 37°C/5% CO2 

in humidified conditions and passaged twice using the kit Assay Medium before 

use in assays. Cells were used at passages 5-9 at a maximum confluence of 60% 

for assay tests.  
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2.2.3 BIO-Laponite Hydrogel Uptake/Release 

Assay 

2.2.3.1 Validation of Wnt Signalling Pathway of Reporter 

Cell Line with BIO 

The 3T3 mouse fibroblast cell line has been genetically engineered to express the 

firefly luciferase reporter gene under the control of Wnt-responsive promoters 

(TCF/LEF). Luciferase activity in this cell line can be stimulated with the 

addition of exogenous Wnt proteins/Wnt agonists in a dose-dependent way. The 

small molecule 6-Bromoindirubin-3′-oxime (abbreviated as BIO; Sigma-

Aldrich/Merck; product: B1686, molecular formula: C16H10BrN3O2, molecular 

weight: 356.179 g/mol [253]) is a potent agonist of Wnt signalling (it acts as a 

selective, Adenosine triphosphate (ATP)-competitive inhibitor of GSK-3α and 

GSK-3β) [254], which can be used to up-regulate the activity of luciferase. Enzyme 

activity is measured by changes in chemiluminescent output following cell 

treatment with an exogenous luciferin substrate. 

To validate the dose-dependent relationship of exogenous BIO on 3T3 cell 

luciferase activity, 3T3 cells were seeded in a 96 well plate with assay medium at 

25,000 cells/well. Cells were incubated overnight at 37℃/5% CO2 in humidified 

conditions. BIO was added to cells 100 μl/well to support a range of 

concentrations from 0.5 µM to 5 µM. Cells containing BIO were incubated 

overnight in the same conditions as described above. Following incubation, 

culture medium was removed and the Steady-GLO® Luciferase Assay System 

(Promega, Southampton, UK; product: E2510) was added to cells (100 μl/well) 

and incubated for 10 minutes at room temperature. The chemiluminescent signal 
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was then measured using a VarioSkan Flash (ThermoElectron) fluorescence 

reader (0.1 seconds/well).  

  

Figure 2.3. Validation of Wnt reporter cell line assay with BIO. Media recovered from assays were added to 
sub-cultured 3T3 Mouse fibroblast cells. An overnight incubation followed to allow for luciferase production. 
A fluorescently labelled substrate was added to cells and the change in light absorbance measured to 
determine the activity of luciferase. The addition of a BIO agonist will up-regulate luciferase production and 
changes in this activity was measured.      

Fold changes in chemiluminescent activity was calculated by dividing the baseline 

signal by the test signal (refer to schematic in Figure 2.3). Response ratios were 

plotted against increasing BIO concentration to determine the dose-response 

relationship of BIO.   

2.2.3.2 Validation of Adsorption of Assay Media 

Components by Laponite Hydrogels 

To test whether adsorption of components from the growth medium by Laponite 

could interfere with the reporter cell line read-out, assay medium was incubated 

with Laponite hydrogel capsules for various periods of time up to 60 minutes and 

up to 168 hours (7 days) (Figure 2.4).  
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Figure 2.4. Validation of adsorption of assay media components by Laponite assay schematic. Following the 
addition and incubation of Laponite capsules with assay medium, samples of assay medium were taken 
combined with BIO (5 µM).   

The 60-minute test involved the transfer of 1 x 50 µl Laponite hydrogel aliquots 

to 250 µl assay medium, whereas the 7-day test involved the transfer of 5 x 50 µl 

Laponite hydrogel aliquots into 500 µl assay medium. Assay medium was 

incubated at 37℃/5% CO2 in humidified conditions and then samples taken at 

various time points over the stated time frame. BIO was added to recovered media 

samples (5 µM final concentration) prior to using with the Wnt reporter cell line 

as discussed in section 2.2.3.1.  

2.2.3.3 Adsorption of BIO by Laponite Hydrogels 

To assess potential uptake of BIO by Laponite, an assay was performed to 

measure potential decrease in BIO concentration in aqueous medium following 

incubation with Laponite. In this assay, BIO was mixed with 3T3 fibroblast assay 

medium to create a final 5 µM concentration. 1 x 50 µl Laponite hydrogel aliquots 

were transferred into wells containing 250 µl of BIO media to test for BIO 

adsorption. Media was incubated at 37℃/5% CO2 in humidified conditions and 

then recovered at various time points up to 60.0 minutes for later assay of 

concentration using a reporter cell line (see Figure 2.5 A).  
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2.2.3.4 Release of BIO by Laponite Hydrogels   

To assess the release of BIO by Laponite hydrogels, an assay was performed to 

measure the release of BIO encapsulated in Laponite into aqueous medium 

(Figure 2.5 B). To do this, BIO was premixed with Laponite at high 

concentrations of either 50 μM or 80 µM.  

In an initial study, 1 x 50 µl aliquots of Laponite-BIO (50 μM) were transferred 

into wells containing 250 µl assay diluent. Media was incubated at 37℃/5% CO2 

in humidified conditions and then recovered at various time points up to 60 

minutes. In a revised study, 5 x 50 µl aliquots of BIO-Laponite (80 μM) were 

added to wells as a single layer to 500 µl assay medium. 5 x 50 µl aliquots of 

Laponite alone was also added to media to serve as a negative control test.  Media 

was recovered at various time points up to 168.0 hours (7 days) and stored at -

20℃ until required for analysis.   



Chapter 2: Methods 

64 

 

 

Figure 2.5. Adsorption/release of BIO by Laponite hydrogels assay schematic. (A) Adsorption of BIO by 
Laponite. Laponite capsules were added to assay medium containing 5 µM BIO and incubated for >60 
minutes. Samples of assay medium were taken and later assayed with a 3T3 reporter cell line to determine 
the proportion of BIO adsorbed. (B) Release of BIO by Laponite. Aliquots of BIO encapsulated in Laponite 
were added to assay medium and incubated for >60 minutes or >7 days; the 60-minute study involved the 
addition of a single 50 µM BIO-Laponite capsule whereas the 7-day study involved the addition of multiple 
(n=5) 80 µM capsules. At various time points, samples of assay medium were taken and later assayed as 
previously described and determine BIO released. (C) Negative Control; aliquots of Laponite (single and 
multiple capsules) absent of BIO was added to assay medium and media recovered/analysed as previously 
described.    

 

In both studies, media samples recovered were tested to determine BIO 

concentration using a Wnt reporter cell line as discussed in section 2.2.1.1.    
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2.2.3.5 Luciferase Data Analysis 

Data were analysed using Microsoft Excel 2013 to calculate the response ratio 

(background divided by test reading) and graphs were generated using GraphPad 

Prism v6.6.2. Please refer to Appendix A for calculations and raw data.  

The statistical analysis used on the test assay response ratio data was a two-way 

ANOVA (parametric). Sidak’s multiple comparison test was used to calculate 

individual p values. 

2.2.4 Release of VEGF by Laponite and Alginate 

Hydrogels   

To assess the release of VEGF by Laponite and alginate hydrogels, an assay was 

performed to measure the release of VEGF encapsulated in Laponite and alginate 

into aqueous medium. To do this, VEGF was premixed with each biomaterial at 

a concentration of 40 µg/ml. 10 µl aliquots of biomaterial-VEGF were transferred 

into low-protein binding tubes (Eppendorf® LoBind) containing 90 µl assay 

diluent. Biomaterials containing no VEGF and media with aqueous VEGF added 

served as negative and positive controls respectively. Media was incubated at 

37℃/5% CO2 in humidified conditions and then recovered at various time points 

up to 3 weeks and stored at -20℃ until required for protein analysis.  

To analyse the protein content from the supernatant recovered from biomaterial 

tubes, an enzyme-linked immunosorbent assay (ELISA) (R&D Systems, 

Abingdon, UK; product: DVE00) was performed. Manufacturer instructions were 

followed specifically For Cell Culture Supernate Samples. 



Chapter 2: Methods 

66 

 

2.2.5 Rheometry 

2.2.5.1 Equipment and General Test Conditions 

Rheological measurements for the biomaterial samples hydrated at 25°C and 37°C 

were performed using stress or strain controlled rheometer (Anton Paar, MCR 

302, St Albans, UK) equipped with a parallel plate configuration (diameter 50 

mm, gap 0.5 mm). Samples were applied on the rheometer stage with a spatula 

(enough to cover the stage) and equilibrated at 25 °C for 5 minutes before starting 

analysis. Data was recorded using the Rheoplus 32 software, version 3.62 (Anton 

Paar, Germany GmbH).  

 

After loading and equilibrating gel samples on the rheometer stage, a 3-interval 

thixotropy test (3-ITT) was chosen within the software package (please refer to 

Appendix A.2 for background about 3-ITT).   

2.3 In vivo Studies 

2.3.1 Project Licence 

All in vivo experiments were strictly performed in accordance to procedures 

outlined in Project Licence (PPL) 30/2971.  
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2.3.2 Subcutaneous VEGF-Biomaterial 

Angiogenesis Model 

2.3.2.1 Animals 

18 male MF1 mice (Biomedical Research Facility, University of Southampton) 

aged between 8-10 weeks old were used to investigate localisation of VEGF using 

Laponite hydrogels. All animals were bred and maintained at the Biomedical 

Research Facility, Southampton in a temperature controlled environment (20℃-

22℃) with a 12-hour light/dark cycle (lights on at 06:00). Food and water was 

provided ad libitum both pre- and post-injection. 

2.3.2.2 Subcutaneous VEGF-Biomaterial Treatments 

VEGF-Laponite treatment: Mice were anesthetised using inhaled anaesthetic 

(isoflurane; product from Centaur, Castle Cary, UK) and the whole dorsal region 

shaved. On the left side of the dorsum, pre-prepared Laponite-VEGF hydrogels 

were administered subcutaneously at three separate locations (rostral to caudal) 

with three different VEGF doses (0.1, 1.0 and 4.0 µg total VEGF) (n = 6 mice). 

On the contralateral side 3 vehicle Laponite treatments were administered 

(negative control).  A control biomaterial hydrogel, alginate was administered in 

the same way (n = 3 mice).  

2.3.2.3 Tissue-Biomaterial Harvest 

Mice were killed by CO2 asphyxiation for 3-5 minutes followed by cervical 

dislocation. Biomaterial and surrounding cutaneous tissue was surgically removed 

after 21 days and fixed in 4% paraformaldehyde (PFA) (Thermo Fisher Scientific; 

product: 10131580) for 18 hours. Tissue samples were then transferred to 70% 
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ethanol (Thermo Fisher Scientific; product: 10437341) and kept in the fridge until 

required for processing. 

 

Figure 2.6. Subcutaneous VEGF-Biomaterial Injection Study. (A) Pre-prepared Laponite/alginate hydrogels 
are combined with VEGF and (B) mixed thoroughly. (C) VEGF-biomaterial suspensions are administered 
by subcutaneous injection using a 25G hypodermic needle on the dorsum of mice at 0.1, 1.0 and 4.0 µg 
VEGF doses. Contralaterally, biomaterial containing no VEGF (diluent added instead) serves as the vehicle 
control.   

2.3.2.4 Macroscopic Angiogenic Scoring 

Upon tissue harvest, photographs of each biomaterial treatment and dose were 

captured using a Nikon D3200 digital single-lens reflex (SLR) camera. A scaled 

ruler was present for all images captured. All images were then labelled 

(biomaterial treatment, VEGF concentration, time point). Using the Measure 

module within ImageJ, the assigned label was ‘measured’ using the Batch 

command in order to generate a list of all the image names with a corresponding 

number. This data was imported into Microsoft Excel (2016 version).  

Within Excel, a column was inserted adjacent to the label data set. In the first 

cell of this column the =RAND() command was entered, and then copied into 

every cell; this command created a list of random numbers which then allowed 
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the label data set to be sorted to this random list. The images were then arranged 

on blank page (no label included). The sheets that contained these randomised 

images were used as the basis of a randomised blinded questionnaire used to 

measure the degree in which angiogenesis had occurred. Please refer to Appendix 

A.1 for a copy of the questionnaire that was designed for this study.  

2.3.3 Experimental Wound Model 

2.3.3.1 Animals 

Healthy mice:  

(1st Study): 12 male MF1 mice (Biomedical Research Facility, University of 

Southampton) aged between 8-10 weeks old were used to investigate the 

localisation and effect of Laponite hydrogels vs a saline control on normal wound 

healing. (2nd study): 18 male C57BL/6 mice (Biomedical Research Facility, 

University of Southampton) aged between 8-10 weeks old were used to investigate 

localisation of VEGF using Laponite hydrogels. 

Diabetic mice:  

21 male BKS. CG-+Leprdb/+Leprdb mice (Envigo, Huntingdon, UK) aged between 

8-10 weeks old were used to investigate localisation of VEGF using Laponite 

hydrogels.  

All animals were bred and maintained at the Biomedical Research Facility, 

Southampton in a temperature controlled environment (20℃-22℃) with a 12-

hour light/dark cycle (lights on at 06:00). Food and water was provided ad 

libitum both pre- and post-injection. 



Chapter 2: Methods 

70 

 

 

2.3.3.2 Wounding Procedure  

General Procedure: 

Mice were anesthetized intraperitoneally with 0.4 mg/kg fentanyl citrate and 12.5 

mg/kg fluanisone (Hypnorm; VetaPharma Ltd, Leeds, UK; product: 

Vm41760/4000) and 12.5 mg/kg midazolam chloride (Hypnovel; Roche, Welwyn, 

UK; product: 10161105) (Figure 2.7 A, I). The whole dorsal region of mice was 

depilated (shaved followed by Nair™ hair removal cream) prior to wounding 

(Figure 2.7 A, II). Two areas on either side of the upper and lower dorsum were 

inked using a 6-mm diameter biopsy punch. Skin was excised using surgical 

scissors through all skin layers (full-thickness) to create a wound approximately 

0.50cm2 in size; this created a total of four symmetrical 6 mm wounds (two 

towards the rostral region and two towards the caudal region) (Figure 2.7 A, III). 

Following surgery, a Tegaderm™ dressing was applied over the dorsal region to 

cover all wounds (dressing was cut to size) (Figure 2.7 A, IV). Following the 

procedure, mice were transferred to a pre-warmed (25-30°C) incubator for 2-3 

hours for recovery. Following this recovery period, they were removed to room 

temperature conditions for the remainder of the study. Dressings were changed 

at day 7 post-wounding using inhaled anaesthetic (isoflurane) and then 

subsequently changed as and when required. 

 

Treatment groups:  

db/db mice: Rostral left side wounds were treated with 50 µl Laponite hydrogel 

containing 40 µg/ml VEGF (2 µg total VEGF). Both rostral and caudal right-

side wounds were treated with vehicle Laponite hydrogel (negative control). In a 
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separate treatment group, vehicle Laponite was treated to left side wounds and 

sterile PBS to right side wounds.  All treatments were administered by injection 

underneath Tegaderm™ dressing using a 25G hypodermic needle (Figure 2.7 B).  

 

 

Healthy mice:  

(1st study): The same general procedure as db/db mice above but only two wounds 

were surgically created. Left side wounds were treated with 3% Laponite gels and 

right-side wounds with PBS control. (2nd study): The same general procedure as 

db/db mice but left side wounds were treated with 50 µl Laponite hydrogel 

containing 1 µg/ml VEGF. Right side wounds were treated with Laponite vehicle.  

 



 

 

 

Figure 2.7. Illustration showing the protocol used for all the wound healing studies.  Refer to main text for details (PBS = phosphate buffered saline; PFA = 4% paraformaldehyde).
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2.3.4 Blood Glucose Measurements  

Non-fasting and fasting blood glucose levels were measured using the Accu-Chek® 

Aviva Expert Bolus Advisor System (Roche, Burgess Hill, UK) and compatible 

Accu-Chek® Aviva testing strips (Roche; product: 317-1253). Blood samples were 

taken from the tail vein after pricking with a 25G needle whilst under anaesthetic.  

2.3.5 Macroscopic Analysis of Wound Area and 

Closure Rates 

Wound photographs were captured using a Nikon D3200 digital SLR camera and 

a GoPro Hero 4; a calibrated ruler was included for scaling purposes. To calculate 

wound area, captured images were analysed using Fiji ImageJ (version 1.50b). 

This involved setting a common scale by measuring the ruler scale within each 

image and using the Analyse function. The wound edge within each image was 

measured using the Freehand selection tool and wound area measured using the 

Analyse function.  

The closure rate was then measured using the following calculation: 

% change of wound area from time 0 = area at t0 – area at tx x 100 
       area at t0     
 
Where: t0 = area at time 0; tx = specific time point      

2.3.6 Tissue Harvest    

Mice were killed by CO2 asphyxiation for 3-5 minutes followed by cervical 

dislocation. Wound tissue was surgically removed, and fixed in 4 % PFA for 18 
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hours. Tissue samples were then transferred to 70% Ethanol and kept in the fridge 

until required for processing (Figure 2.7 C, I-II). 

2.3.7 Histology 

2.3.7.1 Sample Preparation and Sectioning 

Cryo-Embedding and Sectioning: Fixed samples were washed in PBS prior 

to incubation with 30% sucrose (Sigma-Aldrich/Merck: product: S7903) in non-

sterile PBS overnight at 4°C. The samples were then briefly washed in Optimal 

Cutting Temperature compound (OCT) (CellPath, Newtown, UK; product: 

KMA-0100-00A) to remove excess sucrose and then immersed with OCT in a 

cryo-mould. Cryo-moulds were placed into a solution of pre-cooled (-80°C) 

isopropanol (dry ice was added to isopropanol) to allow controlled sample 

freezing. Moulds were stored at -80°C until required for sectioning. Sequential 

sections were cut at 10 µm thickness using a cryotome (maintained at -25°C to -

30°C) and mounted on charged glass slides and placed on a warming rack (37°C) 

for 30 minutes and then stored at -80°C.  

OCT-Embedded Slide Staining Preparation: When required for histological 

and immunohistological staining, cryo-sections were thawed at room temperature 

for 10 minutes and washed in PBS for 10 minutes to remove OCT.  

Paraffin Embedding and Sectioning: Fixed tissue samples were processed in 

a series of graded alcohols (70%-100%) and then cleared with Histoclear (National 

Diagnostics, Atlanta, USA; product: HS-200) before being embedded in paraffin 

wax (Thermo Fisher Scientific; product: 8002-74-2). The duration of time that 

tissue samples were processed in each solvent are listed in Table 2.1 below:  
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Processing 
Stage 

Solvent & 
Concentration 

Time 
(Minutes) 

1 70% Ethanol  30 
2 90% Ethanol 45 
3 95% Ethanol 45 
4 100% Ethanol 45 
5 100% Ethanol 45 
6 Histoclear 45 
7 Histoclear 45 
8 Molten Paraffin Wax 30 
9 Molten Paraffin Wax 30 

10 
Molten Paraffin Wax 

Under Vacuum 
Conditions 

30 

Table 2.1. Stage of tissue processing prior to tissue embedding showing solvent type used and the duration. 
 

After stage 10, individual tissue samples were embedded into blocks using an 

embedding machine. 

Paraffin-Embedded Slide Staining Preparation: When required for 

histological and immunohistological staining, slides were deparaffinised in 

Histoclear (2 x 7 minutes) and then rehydrated by submerging slides in graded 

ethanols (100% to 50%) followed by running tap water (2 minutes each).    

2.3.7.2 Haematoxylin and Eosin (H&E) Staining 

Histological sections were deparaffinised and rehydrated (cryo-sections were 

incubated in PBS) as previously described (see page 74). Slides were then flooded 

with haematoxylin for 3 minutes and then washed in tap water for 5 minutes 

Haematoxylin was prepared by mixing Weigerts haematoxylin A and B solutions 

1:1 (Haematoxylin A was prepared by adding haematoxylin powder (Thermo 

Fisher Scientific; product: H9627) to hydrochloric acid (HCl) (VWR, Leicester, 
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UK; product: 101256J) (1% w/v) and left to mature for 4 weeks at room 

temperature. Haematoxylin B was prepared by adding 1.2 % (w/v) iron(III) 

chloride (FeCl3) powder (Sigma-Aldrich/Merck: product: 451649) and 1% (v/v) 

HCl to distilled water). 

Slides were then treated 10 dips of acid alcohol for ~2 seconds per dip (1% (v/v) 

concentrated in 70% (v/v) ethanol) and then washed again in tap water for 2 

minutes. Slides were then flooded with 1% Eosin Y (w/v) (Sigma-Aldrich/Merck; 

product: E4009) for 30-60 seconds and then washed in tap water for 2 minutes. 

Following this last water wash, tissue samples were dehydrated using graded 

alcohols (50%-100%) for 30 seconds each and then cleared in Histoclear. Slides 

were then mounted with coverslips using DPX mounting medium (Thermo Fisher; 

product: 10050080). 

2.3.7.3 Diarylmethane Fluorescent Staining (Auramine O) 

Histological sections were deparaffinised and rehydrated (cryo-sections were 

incubated in PBS) as previously described (see page 74). Slides were then flooded 

with pre-prepared Auramine O (Auramine O 0.3 g, phenol 3.0 g, distilled water 

100 ml) (Sigma-Aldrich/Merck; product: 05151-1KT-F) for 15 minutes at room 

temperature in the dark. Excess Auramine O solution was discarded and slides 

washed in distilled water (2 x 2-minute washes). Slides were immediately mounted 

with coverslips using Fluoromount™ (Sigma-Aldrich/Merck; product: F4680-

25ML) and sealed with nail varnish. Slides were stored in the dark until required 

for microscopy (note, that imaging was done within 3 days of staining due to poor 

stability of the stain.    
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2.3.7.4 Immunohistochemistry Staining 

General Immunohistochemistry Method: Slide sections were 

deparaffinised/OCT removed as previously described on page 74. They were then 

submerged in distilled water for 2 minutes. Endogenous peroxidase activity was 

blocked using 0.3% H2O2 (Sigma-Aldrich/Merck; product: H1009)) in absolute 

methanol (Thermo Fisher Scientific; product: 10284580) and then rinsed with 

wash buffer (0.05% Tween 20 in PBS) 3 times for 2 minutes each. The appropriate 

antigen retrieval method was then performed (refer below for details of antigen 

retrieval methods). Sections were then washed in wash buffer for 5 minutes, 

drained and then incubated with normal goat serum (Vector Laboratories, 

Peterborough, UK; product: PK-6101) (blocking step) for 20 minutes at room 

temperature. Slides were then washed in wash buffer 3 times, 2 minutes each. 

Sections were then incubated with avidin solution (Vector Laboratories; product: 

SP-2001) for 20 minutes at room temperature. Slides were then washed in wash 

buffer 3 times, 2 minutes each. Sections were then incubated with biotin solution 

(Vector Laboratories; product: SP-2001) for 20 minutes at room temperature. 

Slides were then washed in wash buffer 3 times, 2 minutes each. Sections were 

incubated with the appropriate primary antibodies (see below for details and 

dilutions) for 12-18 hours at 4°C.  Slides were washed in wash buffer 3 times, 5 

minutes each and then incubated with the appropriate secondary antibody for 30 

minutes at room temperature. This was followed by 3 x 5-minute washes with 

wash buffer. Then, VECTASTAIN Elite ABC reagent (Vector Laboratories; 

product: SP-2001) was applied to sections following manufacturer’s instructions 

and incubated for 30 minutes at room temperature. Slides sections were then 

washed in wash buffer 3 times, 5 minutes each and then submerged with distilled 

water. 3,3'-diaminobenzidine (DAB) chromogen substrate (Steady DAB/Plus) 
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(Abcam, Cambridge, UK; product: ab103723) was prepared as described by the 

manufacturer’s instructions and was added to sections; the formation of the 

reddish-brown precipitate linked between DAB and peroxidase activity was 

visualised (up to 5 minutes). Negative controls (omission of the primary antisera) 

were included in all immunohistochemistry procedures; no staining was observed 

in all negative control sections. Following DAB reaction, sections were washed in 

deionised water. Following this last water wash, sections were dehydrated using 

graded alcohols (50%-100%) for 30 seconds each and then cleared in Histoclear. 

Slides were then mounted with coverslips using DPX mounting medium.   

Anti-CD31 (for OCT sections, used in Chapter 4.2.3.4): The endothelial 

cell marker, anti-CD31, was chosen to identify blood vessel structures within cryo-

sectioned tissue sections. A rat detection kit for anti-mouse CD31 (MenaPath, 

Menarini Diagnostics, Winnersh, UK; product: MP-517-RTK6) was used in 

combination with an anti-CD31 antibody (rat monoclonal, MenaPath, Menarini 

Diagnostics, product: MP-303-CM01) following manufacturer’s instructions with 

minor modifications: 

Following removal of OCT described previously, slide sections were submerged in 

distilled water for 2 minutes. Endogenous peroxidase activity was blocked using 

MenaPath Peroxide Block for 5 minutes and then rinsed with wash buffer (0.05% 

Tween 20 in PBS). Sections were then incubated with Mouse Background Blocker 

for 30 minutes at room temperature and then rinsed with wash buffer. Sections 

were then incubated with an anti-CD31 primary antibody (1:100 dilution) at 4°C 

overnight. This was followed by two 3-minute washes in wash buffer. Sections 

were then incubated at room temperature with the Rat Probe for 15 minutes, 

followed by two 3-minute washes in wash buffer. Sections were then treated with 
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Rat-on-Mouse Horseradish peroxidase (HRP) Polymer for 15 minutes at room 

temperature followed by two 3-minute washes in wash buffer. 3,3'-

diaminobenzidine (DAB) Chromagen substrate from the MenaPath kit (1 

drop/ml deionised water) was added to sections and the formation of the reddish-

brown precipitate linked between DAB and peroxidase activity was visualised (up 

to 5 minutes). Refer to General Immunohistochemistry Method on page 77 for 

remaining steps.  

Anti-CD31 (for paraffin sections, used in Chapter 4.2.3.6): Please refer 

to General Immunohistochemistry Method section on page 77 for general staining 

protocol. Please find below a list of deviations/additions to this protocol that was 

specific to this antibody stain: 

Antigen retrieval: Proteinase K (QIAGE, Hilden, Germany; product: 19133) was 

diluted in TE-CaCl2 buffer (50 mM Tris Base, 1 mM EDTA, 5 mM CaCl2, 0.5% 

Triton X-100, adjusted to pH 8.0) to form 20 µg/ml concentration. Slide sections 

were covered and incubated with proteinase K-TE-CaCl2 buffer solution for 20 

minutes at 37°C in a humidified chamber. Sections were then allowed to cool at 

room temperature for 10 minutes prior to washing off the proteinase K-TE-CaCl2 

buffer solution. Slide sections were then washed in wash buffer 3 times, 2 minutes 

each and then proceeded with next steps outlined in the General 

Immunohistochemistry Method section on page 77.   

Primary antibody: Anti-CD31 (Abcam; product: ab56299, 1:100 dilution) was 

applied at the primary antibody step.  

Secondary antibody:  Goat F(ab')2 Anti-Rat IgG H&L Biotin (Abcam; product:  

ab98357, 1:500 dilution) was applied at the secondary antibody step. 
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Anti-Ki67 (proliferation marker): Please refer to General 

Immunohistochemistry Method section on page 77 for general staining protocol. 

Please find below a list of deviations/additions to this protocol that was specific 

to this antibody stain: 

Antigen retrieval: Slide sections were immersed in sodium citrate buffer (10 mM 

sodium citrate, 0.05% Tween 20 and adjusted to pH 6.0) that had been pre-heated 

to 95-100°C. Sections were incubated at this temperature for 30 minutes and then 

removed from the heat and cooled at room temperature for 20 minutes. Slide 

sections were then washed in wash buffer 3 times, 2 minutes each and then 

proceeded with next steps outlined in the General Immunohistochemistry Method 

section on page 77.   

Primary antibody: Anti-Ki67 (Abcam; product: ab15580; 1:500 dilution) was 

applied at the primary antibody step.  

Secondary antibody:  Goat Anti-Rabbit IgG biotinylated from the VECTASTAIN 

Elite ABC kit (Vector Laboratories, SP-2001, 1:500 dilution) was applied at the 

secondary antibody step. 

Anti-Myeloperoxidase (anti-MPO; neutrophil marker): Please refer to 

General Immunohistochemistry Method section on page 77 for general staining 

protocol. Please find below a list of deviations/additions to this protocol that was 

specific to this antibody stain: 

Antigen retrieval: Applied the same antigen retrieval method that was used for 

anti-Ki-67 staining (see page 80)    
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Primary antibody: Anti-MPO (Abcam; product: ab9535; 1:100 dilution) was 

applied at the primary antibody step.  

Secondary antibody: Applied the same secondary antibody (and dilution factor) 

that was used for anti-Ki-67 staining (see page 80).  

2.3.8 Microscopy 

2.3.8.1 Standard Microscopy 

General: Cell/histological samples were imaged using the Carl Zeiss AxioVert 

200 inverted fluorescence microscope. The capture software used was AxioVision 

(ver. 4.9.1); images saved as a .zvi file format with a pixel size of 1388 x 1040 (16-

bit).     

Cell imaging: Images of cells were captured using Fluar 5.0x/0.12 objective, 

HAL 100 halogen illuminator as the light source transmitted via Bright-field. The 

capture device used was an AxioCam MRm (monochromatic) camera.  

Fluorescent histological sections (Auramine O): Images of cells were 

captured using Fluar 2.5x-20x objectives (sample dependent), a wide-field 

fluorescence excitation light source (X-Cite® 120Q, Excelitas Technologies, 

Southampton, UK) and a AxioCam HR (colour) camera. Please refer to Table 

2.2 for the fluorescent filter sets used with all relevant spectra information. 

 

Table 2.2. Filter set spectra information.  
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2.3.8.2 dotSlide Virtual Slide Microscopy   

Histological sections were imaged using the Olympus BX 51 dotSlide virtual slide 

microscope system (Olympus Life Science, Southend-on-Sea, UK). Captured 

images were extracted and analysed using Fuji ImageJ v1.50b, BIOP PT VSI 

plugin and Olympus Virtual Slide Desktop 2.4 software.    

2.3.9  Analysis of CD31 Staining by Chalkley 

Count 

The Chalkley point-overlap morphometric technique (more simply referred to as 

“Chalkley method”) is a relative area estimate method to measure the abundance 

of microvessels in a immunohistochemical sample [256, 257]. It works in 

accordance to the theoretical assumptions of systematic random sampling and has 

eliminated many of the problems associated with blood microvessel counting. 

More specifically, it removes the decision for an observer to define adjacent 

structures as single or two separate blood vessels. In a cross-sectional histology 

sample this can be difficult to define as it relies on counting structures in 2D 

rather than considering their existence in a 3D system [258].  

 

Conventionally this analysis requires the use of a “Chalkley point array graticule” 

which is a fitted onto the eyepiece of a microscope. This graticule consists of a 

grid that contain 25 random dots which can be rotated 360°. An observer can 

then overlay these dots over structures that have stained positively with a blood 

vessel marker (e.g. anti-CD31). The rotational position with the most dots that 

land on positively stained structures is described as the ‘Chalkley count’ and 
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samples that have higher counts are considered to contain a greater abundance 

of blood vessels [258].  

More recently, this method has been adapted on digital images of histological 

sections stained with a blood vessel marker by using a digital “Chalkley point 

array graticule overlay” [259]. This author managed to automate the process of 

counting using this method, although the use of this automation was not freely 

available.  

Therefore, the idea of a digital Chalkley overlay was adopted and manual 

counting (akin to conventional Chalkley counting) was used instead. A digital 

Chalkley grid overlay was applied to a x20 magnification image at 3-5 different 

“hot-spot” regions (Figure 2.8).  

Figure 2.8. Quantification of blood vessel example by Chalkley count using a digital overlay. A digital grid 
that contained 25 random dots was aligned in 3-5 “hotspot” ROIs (areas that harbour the most vessels in 
the sample tissue). The digital grid was rotated until the maximum number of dots land on positively stained 
vessels. The left panel (A) shows an example of a low Chalkley count (n=2) and the right panel (B) an 
example of a high count (n=7) (shown by the red circles).  
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Counts of these 3-5 regions that landed on the most positively stained structures 

through rotating the digital overlay were averaged. An example of a high Chalkley 

count is shown in Figure 2.8 A and a low count in in Figure 2.8 B.     

2.3.10 Measurement of Wound Closure and Rate of 

Re-epithelisation Using Histological Samples 

H&E-stained tissue sections scanned by the dotSlide microscope were used to 

measure the thickness of the wound epithelium. Images were imported within the 

Olympus Virtual Slide Desktop 2.4 software. Within the MeasureMeasurement 

and ROI window, the Arbitrary line or Polyline tool was selected. Using Arbitrary 

line tool, the length of the defect was measured from the edge of the wound 

margin, left to right (black arrow, Figure 2.9). Using either Arbitrary line or 

Polyline tool, the length of epithelisation was then measured (the length of both 

sides were combined when full re-epithelisation had not occurred) (blue arrows, 

Figure 2.9). The size of the remaining defect (minus the closure by re-

epithelisation) was measured from edge-to-edge of the migrating epithelium 

(white arrow, Figure 2.9).  

Figure 2.9. An example of how wound measurement data was collected.  Yellow lines = wound edge/margin; 
Black arrow = total defect size; Blue arrows = length of epithelial migration; White arrow = Current defect 
size. Scale bar = 500 µm. See main text for details. 
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Histology wound closure rate calculation: 

To calculate the change in wound closure rates as a percentage from day 0, the 

following calculation was used:  

 dt0 –dtx x 100 
   dt0 
 

Where: dt0 = average defect size at day 0;  

dtx = average remaining defect size at specific time 

 

% re-epithelisation rate calculation: 

To calculate the rate of re-epithelisation as a percentage increase, this calculation 

was used:  

 ODtx x 100 
 Eptx 
 

Where: ODtx = length of the defect measured from the edge of the wound margin;  

Eptx = total length of epithelium 

2.3.11 Analysis of Wound Epithelial Thickness 

DotSlide-scanned images were imported and measurement tool selected as 

described in 2.3.10. Using Arbitrary line tool, the epithelial thickness was 

measured by drawing a perpendicular line from the surface to the bottom of the 

epithelium. The number of thickness measurements that were taken across the 

epithelium was governed by the total length of epithelial tissue present. This 

number of measurement points were defined as follows: ≤ 1 mm: 3 points; 1-2 

mm: 4 points; 2-3 mm: 5 points and > 4 mm 6 points (please refer to the 
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subchapter 2.3.10 above for the details on how the length of epithelium was 

measured).  

2.3.12 Analysis of Cellularity 

H&E-stained image samples were imported into a free open-source software 

program called Orbit Image Analysis (revision 2.67; 

http://www.orbit.bio/download/). This software was used to isolate/segment 

haematoxylin-stained (nucleated) cells and measure and compare the % area of 

pixels. Please refer to Appendix A.3 for software configuration settings.  

2.3.13 Statistical Analysis 

A one-way analysis of variance (ANOVA) (parametric) was used for statistical 

analysis of blood glucose level data and mouse weight data Tukey’s multiple 

comparison test was used to determine individual p values. A two-way ANOVA 

(parametric) was used for statistical analysis of wound closure rate data and 

Tukey’s multiple comparison test was used to determine individual p values. A 

student’s t-test (unpaired) was used for statistical analysis of CD31 staining data. 

http://www.orbit.bio/download/
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3.1 Introduction 

The biocompatibility, hydrophilicity and ability for rapid diffusion of molecules 

makes hydrogels exceptional candidates for drug delivery in the field of 

regenerative medicine. Their highly porous structure can be tailored to mimic 

three-dimensional matrices that are found in nature (e.g. extracellular matrix) 

whilst being able to associate with bioactive molecules that can be used for cell 

signalling and proliferation (as explained in Chapter 1.6). Although the 

hydrophilic nature of hydrogels can be a useful platform for drug delivery it also 

can be a hindrance. The most common limitations are: poor retention of bioactive 

molecules, low tensile strength and restrictive assembly and cross-linking of gels 

for site-specific treatments [260];  

The poor retention of biomolecules is associated with the high-water content and 

large pore size of many hydrogel systems [236]. This can result in the undesirable 

and rapid release of biomolecules that remain active for short periods of time (e.g. 

hours or days). This can also be further exacerbated if the biomolecules being 

loaded are hydrophobic, thus relying on more complex hydrogel systems to ensure 

controlled release [261, 262]. Rapid diffusion can be particularly problematic for 

therapies that require sustained and localised delivery of bioactive molecules, such 

as topical or injectable-based administration routes. This is applicable for DFU 

treatments as the simplest and most effective methods are using a topical route 

such as a cream/gel or advance [132, 263, 264]. Thus, sustained and controlled 

delivery within the local wound environment via these delivery methods is 

essential [10].  
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Recent drug delivery hydrogel systems have tried to reduce these limitations and 

improve their drug delivery capabilities by creating more advanced formulations 

(refer to Chapter 1.7.2). This can create drug delivery systems that are overly-

complex and difficult to implement when applied clinically, for example many 

crosslinking parameters can require specific conditions (e.g. UV, chemical, time 

and temperature-based). Furthermore, most systems attempt to control the 

release of biomolecules which can be challenging to translate and measure in vivo 

due to the complexities of a biological environment (refer to Chapter 1.7.2).    

An alternative approach would be to use a simple system that also exhibits all 

the positive properties of conventional hydrogels. There has been recent interest 

in clay minerals as vectors for drug delivery. Certain cationic clays have shown 

the ability to adsorb biologically active molecules through ionic, hydrogen and 

Van der Waal interactions between molecules and charged clay particles. They 

are typically used within the pharmaceutical industry as excipients or active 

molecules to help improve drug delivery formulations [265]. 

As mentioned in Chapter 1.7.1.1 Laponite, a synthetic smectite that can form 

highly pure dispersions in water at low concentrations. Laponite’s nano-sized 

particles exhibit a permanent surface negative charge due to cationic substitutions 

within the metal cation structural layer. They also harness a pH-dependent rim 

charge that can allow for self-organisation between particles (face-edge 

interactions) and formation of a gel network that offers great porosity and 

reversibility [14] (refer to Chapter 1.7.2.4). 

Dawson et al [235] demonstrated the in situ self-assembling ability of Laponite 

via shear force (thixotropy) and the addition of physiological saline. They also 

demonstrated the rapid adsorption and sustained retention of proangiogenic 
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VEGF that was biologically active in both in vitro and in vivo. To show VEGF-

Laponite interaction and bioavailability in vitro, they assayed 2D tubule 

formation of HUVECs exposed to VEGF that was tethered to Laponite 

dispersions.  

Currently, most bioactive molecules that are associated with cationic clays for 

regenerative strategies involve clay-protein interactions. This is largely because 

the charge structure of proteins and peptides exhibit a dynamic array of potential 

interaction sites with cationic clays as previously mentioned [14]. In contrast, less 

is known whether smaller bioactive molecules of low molecular weight, can 

associate with cationic clays for cellular manipulation.  

As a potential therapy for wound healing, stimulation of the Wnt signal cascade 

is of interest as it has been shown to increase the potential of wounds recovering 

via regeneration (e.g. control of stem cell turnover, stimulates cell proliferation) 

[136]. However, augmenting this signal cascade is controversial as it has been 

shown to exert serious side-effects. Thus, delivery in a localised or slow release 

form would be required for effective utilisation by stem cells present within the 

wound environment [136, 266].  

The eventual aim is to use Laponite as a vehicle to localise bioactive factors to 

chronic skin wounds and increase the rate and degree of wound healing. Based on 

what has been discussed above, there is limited knowledge within the literature 

that defines the potential of Laponite to incorporate bioactive factors (as opposed 

to surface adsorption) as a method to ‘deliver’ them to a defect of interest. Seeing 

that previous work has successfully delivered surface-bound VEGF in vitro [235], 

it seems logical to investigate this further with regards to delivery of incorporated 

VEGF. In contrast, current knowledge on retention of small molecules is poorly 
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understood, often requiring complex hydrogel systems and would be another 

interesting avenue to investigate [260, 267].  

Seeing that agonists of Wnt signalling with low molecular weights have been 

discovered [254, 268], it was decided that investigating the potential retention 

and delivery of said molecules by Laponite gels would be suitable option. A viable 

candidate is 6-bromoindirubin-3'-oxime (BIO); it is a potent, reversible and ATP-

competitive inhibitor for GSK-3α/β that inhibits the β-catenin destruction

complex from instructing the proteasomal degradation of β-catenin during Wnt

signalling (refer to Chapter 1.6.2 for details). It has a molecular mass of 356.17 

g/mol, which by comparison with a protein such as VEGF165, is approximately 

126-times smaller in mass (refer to Chapters 1.6.2 2.2.3 for details).

Therefore, it is hypothesised that Laponite will deliver bioactive factors (VEGF 

and BIO) when premixed into 3% gels. Delivery of VEGF using this approach 

will predictably require much greater concentration of VEGF then surface bound 

as previously documented by Dawson et al [235]. Regarding small molecule 

interaction, it is hypnotised that Laponite will be able to retain BIO as well as 

allowing adsorption over a suitable time frame.  

To test the above set of hypotheses, a set of studies were carried out. These 

included: 

a) Testing the retention of and bioactivity of premixed VEGF to stimulate

in vitro 2D tube formation of human umbilical vein endothelial cells

(HUVECs).
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b) Testing the retention and release of small molecule agonists of Wnt

signalling (BIO) by measuring:

i) The release of BIO from Laponite gels overtime using a Luciferase

reporter system

ii) The uptake of BIO from exogenous media to Laponite gels using a

Luciferase reporter system.

c) Testing the thixotropic properties of 3% Laponite gels using a rheological

3-interval thixotropy test (3-ITT).
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3.2 2D HUVEC Tubule Assay Results 

The formation of HUVEC tubules in vitro is a well-documented method of 

assessing the response to proangiogenic biomolecules (refer to Chapter 2.2.1.2). 

In brief, endothelial cells form tube-like structures that link with adjacent cells 

creating a ‘network’. Tubule formation can be stimulated with the addition of 

proangiogenic factors like VEGF and FGF2. Thus, if there is a more extensive 

network between cells (i.e. more tubules) in the presence of a proangiogenic 

growth factor (either aqueously in growth medium or within the growth surface) 

compare to a control it can be deduced that the growth factor has had a 

stimulatory effect.    

3.2.1.1 Tubule Network Identification and Analysis 

Phase contrast images were captured and the tubule network analysed with a 

software using image analysis software (refer to Chapter 2.2.1.3). Individual 

HUVECs (Figure 3.1 A, black arrows) with extensions that linked with adjacent 

cells to form a continuous network between many cells (Figure 3.1 A, purple 

arrows). These have been successfully identified with image analysis software, 

depicted by different coloured interconnecting lines that correspond to a specific 

aspect of a network (Figure 3.1 B).    
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Figure 3.1. Identified HUVEC Tubule Network by Image Analysis. (A) Image shows HUVECs cultured with 
0.04 µg/ml VEGF in aqueous growth medium. Original phase contrast image shows individual HUVECs 
(black arrows) and tube extensions formed between adjacent cells (purple arrows). (B) Identified network 
using ImageJ ‘Angiogenesis Analyser’ plugin. Yellow lines depict ‘master segments of a continuous network 
(white arrows), with junctions (‘nodes) between cells identified by a red dot surrounded by blue circle (blue 
arrows). ‘Master junctions’ are ‘nodes’ surrounded by a red circle; these are major junction points that link 
3 or more ‘master segments’ (red arrows). Green lines depict branch points of the network with terminal 
ends (extremities) and the light blue lines that surround ‘master segments’ are defined as mesh regions 
(‘loops’ of a network). Scale bars = 200 µm. 

   

Yellow lines identify the ‘master segments’, which are the regions of a continuous 

tube network that link adjacent cells together (white arrows). The junction 

points, or ‘nodes’, are identified by pixels that have at least 3 neighbouring pixels. 

These are shown as a red dot surrounded by blue circle (blue arrows). Nodes that 

form as part of a ‘master junction’ are surrounded by a red circle (red arrows), 

‘master junctions’ are defined as regions that link 3 or more ‘master segments’. 

Green lines indicate ‘terminal branching points’ of the network and blue lines are 

isolated elements that are not part of a network (e.g. individual cells that are not 

connected with another cell). Light blue lines that surround ‘master segments’ 

(black arrows) are mesh regions that can determine ‘loops’ within a network.  

Identified network regions can be quantitatively measured by the number of pixels 

covered. All quantitative measurements reported in this subchapter are as ‘mean 
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tubule branching points’. This measured the total number of pixels of ‘master 

segments’ and ‘terminal branching points’ of identified tubule networks (excluded 

isolated regions).         

3.2.2 Effect of VEGF Concentration on HUVEC 

Tubule Formation 

To confirm that 3% Laponite hydrogel surfaces can be used to successfully culture 

HUVECs and assess tubule formation, cells were seeded in the presence of 

different concentrations of VEGF premixed within growth medium.   

An increase in tubule network organisation was present with HUVECs grown in 

all VEGF concentrations (0.01, 0.02, 0.04 and 0.100 µg/ml) when compared to 

the no VEGF control group (Figure 3.2). Quantitative analysis of identified 

networks determined that the response to 0.01 and 0.02 µg/ml VEGF was similar 

(0.01 µg/ml mean branch pixels was 10966 ± 2248 pixels, 0.02 µg/ml mean branch 

pixels was 11223 ± 2287; Figure 3.3 A); however, only 0.02 µg/ml VEGF was 

statistically greater than the no VEGF control, with a 276 ± 48 % increase in 

identified HUVEC tubule network (Figure 3.3 B and C, p = < 0.05, error = 

standard deviation (SD)). An even greater tubule network was established at the 

highest VEGF concentrations (0.04 and 0.1 µg/ml) with an increase of 432 ± 59 

% and 472 ± 171 % mean tubule branching length respectively (Figure 3.3 B and 

C, p = < 0.0001, error = SD).  
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Figure 3.2. 2D tubule formation of human vein endothelial cells (HUVECs) on Laponite hydrogels cultured 
using different VEGF aqueous concentrations. Image analysis showing that increasing concentrations of 
VEGF mixed with growth medium can stimulate tubule formation between adjacent HUVECs. Formation 
of tubes were similarly present at 0.01 µg/ml and 0.02 µg/ml VEGF concentrations. A more defined network 
was established when HUVECs, were grown the highest VEGF concentrations (0.04 µg/ml and 0.10 µg/ml). 
Scale bars = 500 µm.   
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Figure 3.3. Quantitative analysis of HUVEC 2D tubule formation on Laponite hydrogels in response to 
VEGF growth media. (A) The total network length was quantified by total pixel number and the mean, 
standard deviation (SD) and confidence interval (CI) calculated. The mean difference between groups were 
calculated stating exact p numbers. (B) Comparison of the mean tubule branch length between different 
VEGF concentrations showed that there was a significant increase in tubule formation in all groups, except 
0.01 µg/ml. 0.04 µg/ml and 0.100 µg/ml VEGF stimulated the most significant increase in mean tubule 
branching length (432% and 472%). (C) Quantitative data shown graphically with relevant statistical 
significance. Error bars = SD, n = 2/3 (an n of 4 was used but some of the Laponite surfaces were damaged 
and HUVEC networks disrupted - these could not be included), one-way ANOVA analysis performed with 
Tukey’s post-hoc test applied for multiple comparisons; * denotes < 0.05; **** denotes p = < 0.0001.       
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3.2.3 Localisation of Bioactive VEGF by 

Adsorption to Laponite Hydrogels 

Results showed an increased organisation of tube networks in the VEGF “bound” 

group when compared to HUVECs grown on Laponite with no VEGF (Figure 

3.4). Quantitative data confirmed there was significantly greater tubule network 

in the Laponite-“bound” VEGF group than the no VEGF group (Figure 3.5 A & 

B). The extent of the tubule network in the Laponite-“bound” group was 

significantly different, like VEGF that was available to HUVECs in the media 

(1827 ± 1866 pixel difference, p = < 0.49, error = SD). These results further 

highlight that 3% Laponite hydrogels can associate with VEGF effectively and 

localise it in an active form in vitro.  
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Figure 3.4. 2D tubule formation of human vein endothelial cells (HUVECs) on Laponite hydrogels in different 
VEGF conditions. Image analysis showing that VEGF “bound” to 3% Laponite surfaces (VEGF in aqueous 
medium pre-incubated with Laponite for 2 hours and washed) exhibited similar tubule network formation to 
VEGF that was present in aqueous medium. Scale bars = 500 µm.   
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Figure 3.5. Quantitative analysis of HUVEC 2D tubule formation on Laponite hydrogels in different VEGF 
conditions. (A) The total network length was quantified by total pixel number and the mean, standard 
deviation (SD) and confidence interval (CI) calculated. The mean difference between groups were calculated 
stating exact p numbers. (B) Comparison of the mean tubule branch length between sample groups showed 
that Laponite hydrogels pre-incubated with VEGF (“bound”) exhibited similar tubule network organisation 
to VEGF present in aqueous media. HUVECs cultured on Laponite hydrogels absent of VEGF exhibited 
significantly less formation than the other two groups. Error bars = SD, n = 6, one-way ANOVA analysis 
performed with Tukey’s post-hoc test applied for multiple comparisons; **** denotes p = < 0.0001.       
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3.2.4 Incorporation of VEGF within Laponite 

Hydrogels and its Effect on HUVEC Tubule 

Formation     

To determine whether incorporation of VEGF within Laponite hydrogels could 

evoke a similar increase in tubule formation compared with that achieved with 

VEGF mixed into growth medium, different concentrations of VEGF were 

premixed into 3% Laponite hydrogels. A concentration range of 0.04 µg/ml to 

5.00 µg/ml VEGF was chosen. This range was significantly higher than 

concentrations of VEGF present in aqueous solution and were chosen to maximise 

the chance of measuring a HUVEC response.  

Establishment of a well-formed HUVEC network at the low VEGF concentrations 

(0.04 µg/ml and 0.10 µg/ml) was not successful with a mean tubule branching 

length no greater than the control group (Figure 3.6 and Figure 3.8 A). Evidence 

of tubules forming between HUVECs was detected at 0.50 µg/ml VEGF (Figure 

3.6). However, once a concentration of 1.00 µg/ml was reached a significant 

HUVEC network was established (Figure 3.7) with a mean tubule branching 

length increase of 279 ± 73 % (8331 ± 2019 pixels, p = < 0.01, error = SD). 

Further increases in network organisation was measured at higher VEGF 

concentrations (2.00 µg/ml and 5.00 µg/ml) with a 320 ± 111 % and 463 ± 26 % 

rise in tubule branching length when compared to the no VEGF control (Figure 

3.8 B and C, error = SD, p = < 0.001 and < 0.0001 respectively).   
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Figure 3.6. 2D tubule formation of human vein endothelial cells (HUVECs) on Laponite hydrogels containing 
low premixed VEGF concentrations. There was no evidence of tubule formation at the two lowest Laponite-
VEGF concentrations (0.04 µg/ml and 0.01 µg/ml). There was an indication that HUVEC organisation was 
present at 0.50 µg/ml as the identified network image shows. Scale bars = 500 µm. 
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Figure 3.7. 2D tubule formation of human vein endothelial cells (HUVECs) on Laponite hydrogels containing 
high premixed VEGF concentrations. Organised network between HUVECs were present in all Laponite-
VEGF test groups. Tubule formation was seen to increase with increasing VEGF concentrations from 1.00 
µg/ml to 5.00 µg/ml. Scale bars = 500 µm. 
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Figure 3.8. Quantitative analysis of HUVEC 2D tubule formation on Laponite hydrogels in different VEGF 
concentrations. (A) The total network length was quantified by total pixel number and the mean, standard 
deviation (SD) and confidence interval (CI) calculated. The mean difference between groups were calculated 
stating exact p numbers. (B) Comparison of the mean tubule branch length between different VEGF 
concentrations premixed within Laponite showed that there was a significant increase in tubule formation 
at 1.00-5.00 µg/ml (279-463% pixel increase), indicating that 1.00 µg/ml was the threshold concentration. 
(C) Quantitative data shown graphically with relevant statistical significance. Error bars = SD, n = 3/4 (an
n of 4 was used but some of the Laponite surfaces were damaged and HUVEC networks disrupted – these
could not be included), one-way ANOVA analysis performed with Tukey’s post-hoc test applied for multiple
comparisons; ** denotes p = < 0.01; *** denotes p = < 0.001; **** denotes p = < 0.0001.
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3.2.4.1 Differences between VEGF Mixed into Laponite, 

Adsorbed to Laponite and VEGF Present in 

Aqueous Solution    

VEGF premixed within Laponite hydrogels at a concentration of 1.00-5.00 µg/ml 

stimulated a HUVEC tubule response that was comparable to VEGF mixed into 

growth medium (Table 3.1).    

Table 3.1. Differences of mean tubule branching length between HUVECs grown with 1.00-5.00 µg/ml VEGF 
in Laponite and 0.01-0.04 µg/ml VEGF in growth medium. 1.00 µg/ml of VEGF premixed within 3% 
Laponite stimulated a mean tubule branching length akin to 0.01 µg/ml and 0.02 µg/ml of VEGF in growth 
medium (1-3 % difference). When 2.00 µg/ml of VEGF was premixed within Laponite, tubule formation was 
slightly greater (11%) than 0.02 µg/ml VEGF mixed within growth medium; this was less than 0.04 µg/ml 
VEGF in growth medium (-26% difference). A 5.00 µg/ml concentration premixed in Laponite stimulated a 
tubule response that was equivalent to 0.04 µg/ml of VEGF in the growth medium.  

VEGF at 1.00 µg/ml stimulated a mean tubule branching length that was 

comparable to 0.01 µg/ml and 0.02 µg/ml of VEGF in growth medium (1-3 % 

difference). 2.00 µg/ml of VEGF in Laponite had a response slightly greater (11%) 

than 0.02 µg/ml of VEGF in growth medium but a response that was less than 

0.04 µg/ml in growth medium (-26% difference). However, at 5.00 µg/ml, the 



Chapter 3: Delivery of Bioactive Factors Using Laponite Hydrogels: An In Vitro 
Approach 

108 

concentration of VEGF within Laponite hydrogels was great enough to stimulate 

a tubule response that was equivalent to 0.04 µg/ml of VEGF in the growth 

medium (Table 3.1). These results clearly demonstrate that by premixing VEGF 

within Laponite hydrogels at sufficiently high concentrations (> 1.00 µg/ml) can 

induce a proangiogenic effect that is comparable to VEGF in an aqueous solution. 

Based on previous work by Dawson et al [235], it was shown that the release of 

proteins from Laponite gels was negligible. Thus, it could be assumed that the 

biological response exhibited by HUVECs at these higher concentrations of pre-

mixed VEGF would have occurred via sustained localisation of VEGF. This 

means that HUVECs would have required a degree of penetration within the 

Laponite gels to gain access to biological quantities of VEGF. To test this 

hypothesis and determine the depth of gel required to stimulate a biological effect 

a set of calculations were performed based on assumptions gained from the data 

in this subchapter. These assumptions were mainly based on the VEGF 

adsorption data (40 ng/ml) and the concentration of VEGF within Laponite that 

exhibited the greatest biological response (5 µg/ml). All subsequent calculations 

have been illustrated in Figure 3.9.  

Assuming that 100% of VEGF had adsorbed to Laponite when pre-incubated with 

0.04 µg/ml, the total VEGF bound to the surface would have been 12 ng (Figure 

3.9 A). Therefore, this quantity of VEGF could be considered the amount required 

to exhibit a maximal biological response.  
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Figure 3.9. Calculation of the theoretical depth in a Laponite VEGF gel that is bioactive to HUVECs.  A) 
Shows that if 100% of VEGF had adsorbed to Laponite gels when pre-incubated with 0.04 µg/ml, the total 
of VEGF bound to the surface would have been 12 ng. B) Based on the maximal pre-mixed VEGF 
concentration (5 µg/ml) and the volume of gel used (0.15 ml) the concentration of VEGF per µl would have 
been 5 ng. By dividing the concentration required to have a bioactive effect when adsorbed (shown in A = 
12 ng) with concentration of VEGF that existed within 1 µl of pre-mixed gel this calculates the volume that 
would have been required to exert the same biological (12 ng) effect; this was calculated to be 0.024 ml. C) 
Using the calculated data from A and B in the equation that calculates the height of a cylinder, a depth of 
25 µm was calculated; this is the depth of gel that would have been required for cells to penetrate in order 
to exhibit a successful biological response.     

As demonstrated in Figure 3.9, the maximal pre-mixed VEGF concentration (5 

µg/ml), the gel volume used (0.15 ml), the gel volume required to stimulate a 
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biological response (0.024 ml, calculated in Figure 3.9 B) and a well area of 0.95 

cm2 it was calculated that a depth of 25 µm was required for HUVEC penetration 

(Figure 3.9 C). 

3.3 BIO Uptake/Release Assay Results 

3.3.1 Validation of Wnt Signalling Pathway 

Reporter Cell Line Response to BIO 

The activity of the canonical Wnt signalling pathway was measured using a 3T3 

mouse fibroblast cell line. This cell line has been genetically engineered to express 

the firefly luciferase reporter gene under the control of Wnt-responsive promoters 

(TCF/LEF). Luciferase activity in this cell line can be stimulated with the 

addition of exogenous Wnt proteins/Wnt agonists in a dose-dependent way. This 

enzyme activity is measured by changes in chemiluminescent output following cell 

treatment with an exogenous luciferin substrate.  

BIO is a potent yet reversible agonist of Wnt signalling; it behaves as a selective, 

ATP-competitive inhibitor of GSK-3α and GSK-3β. To validate the dose-

dependent relationship of exogenous BIO on 3T3 cell luciferase activity, cells were 

incubated in culture medium containing BIO at different concentrations (0-5 µM) 

and the chemiluminescent signal measured.     

Negligible production of luciferase was measured in media containing > 1 µM, 

however a rapid increase in enzyme activity was observed between 1 µM and 3 

µM. No further increase in luciferase production was measured > 5 µM, indicating 

that this concentration of BIO is saturating (Figure 3.10). All subsequent 
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luciferase reporter gene data up-regulated by BIO was normalised to maximal 

enzyme activity at 5 µM.  

Figure 3.10. Dose-response control curve of BIO. (A) Descriptive statistics that represents mean normalised 
% activity of luciferase produced by a 3T3 fibroblast cell line that is controlled by a TCF/LEF Wnt reporter. 
(B) Luciferase assay data plotted against BIO concentration; this confirmed that luciferase activity responds
in a dose-response manner with negligible activity at < 1 µM and a rapid increase in activity between 1-3
µM. Luciferase response to BIO reaches a steady-state at 5 µM indicating that this concentration is
saturating. Error bars = S.D. n = 8 (except for 5.00 µM which had 7).

3.3.2 Validation of Adsorption of Assay Media 

Components by Laponite Hydrogels 

To test whether adsorption of components from the growth medium by Laponite 

could interfere with the reporter cell line read-out, assay medium was incubated 

with Laponite hydrogel capsules for various periods of time (up to 60 minutes and 

up to 7 days). Following incubation, media was recovered and mixed with BIO 

(5 µM). This was then incubated with 3T3 fibroblast cell culture and the activity 

of luciferase measured.  
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Figure 3.11. Validation that Laponite hydrogels have no impact on media components. Media was incubated 
with Laponite capsules prior to addition of BIO at saturation concentration (5 μM). Confirmation of BIO 
was determined by 3T3 cell luciferase production. Activity was compared to the 5 μM dose-response control; 
no significant reduction in luciferase activity was measured when Laponite capsules were incubated with 
media up to 60 minutes (A) or up to 168 hours (B). This confirmed that culture medium efficacy was 
unaffected when incubated with Laponite capsules. Error bars = S.D. N = 3 (10 and 30-minute samples), 6 
(all remaining samples). One-way ANOVA statistical analysis was performed.       

Supporting the hypothesis that Laponite does not interfere with a constituent of 

growth medium, no significant decrease in the response to 5 µM BIO was observed 

when compared to the control at any time point up to 7 days (see Figure 3.11 A 

and B, p = > 0.85).    

3.3.3 Adsorption of BIO by Laponite Hydrogels 

To test whether Laponite could adsorb BIO from growth medium, the luciferase 

activity of assay medium at the saturation concentration of BIO (5 µM) was 

measured following incubation with Laponite capsules at various time points (up 

to 60 minutes). A decline in activity would thus indicate BIO uptake.  

A significant reduction in mean luciferase activity was measured between 0.0 and 

0.5 minutes (Figure 3.12 A, 87.5 ± 15.8% reduced to 51.5 ± 11.9%, p = < 0.05). 

Although there was a reduction in luciferase active after 30 seconds, there was 
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inconsistency to support this adsorption at the remaining time points. This is best 

seen between 30 seconds and 60 minutes where there was a gradual rise in 

luciferase activity. After 60 minutes the difference between time 0 was only ~12%. 

Without further study it is difficult to conclude that Laponite gels could offer 

significant absorption of BIO over a 60-minute period.    

Figure 3.12. Investigating the adsorption of BIO by Laponite hydrogels. (A) Laponite hydrogel capsules were 
incubated with medium containing BIO (5 μM) up to 60 minutes. Recovered media at different time points 
was cultured with 3T3 fibroblast cells and the mean luciferase activity measured. (B) There was a significant 
reduction in luciferase activity after 30 seconds; no other time points were deemed significantly reduced (* 
denotes that p = < 0.05). Error bars = S.D, n = 3. One-way ANOVA test was performed.      

3.3.4 Release of BIO by Laponite Hydrogels 

To test whether Laponite would release BIO into the assay medium, Laponite 

capsules were premixed with a high concentration of BIO (50 µM or 80 µM, refer 

to 2.2.5.4) and incubated with assay medium at various time points. Like the 

adsorption study, the luciferase activity of 3T3 fibroblast cells was measured, 

however in this case any increase in activity would indicate BIO release.  

In the initial study, no increase in luciferase activity was detected at any time 

point up to 60 minutes, thus indicating no release of BIO (Figure 3.13).  
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Figure 3.13. Investigating the release of BIO from Laponite hydrogels up to 60 minutes. (A) Laponite 
hydrogel capsules containing 50 μM were incubated with growth for up to 60 minutes. Recovered media at 
different time points was cultured with 3T3 fibroblast cells and the mean luciferase activity measured. (B) 
There was negligible activity of luciferase measured over the 60-minute time course indicating that no 
detectable BIO was released from Laponite. Error bars = S.D, n = 3. One-way ANOVA test was performed. 

To increase the sensitivity of the release assay, a revised protocol was employed 

(see methods chapter 2.2.5.4). In brief, 5 Laponite capsules were incubated with 

assay medium at different time points up to 168 hours (7 days). In parallel, assay 

medium was also incubated with Laponite capsules absent of BIO; no BIO was 

added to this assay medium at any stage during the study and served as a baseline 

for luciferase activity (negative control). Like before, luciferase activity was 

measured following addition of media to 3T3 fibroblast cell culture. No increase 

in luciferase activity was detected with cells cultured with negative control media 

(Figure 3.14 A and B). In contrast, small increases in luciferase activity was 

observed in media incubated with BIO-Laponite capsules at all time points. 

However, only the activity of media incubated with BIO-Laponite capsules at 24 

hours was significantly different from the negative control (Figure 3.14, 10.2 ± 

2.7 % difference p = < 0.01).  

3.3.4.1 Quantification of BIO Released from Laponite   

As there was evidence of significant BIO released into assay medium at 24 hours, 

it was thought necessary to quantify the estimated concentration. To calculate 
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this, the luciferase activity data measured at 24 hours was used with the equation 

derived from the dose-response curve (Fig. 3.9) to interpolate the concentration 

of BIO (see appendix A.6).  It was calculated that 1.3 µM of BIO was released 

into the assay medium at 24 hours (Fig. 3.14 A and B).  

Figure 3.14. Investigation the release of BIO from Laponite hydrogels up to 168 hours (7 days). (A) Laponite 
hydrogel capsules premixed with BIO (80 μM) were incubated with growth medium up to 60 minutes. 
Recovered media at different time points was cultured with 3T3 fibroblast cells and the mean luciferase 
activity measured. (B) There was a significant increase in luciferase activity by 24 hours, indicative of BIO 
release; no other significant increase was measured at other time points (** denotes that p = < 0.01). Error 
bars = S.D, n = refer to table. Two-way ANOVA statistical analysis was performed with Sidak’s multiple 
comparison post-hoc test applied.    
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Figure 3.15. Amount of BIO release/retained by Laponite hydrogel capsules after 24 hours during 7-day 
study. (A) Interpolated luciferase activity calculated using the dose-response control data. (B) Data table 
showing the mean luciferase activity after 24 hours was 12.2 ± 8.7% and the interpolated BIO concentration 
as 1.3 μM; approximately 4.8% was released into the growth medium and that > 95% was successfully 
retained. 

To determine the proportion of BIO released from Laponite capsules, the 

theoretical maximum concentration of BIO was calculated by assuming the total 

BIO release. This was calculated to be approximately 26.7 µM (see appendix A.6). 

By using this concentration, it was calculated that there was 4.8% released at 24 

hours (Figure 3.15 B). Whilst these results show evidence of BIO release, Laponite 

hydrogels retained BIO very effectively under these test conditions. 
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3.4 Discussion 

The primary aim of this thesis is to develop Laponite gels as a carrier biomaterial 

to localise bioactive molecules to promote wound healing. It was considered that 

incorporation of bioactive factors within the bulk hydrogel, rather than by surface 

adsorption [235], would have advantages for wound treatment as it would enable 

topical administration like other growth factor gels or dressings [264, 269]. Surface 

adsorption has been shown previously to preserve VEGF activity, but it is 

unknown whether mixing molecules within the hydrogel bulk may compromise 

activity, by sequestering the molecule away from the cells or inactivating it. The 

main findings from these studies showed:  

• Laponite premixed with ≥ 1 µg/ml VEGF stimulated significant tube

formation of HUVECs.

• Higher concentrations are required when encapsulated in vivo which is

likely due to VEGF being entrapped within the bulk Laponite gels.

• Following encapsulation BIO was retained in Laponite gels for up to a 7-

day period.

• Preliminary adsorption data showed that BIO does not interact as well as

VEGF.
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3.4.1  Incorporated VEGF in Laponite gels 

stimulates in vitro angiogenesis  

A VEGF titration in growth medium was performed to determine its dose 

response in promoting tubule formation on 3% (w/v) Laponite surfaces. Similar 

to Dawson et al, who studied 2.5% (w/v) Laponite gels, it was shown that tubule 

growth was stimulated when Laponite was pre-adsorbed with 0.04 µg/ml. This 

indicates that there is unlikely to be a difference in the activity or bioavailability 

of the VEGF related to this minor change in the proportion of Laponite. 

In contrast to adsorption of VEGF, it was found that much higher concentrations 

mixed into Laponite was necessary to induce tubule formation compared to that 

delivered in the medium (maximal response at total 12 ng laponite dose (growth 

medium) vs 750 µg total laponite dose (bulk inclusion)). It was considered that 

this was likely due to the dispersion of the VEGF throughout the bulk of the 

Laponite, where it may be unavailable to the cells. Therefore, only a proportion 

of encapsulated VEGF is ‘exposed’ to cells on the surface is bioavailable; for 

simplicity, this can be named the ‘bioactive fraction’. 

To test the validity of this theory, a calculation was performed to predict the 

depth of the ‘bioactive fraction’. This comprised approximately 25 µm of the 

uppermost portion of the gel. The mean diameter of HUVECs have been 

documented to be ~19 µm [247], although these cells are likely to penetrate 

beneath the surface of viscoelastic laponite gels. Nevertheless, assuming that cells 

do not penetrate much more than 25 µm in depth, it is reasonable to assume that 

the primary reason why the dose response curves differ is sequestration of VEGF 

away from the cells, rather than inactivation of the protein. To confirm the 
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presence of the ‘bioactive fraction’ an additional study could be performed testing 

the hypothesis that a gel thickness below 25 µm would result in reduced 

bioactivity. If this hypothesis was proven, it would be predicted that fewer tubules 

would form between adjacent cells as gel thickness decreases. To determine and 

control gel thickness, confocal microscopy could be used as a potential technique 

[270].   

Future work could investigate the stability of VEGF in vitro, with regards to 

temperature and storage. The biological half-life of VEGF has been shown to be 

≤ 30 mins in vivo [147] and 90 minutes in vitro [271]. The importance of this

information relates to the potential shelf life of a VEGF-Laponite encapsulated 

therapy. It could be hypothesised that when VEGF is incorporated within 

Laponite gels, it is less exposed to negative environmental stimuli and is thus 

bioactivity is improved. To test this, Laponite-VEGF could be exposed to various 

environmental factors that can exert adverse effects (e.g. temperature, UV light) 

over time. Post-exposure, the bioactivity of VEGF within these gels would be 

assessed using the HUVEC tubule assay. 

Another area of interest would be to determine whether premixed VEGF can be 

released from Laponite gels into its surrounding environment. Due to Laponite’s 

sorptive properties minimal release from Laponite gels would be highly 

predictable, however a suitable study would need to be designed to prove this. 

To test this, Laponite gels premixed with VEGF could be added dropwise to PBS, 

and samples of PBS recovered overtime.  Then, using an enzyme-linked 

immunosorbent assay (ELISA), release of VEGF could be measured from 

recovered PBS samples. This was documented in a forthcoming chapter (Chapter 

4.2.4) but was tested using higher premixed VEGF concentrations than 
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investigated in this chapter; this concentration deviation was based on findings 

discovered by accompanying in vivo data presented in this chapter (please refer 

to Chapter 4.2.3.5). 

Most importantly, these results have robustly proved that Laponite-VEGF gels 

≥ 1 μg/ml can exert a bioactive effect in vitro. The most logical step would be

to test these gels containing this concentration of VEGF in a murine-based wound 

healing model. This would aim to accept the hypothesis that Laponite gels 

containing bioactive VEGF can increase the rate and quality of wound healing.  

3.4.2 Laponite Uptake and Release of Small 

Molecule BIO 

Investigating the interaction (via adsorption and release) of small molecules was 

considered important because it is unknown if these molecules could be retained 

by Laponite gels. Evidence of small molecule adsorption and retention by 

Laponite is limited, although there has been evidence of successful antibiotic 

intercalation (mafenide and tetracycline) within Laponite clay particles [251]. 

They also successfully showed that sustained release was successful over a 72-hour 

period, although mafenide release did exhibit a burst release of 60-80% within the 

first 2 hours. Although a burst release that was seen in this study may be clinically 

sufficient for antibiotic delivery, this is less desirable for bioactive molecules 

whereby is essential [10, 14]. In addition, the release profiles between these two 

antibiotics were different (tetracycline did not exhibit the same level of burst 

release). Therefore, understanding the release kinetics of specific molecules are 

essential.     
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More specifically, smaller molecules, such as agonists of Wnt signalling like BIO, 

that exhibit poor solubility [272] may have the reduced capability to form 

electrostatic interactions between individual molecules and clay particles. 

Therefore, it was chosen to investigate the uptake/release profiles of BIO with 

Laponite gels using a luciferase gene reporter cell system.     

Preliminary adsorption data suggested that rapid adsorption of BIO occurred 

within the initial moments of the study yet no further uptake occurred. 

Speculatively this could have been due to saturation of Laponite gel capsules. 

Developing this study further by decreasing the volume of Laponite and increasing 

the number of droplets would potentially increase the saturation time (greater 

surface area to volume ratio).  

Overall, incorporation of BIO led to minimal release over a 7-day period. However, 

minor proportion of release was detected (≥ 12%, the greatest being 24 hours

post exposure) which can be considered advantageous. Many hydrogel-based 

therapies strive to deliver bioactive molecules in a slow-release and sustained 

manner [260]; these results suggest that with small molecules Laponite can meet 

these standards. However, further study that involved longer time frames would 

be required to test the hypothesis that Laponite releases small molecules slowly.   

A possible concern are the concentrations that were adopted in for these 

uptake/release studies (50-80 µM). However, due to the preliminary data (see 

3.3.4.1) suggesting limited release, any negative effects via excessive dosage would 

be predicted to be minimal.  

The BIO uptake/release studies do not demonstrate the direct bioactive potential 

of BIO’s interaction with Laponite gels. It would be interesting to mix BIO within 
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Laponite and attempt to grow 3T3 cells on Laponite. If feasible, it would be a 

huge benefit to know whether BIO can exert activity when localised by Laponite. 

If this was proven in vitro then the possibility to localise Laponite-BIO at wound 

sites could be investigated. 

Based on the results discussed in the chapter, both VEGF and BIO could 

potentially be a useful strategy for improving cutaneous wound healing in chronic 

wounds by stimulating key cell progenitors for differentiation and proliferation. 

It was decided however, that the incorporation of VEGF would only be taken 

further in forthcoming chapters for more detailed investigation and analysis. The 

discovery that VEGF premixed within Laponite gels retained its bioactivity led 

to this decision with the rationale that Laponite-VEGF gels would translate its 

bioactivity in an in vivo wound healing model. Nevertheless, the potential 

therapeutic benefits of BIO and other small biomolecules via Laponite gels is not 

discredited by this choice. More specifically, this avenue would require significant 

in vitro work to prove direct bioactivity before any in vivo testing could go ahead. 

This in combination with limited time and resources meant that these set of 

studies could not be realistically undertaken.  
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4.1 Introduction 

There has been significant interest in the last 20 years to use natural bioactive 

molecules to improve the rate of wound healing for non-healing ulcers. Chronic 

diabetic wounds exhibit a pro-inflammatory state that is less geared towards to 

cell proliferation with a significant imbalance in cellular signalling due to reduced 

cytokine secretion and cell response to growth factors [92]. There are a wide array 

of dysregulated cytokine/growth factors that could potentially be used to improve 

wound healing including: PDGF, VEGF, IGF-1, TGF-β1, and EGF [91, 101, 102]. 

Only recombinant human PDGF-BB (rhPDGF) has been clinically approved, 

although control trials have proven that PDGF-BB offers varying efficacy for the 

treatment of DFUs [132, 134].  

Growth factors are often unstable in chronic wounds due to elevated protease 

production. This makes growth factor delivery a significant challenge which is 

often overcome by administering the growth-factor therapy multiple times to 

exert a therapeutic effect. Adverse toxic effects that occur locally due to excessive 

growth factor applications has been suggested [273].  

Whilst the incorporation of PDGF-BB into Laponite hydrogels would be an 

interesting prospect, current knowledge of Laponite-growth factor interactions has 

been documented in previous studies using VEGF [235]. More importantly, the 

conclusions obtained from the HUVEC tubule study in Chapter 3 have 

demonstrated further the potential of Laponite to localise bioactive VEGF in 

vitro.  
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However, based on previous work it is unknown if incorporation of VEGF would 

still yield a bioactive effect [235]. As the release of pre-encapsulated proteins from 

Laponite gels have been shown to be negligible any bioactive effect exerted would 

be through sustained localisation rather than ‘delivery’.  

Other researchers have tested the ability for hydrogels and other drug delivery 

systems to improve skin healing by using a full thickness murine model [146]. 

Testing a chronic wound model will provide an insight into bioactive molecules 

effect on delayed wound healing; refining and optimising a model using healthy 

mice is important. This will provide a baseline control and an understanding of 

any potential improvements.  

Previous reports have shown that the chemical properties of Laponite allow the 

biomaterial to form reversible hydrated gel networks at low concentrations [14, 

235]. In brief, when a high shear force is applied to Laponite gels, and a specific 

threshold is met, the viscosity rapidly decreases. Upon immediate removal of the 

applied shear force, the viscosity of the gel is re-established to a state that is akin 

to a pre-sheared gel. This unique property is defined as thixotropy [14, 274] and 

was deemed attractive for the potential of easy yet robust application to a skin 

wounds [275].  

Many conventional biomaterial gel systems, like hydrogels, require a two-step 

process of gelation (e.g. biomaterial & addition of a crosslinker) [231]. Thus, in 

their pre-gelled state these hydrogels will often have low viscosity and structural 

properties.  This can be beneficial with regards to handling before treatment and 

allow easy incorporation of bioactive molecules [275]. However, upon addition to 

a defect, like a skin wound, the addition of a crosslinker can cause application 



Chapter 4: Laponite Hydrogels Localise Bioactive VEGF and Induce 
Angiogenesis in Healthy Mouse Wounds 

129 

difficulties due to gelation and rapid increase in viscosity. A variety of hydrogel 

systems attempt to negate this issue by forming a cross-linked hydrogel in situ 

[275, 276]. Using thixotropic gels such as Laponite may provide an alternative 

solution to this issue as its thixotropy may allow for lower viscosity pre-

administration following a shear force (e.g. mixing or during extrusion via 

injection). Whilst in situ, its structural integrity would be restored automatically 

ensuring that its strength is maximised for suitable localisation at a wound site.  

However, the time that is required for 3% Laponite gels to regain its original 

viscosity after high shear is not known. This is important to determine as 

thixotropic properties that are too high may cause gels to regain stiffness more 

quickly than desired for skin wound application (e.g. via injection under a wound 

dressing). In contrast, thixotropy that is too low could lead to poor localisation 

and persistence at the wound site, inhibiting its effectiveness at sustained 

biomolecule delivery. Determining the specifics of these properties would be 

advantageous to ensure that it would be fit-for-purpose as an injectable/topical 

gel.  

Based on the questions raised above, the following hypotheses were tested: 

• Laponite can be retained within a wound site for a minimum of 7 days.

• Encapsulated VEGF will increase the rate of wound closure and recovery.

• Encapsulated VEGF is required to initiate a proangiogenic response in vivo.

• Delivery of VEGF will occur via localisation rather than release (protein
release kinetics)
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4.2 Results 

4.2.1 Rheology 

Rheological testing using 3-interval-thioxtropy test (3-ITT; this is where gels were 

subjected to three oscillatory intervals and their viscosities/recovery measured 

during these intervals) showed that Laponite gels exhibited good thixotropic 

behaviour, with up to 70% recovery after 4 seconds upon removal of a shear force 

(please refer to Appendix C.1). In contrast, ~70% viscosity was slower than 

alginate gels which recovered at an overall greater rate than Laponite (2 seconds). 

This coupled with alginate’s significantly greater pre-shear viscosity (Appendix 

C1, Figure 6.8; 18.85 ± 0.08 x 105 vs 3.22 ± 0.02 x 105 mPa. s at 25°C, error = 

SD, p = < 0.0001), proved that Laponite gels were far easier to manipulate during 

sample handling. These results support why application of Laponite via an 

injection was less prone to blockage when in the syringe, although both gels were 

successfully injected via a 25G hypodermic needle. These results show the 

advantages of using a clay based gel material over a crosslinked hydrogel like 

alginate.  

4.2.2 The Effect of Laponite Hydrogels on Wound 

Closure in Healthy Mice 

To test the biocompatibility of topical 3% Laponite at wound sites, a pilot study 

was initially performed. The aim of this pilot study was to test whether a single 

application of Laponite gel administered 1-day post-surgery would remain at the 

wound site for a minimum period of 7 days. It would also elucidate any beneficial 

effects that Laponite could exert on the wound healing process when compared 

to a PBS control wound.  
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Laponite and PBS-treated wounds exhibited a reduction in wound closure over 

the 7-day study period, with significant closure measured by day-5 (Figure 4.1 C, 

p = < 0.05).  

Figure 4.1. Laponite reduced the rate of wound closure up to 7 days in healthy mice. (A) Wound photographs 
were taken over time to assess the change in wound size and determine the average closure rate. An overall 
reduction in wound size was evident in both treatments but PBS-treated wounds exhibited greater closure. 
Scale bars = 2 mm. (B) Data table and (C) graph showing wound area measured from tracing around each 
wound. This data confirmed that there was a greater reduction in area in PBS-treated wounds with 
significant closure by day 5 when compared to day 0 wounds. Two-way ANOVA analysis was performed 
using Tukey’s multiple comparison post-hoc test. * and ** denotes that p = < 0.05 and < 0.01 respectively. 
Number of mice (n) in all treatment groups was 3 (except day 4 where results were from 2 mice). 
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Wound tissue was next harvested at day 3, 5 and 7 post-surgery and serially 

sectioned. Haematoxylin and eosin stained tissue showed evidence of increased 

cell invasion into the wound bed at earlier time points, stimulated by the presence 

of Laponite (Figure 4.2 a-d, images ii-iii).  

Figure 4.2. Laponite gels remain present within wound area for at least 7 days. Haematoxylin and eosin 
stained tissue sections; top image pane shows wound tissue overview; * shows healthy tissue and white lines 
depict wound margins; scale = 1 mm. Bottom left pane (ii) = higher magnification image of a region of 
interest (ROI) of upper image. Early evidence showed that Laponite-treated wounds retained Laponite for 
the duration of the 7-day study, demonstrating its biocompatibility as a topical treatment. There was also 
evidence of increased cell invasion into the wound bed at earlier time points, stimulated by the presence of 
Laponite (refer to images a-d, bottom image panes (ii-iii)). Increased cell invasion earlier within the wound 
healing cascade may have stimulated greater growth and migration of keratinocytes by day 7; epithelial 
tongue has extended further than PBS treated wound in this example (indicated by # in e-f, images ii).   
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Increased cell invasion earlier within the wound healing cascade may have 

stimulated greater growth and migration of keratinocytes by day 7; this may 

explain why the epithelial tongue had extended further than PBS treated wound 

in Figure 4.2 e and f, images ii. 

Figure 4.3. Wound tissue stained with a diarylmethane fluorescent stain (Auramine O) - a selective marker 
for Laponite. (A) Wound tissue that had been treated with Laponite hydrogel selectively stained with 
Auramine O; right panel clearly shows the fluorescent orange stain indicating the presence of Laponite within 
the wound bed. (B) PBS-treated wound stained with Auramine O; no fluorescent stain present due to the 
absence of Laponite. (C) Laponite-treated wound with no stain applied used as a control sample. Left panel 
scale bars = 1 mm, right panel scale bars = 100 µm. Filter set 2 (DAPI) used (please refer to Chapter 2.3.8.1, 
Table 2.2 for filter details).   

To identify and track the presence of Laponite within the wound bed within the 

wound study tissue sections were stained using a diarylmethane fluorescent stain 

(Auramine O), a selective marker for Laponite. A control example demonstrating 

the ability of Auramine O to successfully identify Laponite (yellow-orange 

fluorescence) can be seen in Figure 4.3 A. In contrast, PBS-treated wound shows 

no signs of the fluorescent marker supporting the selective nature for Laponite.  
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Figure 4.4. Laponite-treated wound 3-days post-surgery stained with Auramine O. (A) Haematoxylin & eosin 
stain; scale = 1 mm. (B) A parallel section stained with Auramine O stain, scale = 1 mm; (C-D) Higher 
magnification images taken from a region of interest in image (B); scale = 200 µm and 50 µm respectively. 
These image panels show that a large quantity of Laponite is present at day-3 post surgery (2 days after 
Laponite intervention). Laponite appears to have integrated well with wound tissue (e.g. cellular content, 
pink arrows), with larger pieces of Laponite (white arrows) in some areas devoid of cellular material. Areas 
of cellular content absent of Laponite are indicated with blue arrows. Filter set 2 (DAPI) used (please refer 
to Chapter 2.3.8.1, Table 2.2 for filter details).  
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Figure 4.5. Laponite-treated wound 5-days post-surgery stained with Auramine O. (A) Haematoxylin & eosin 
stain, scale = 1 mm (B) A parallel section stained with Auramine O stain, scale = 1 mm; (C-D) Higher 
magnification images taken from a region of interest in image (B); scale = 200 µm and 50 µm respectively. 
These image panels show that a large quantity of Laponite is present at day-5 post surgery (4 days after 
Laponite intervention). Laponite appears to have integrated well with wound tissue (e.g. cellular content, 
pink arrows), with larger pieces of Laponite (white arrows) in some areas devoid of cellular material. Areas 
of cellular content absent of Laponite are indicated with blue arrows. Filter set 2 (DAPI) used (please refer 
to Chapter 2.3.8.1, Table 2.2 for filter details).   

It was confirmed with the Auramine O stain that Laponite was present in the 

wound bed up to a period of seven days (Figure 4.4, Figure 4.5, Figure 4.6). 

Interestingly, at all three-time points, evidence of the integration of Laponite 

material within the wound bed is vivid. Speculatively this could suggest that cells 

had endocytosed Laponite or they may have simply infiltrated deeper within this 
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area of fragmented Laponite (Figure 4.6 pink arrows). To differentiate between 

these two possible events further investigation would be required.  

Figure 4.6. Laponite-treated wound 7-days post-surgery stained with Auramine O. (A) Haematoxylin & eosin 
stain, scale = 1 mm. (B) A parallel section stained with Auramine O stain, scale = 1 mm; (C-D) Higher 
magnification images taken from a region of interest in image (B); scale = 200 µm and 20 µm respectively. 
These image panels show that a large quantity of Laponite is present at day-7 post surgery (6 days after 
Laponite intervention). Laponite appears to have integrated well with wound tissue, potentially showing 
signs of endocytosed Laponite by cells or just greater cell infiltration (pink arrows). Cellular content absent 
of Laponite are indicated with blue arrows. Filter set 2 (DAPI) used (please refer to Chapter 2.3.8.1, Table 
2.2 for filter details). 
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4.2.3 The Effects of Localised Laponite-VEGF 

Hydrogels on Skin Wounds in Healthy Mice 

Effective localisation of Laponite hydrogels at skin injury sites led to the next 

stage in investigation; to test whether recombinant growth factors could be 

delivered to wounds using Laponite and improve wound recovery. Specifically, 

the proangiogenic factor VEGF was investigated as expected changes would lead 

to increase blood vessel formation within wound granulation and accelerate wound 

closure.  

Four dorsal wounds were created per mouse; two rostral and two caudal regions. 

The use of multiple wounds was employed to increase data output and reduce the 

number of animals used. Two concentrations of Laponite-VEGF hydrogels were 

initially investigated. Rostral wounds were treated with a high VEGF 

concentration (1.0 µg/ml) whereas caudal wounds were treated with a lower 

VEGF concentration (0.1 µg/ml) (contralateral wounds were treated with a 

vehicle Laponite as a control). Wound tissue was harvested at various time points 

up to 11 days and photographs taken to measure wound closure. 
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4.2.3.1 Analysis of Blood Glucose 

Figure 4.7. Blood Glucose levels monitored over 11 days.  There were no significant changes of blood glucose 
levels over time, with an average reading of 9.3 ± 1.3 mmol/l. One-way ANOVA analysis was performed 
using Tukey’s multiple comparison post-hoc test. Error bars = SD. 

Blood glucose was tested prior to surgery (day 0 value) and subsequently 

throughout the study. It was found that the average glucose level was 9.3 ± 1.3 

mmol/l.    
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4.2.3.2 Analysis of Murine Weight 

Figure 4.8. Weight of Mice monitored over 11 days. There were no significant changes of weight over time, 
with an average reading of 23.1 ± 0.8 g. One-way ANOVA analysis was performed using Tukey’s multiple 
comparison post-hoc test. Error bars = SD. 

Weight was measured prior to surgery (day 0 value) and also measured 

throughout the study. It was found that the average weight was 23.1 ± 0.8 g.  

4.2.3.3 Analysis of Wound Closure 

No significant differences in wound closure as a function of location (dorsal vs 

rostral; left vs. right) were observed between these two regions when compared 

(Figure 4.9, p = > 0.99). 

Photographs of wounds over time showed that all treatment groups exhibited a 

similar reduction in wound size over time. By day 11 wounds treated with 

Laponite + 0.1 µg /ml VEGF did show a greater reduction than the other 

treatments, although this was minor (Figure 4.10 A).  
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Measurements of wound area over time did not show any significant differences 

in either the 0.1 µg /ml or 1.0 µg /ml treated wounds when compared with the 

control wounds (Figure 4.10 B -D, p = > 0.85). 

Figure 4.9. Differences between rostral and caudal wound locations on mouse dorsum. (A) Descriptive 
statistics of wound closure rates and (B) data plotted over time; no significant differences of wound closure 
between rostral and caudal wound locations were present. Two-way ANOVA analysis was performed using 
Tukey’s multiple comparison post-hoc test. 
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Figure 4.10. Wound closure of mouse wounds measured over 11 days treated with Laponite gels containing 
a low VEGF dose (0.1 µg/ml) and a high VEGF dose (1.0 µg/ml). (A) Macroscopic images of each treatment 
group shown over time and (B) the wound area difference (%) plotted over time measured from all wound 
photos; wounds close in a near-linear fashion over time with > 80% closure achieved by day 11 (all treatment 
groups). No significant differences of wound closure between wound treatment groups were measured. Two-
way ANOVA analysis was performed using Tukey’s multiple comparison post-hoc test. Scale = 2 mm.    
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Figure 4.11. Negligible differences in wound closure by contraction or re-epithelialisation with Laponite gel 
treatments containing low VEGF doses (0.1 µg/ml) or high VEGF doses (1.0 µg/ml). (A) Haematoxylin and 
eosin stained tissue sections of tissue sampled at different time points. Yellow lines show margins between 
wound granulation and healthy tissue; measuring between these lines shows the size of the original defect at 
each time point. Comparing the original defect size between time points can be used to determine wound 
closure due to contraction. White arrows show the remaining defect; the differences between the two can 
approximately calculate the wound closure due to re-epithelialisation (depicted by blue arrows). (B) Wound 
closure rate calculated by the % change of the original defect size overtime and can be used to track wound 
contraction. There were no significant differences in wound contraction between treatment groups at any 
time point. (C) The rate of re-epithelialisation between treatment groups was negligible. Two-way ANOVA 
analysis performed with Tukey’s post-hoc test applied for multiple comparisons. Scale = 500 µm.  

More detailed information into wound closure rates was determined by serial 

sections of wound tissue (stained with H&E) harvested at day 5, 7 and day 11 

(Figure 4.11 A). Wound closure rate calculated by the % change of the original 

defect size overtime and can be used to track wound contraction. There were no 
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significant differences in wound contraction between treatment groups at any time 

point (Figure 4.11 B). 

Although wound contraction is an indicator of the progress of healing overtime, 

a more important change is the rate of re-epithelialisation. This was shown to be 

negligible between all treatment groups (Figure 4.11 C).  

4.2.3.4 VEGF Premixed in Laponite (≤ 1.0 µg/ml) Does 

Not Stimulate Significant Blood Vessel Growth 

A selective endothelial marker was used (anti-CD31) as a tool for determining 

blood vessels present within granulation tissue of wounds. Comparisons of anti-

CD31 staining between treatment groups was then performed to determine if 

there were any changes in blood vessel coverage. Thus, an increase in anti-CD31 

staining within VEGF treated groups would support the hypothesis that Laponite 

localises active VEGF. 
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Figure 4.12. Localisation of ≤ 1.0 µg/ml VEGF165 encapsulated by Laponite hydrogels does not stimulate in
vivo angiogenesis. (A) Tissue samples stained with the blood vessel marker anti-CD31 showed extensive 
blood vessel growth throughout the wound healing period in all wound treatment groups. Scale = 100 µm. 
(B) Chalkley count analysis showed that there were negligible differences of blood vessel growth between all
treatment groups. Error bars = SD.

Quantification of blood vessel from anti-CD31 stained images was done using a 

digital Chalkley grid. The digital grid was overlayed over anti-CD31 stained 

images and rotated until the maximum number of dots land on positively stained 

vessels (refer to methods Chapter 2.3.9 for more detail).  

Tissue samples stained with the blood vessel marker anti-CD31 showed extensive 

blood vessel growth throughout the wound healing period in all wound treatment 

groups (Figure 4.12 A). However, Chalkley count analysis showed that there were 
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negligible differences of blood vessel growth between all treatment groups (Figure 

4.12 B). 

4.2.3.5 Encapsulated VEGF By Laponite Can Stimulate In 

Vivo Angiogenesis at High VEGF Concentrations 

(> 1 µg/ml)  

Although a VEGF concentration of 1.0 µg/ml exerted a bioactive effect in vitro 

(refer to Chapter 3.2.4), it did not translate to positive effects when applied 

topically to healthy wounds (Chapter 4.2.3.4). To test whether higher 

concentrations may be required to stimulate a biological effect in vivo, an 

alternative study approach was undertaken (refer to methods Chapter 2.3.2 for 

details).  

Figure 4.13. Macroscopic images of harvested Laponite/alginate subcutaneous gels after 21 days showed that 
VEGF165 incorporated within Laponite gels stimulated in vivo angiogenesis. Scale bars = 5 mm.      

Encapsulated VEGF in Laponite gels was injected subcutaneously on the dorsum 

of mice. A higher range of VEGF concentrations were tested (1 – 40 µg/ml) to 
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maximise the chance of determining biological activity in vivo. The lowest 

concentration of 1 µg/ml was chosen given that this was the threshold for 

significant biolocial activity in vitro (refer to chapter 3.2.4). The biomaterial 

hydrogel 1.1% alginate was also tested as a comparative control. This material 

had been previously used during rheological analysis in Appendix A.1, primarily 

because it is well-documented as a biomaterial used in drug delivery applications 

[277]. It was thought however, that given Laponite’s superior adsorption 

properties alginate would not retain the same quantitiy of VEGF during the 21-

day study. This in turn should result in less significant angiogenesis.  

Tissue harvested after 21 days showed that Laponite hydrogels encapsulating 

VEGF exhibited excessive blood vessel growth from surrounding tissue into the 

Laponite biomaterial (Figure 4.13).  
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Figure 4.14. VEGF165 encapsulated by Laponite hydrogels stimulates in vivo angiogenesis; macroscopic image 
analysis.  (A) The degree of redness/vessel growth into biomaterial gels was scored blindly from 0-6 (only 
vessels within the biomaterial area was included as shown by the dotted line). (B) Scored data confirmed 
that there was a significant increase in angiogenesis in Laponite-VEGF treated groups at VEGF 
concentrations 10 and 40 µg/ml. Error bars = SD. (C) Between alginate groups, there was a slight rise in 
angiogenic scoring 10 and 40 µg/ml VEGF concentrations but this was not significantly different. Between 
Laponite and alginate groups, both 10 and 40 µg/ml VEGF concentrations within Laponite had a 
significantly greater angiogenic score than alginate. Two-way ANOVA analysis performed with Tukey’s post-
hoc test applied for multiple comparisons.  *, **, *** and **** denotes that p = < 0.05, < 0.01, < 0.001 
and < 0.0001 respectively. Scale = 5 mm. 
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This was only apparent with higher concentrations of VEGF (10 and 40 µg/ml), 

which is 10 and 40 times more concentrated that the stimulatory effect exerted 

previously in vitro. In contrast, VEGF encapsulated by alginate hydrogels 

exhibitied negligible blood vessel ingrowth.  

Blood vessel ingrowth was quantified using visual blinded scoring by volunteers, 

from 0 (no evidence of angiogenesis) to 6 (excessive redness and vessel ingrowth) 

(Figure 4.14 B & C). For Laponite samples, image scoring included tissue 

harvested over the whole time frame (Figure 4.14 B) whereas alginate treatments 

were only harvested at day 21. 

A signficiant increase in angiongenesis in Laponite-VEGF was present in day 21 

samples compared to day 7 and 14 samples (10 – 40 µg/ml only). Clearly the 

period of time after day 14 was critical for blood vessel growth to occur and 

highlights the importance of sustained localisation of bioactive VEGF (Figure 

4.14 B). Between Laponite-VEGF groups at day 21, only 10 and 40 µg/ml was 

shown to be significantly greater (4.5 ± 4.1 and 8.8 ± 1.4 respectively, p = < 

0.001, error = SD). Between alginate groups, there was a slight rise in angiogenic 

scoring 10 and 40 µg/ml VEGF concentrations but this was not significantly 

different (Figure 4.14 C). Comparing Laponite and alginate groups, both 10 and 

40 µg/ml VEGF concentrations had a significantly greater angiogenic score than 

alginate (10 µg/ml:  4.5 ± 4.1 (Lap) vs 0.2 ± 0.3 (Alg); 40 µg/ml:  8.8 ± 1.4 

(Lap) vs 0.0 ± 0.0 (Alg), p = < 0.001, error = SD). 

4.2.3.6 Histological Analysis 

Biomaterial tissue samples were harvested, sectioned and stained with histological 

dyes. Haematoxylin and eosin (H&E) staining of day 21 Laponite and alginate 
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samples containing 40 µg/ml VEGF showed a marked difference in biomaterial 

recovery; Laponite samples appeared rich in cells with notable quanitities of 

biomaterial still present (Figure 4.15) whereas alginate samples contained large 

open spaces devoid of cells (Figure 4.16). The presence of Laponite biomaterial 

was confirmed by Auramine O staining (Figure 4.15 b, d, f). Higher magnification 

images of Figure 4.15 a and b showed in greater detail the integration of tissue 

and migration of cells within Laponite fragments. Please note that the staining 

colour of Laponite in Figure 4.15 is inconsistent with previous Auramine O images 

(Figure 4.3 to Figure 4.6, which shows Laponite stained as yellow not orange) due 

to the filter set unavailability; however, the stain’s selectively of Laponite was 

not affected. 

Analysis of these H&E images involved software-based removal of eosin stain and 

segmentation of haematoxylin hotspots, which is selective for cell nuclei and can 

determine gross cellular infiltration (Figure 4.17 A & B). Image analysis showed 

that there was greater cellularity within Laponite samples with increasing VEGF 

concentrations (Figure 4.17 B). However only 40 µg/ml VEGF concentrations 

were shown to be significantly greater (Figure 4.17 C, 18.4 ± 9.7% p = < 0.05, 

error = SD). In contrast, alginate samples showed negligible invasion of cells 

across all VEGF concentrations groups.   
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Figure 4.15. Evidence of substantial cell invasion and tissue integration within Laponite gels subcutaneously 
injected under dorsum of mice (harvested after 21 days). A substantial proportion of Laponite biomaterial 
was seen in histological section stained with haematoxylin & eosin (H&E); the presence of Laponite 
biomaterial was confirmed by Auramine O staining, which is a selective fluorescent marker for clays (b, d, 
f). Filter set 16 (FITC) used (please refer to Chapter 2.3.8.1, Table 2.2 for filter details). Higher magnification 
images of a and b showed in greater detail the integration of tissue and migration of cells within Laponite 
fragments (e-f). Yellow arrows depict the panniculus carnosus (a thin layer of striated muscle) indicating 
that Laponite biomaterial was present subcutaneously.  Scale = 1 mm (a & b), 100 µm (c & d) and 25 µm 
(e & f).     
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Figure 4.16. Minimal cell invasion and tissue integration within alginate gels subcutaneously injected under 
dorsum of mice (harvested after 21 days). H&E stained tissue specimen of day 21 alginate samples showed 
that large areas devoid of alginate biomaterial and cell/tissue content (blue arrows). Image panel b shows a 
region of higher magnification (x20) where there was evidence of cells and tissue within the treated area; the 
quantity of biological tissue integration was much less than Laponite-treated samples shown in the previous 
figure. Yellow arrows depict the panniculus carnosus (a thin layer of striated muscle) indicating that alginate 
biomaterial was present subcutaneously. Scale = 1 mm (a) and 100 µm (b). 
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Figure 4.17. Comparison of cell invasion within Laponite and Alginate biomaterial at 21 days.  (A) Example 
image of high powered magnification of cells stained with haematoxylin (left panel); using computer-based 
software, cell invasion into biomaterial was identified, segmented and density of cells measured by percentage 
cell coverage. Scale = 100 µm. (B) Segmented cell analysis showed greater cell invasion in Laponite-treated 
groups when incorporated with increasing VEGF concentrations; in contrast alginate treatments showed 
very minor changes. (C) Quantification of cell coverage as described in (B) confirms this trend; only 40 
µg/ml VEGF mixed within Laponite exhibited a significant difference. Error bars = SD. One-way ANOVA 
analysis performed with Tukey’s post-hoc test applied for multiple comparisons. * denotes that p = < 0.05. 
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Figure 4.18. Localisation of VEGF165 encapsulated by Laponite hydrogels stimulates in vivo angiogenesis; 
immunohistochemical analysis. (A)  Tissue samples stained with the blood vessel marker anti-CD31 showed 
greater density of blood vessels at higher (10 & 40 µg/ml) VEGF concentrations when localised by Laponite 
biomaterial; there was a minor change with alginate biomaterial treatment. Scale = 100 µm. (B) Chalkley 
count analysis showed that 40 µg/ml VEGF mixed within Laponite caused significant growth of novel blood 
vessels when compared to lower VEGF concentrations and all VEGF concentrations present within alginate 
biomaterial. Error bars = SD. One-way ANOVA analysis performed with Tukey’s post-hoc test applied for 
multiple comparisons. *, **, *** and **** denotes that staining of blood vessel marker, anti CD31 shows a 
significant increase (p = < 0.05, < 0.01, < 0.001 and < 0.0001 respectively).   

Staining of tissue sections with anti-CD31 (an endothelial cell marker) showed a 

greater density of blood vessels at higher (10 & 40 µg/ml) VEGF concentrations 

when localised by Laponite biomaterial. There was a minor change with alginate 
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biomaterial treatment (Figure 4.18 A). Chalkley count analysis showed that the 

number of vessels increased with higher VEGF concentrations in Laponite 

samples. Only 40 µg/ml VEGF was shown to be significantly different when 

compared to other concentrations and Laponite vehicle (8.8 ± 1.4 angiogenic score 

(40 µg/ml) vs 4.0 ± 0.8 (0 µg/ml); p = < 0.01, error = SD). Conversely, there 

was negligble detection of blood vessels in alginate samples (Figure 4.18 C).     

4.2.4 In vitro Release of VEGF from Laponite 

Hydrogels 

Compared to aqueous VEGF concentrations in vitro, the concentration of VEGF 

required to induce a biological response through Laponite encapsulation was 

between 25-fold larger (in vitro tubule assay) and 250-fold larger (in vivo). This 

reduction in activity was hypothesised due to the retension of VEGF within the 

gels. Although, whether or not increasing the concentration past a particular 

threshold amount results in release of ‘free’ VEGF is unknown; release may not 

occur and sustained localisation may be responsible.  
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Figure 4.19. Laponite hydrogels exhibits minimal release of proangiogenic VEGF165 measured over 
21 days. (A) Diagram showing the study setup; i) Laponite/Alginate biomaterial was pre-mixed with VEGF 
(sterile water for vehicle control) prior to adding to sterile PBS (final VEGF concentration was 40 µg/ml). 
Biomaterial was then added dropwise into PBS as a 1:10 dilution and each tube incubated at 37°C. ii) At 
various time points between 30 minutes to 21 days, a sample of the PBS supernatant was recovered and 
frozen; iii) To determine VEGF concentration (and thus release from the biomaterial), an ELISA was 
performed. (B) There was negligible release of VEGF from Laponite gels whereas a burst release was 
exhibited from alginate gels. The amount of VEGF measured at 21 days was reduced in both alginate and 
PBS groups suggesting that the stability of VEGF had diminished overtime; the amount released at this 
time point was still significantly greater than the Laponite gel group. Two-way ANOVA analysis performed 
with Tukey’s post-hoc test applied for multiple comparisons; * and ** denotes that p = < 0.05 and < 0.01 
respectively. Error bars = Standard error of the mean (SEM).   
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To test this an in vitro release assay was performed where encapsulated VEGF 

in Laponite was added dropwise into PBS. Samples of PBS were recovered at 

various time points and VEGF content analysed using an ELISA (Figure 4.19 A). 

There was negligible release of VEGF from Laponite gels after 21 days (0.3 ± 

0.4% release). In contrast, a burst release was exhibited from alginate gels with 

77.5 ± 6.6% VEGF released after 1 hour. The amount of VEGF measured at 21 

days was reduced in both alginate and PBS groups suggesting that the stability 

of VEGF had diminished overtime. The amount released at day 21 was still 

significantly greater than the Laponite gel group (Figure 4.19 B; mean difference 

between Laponite and alginate after 21 days: -44.8 ± 14.1%, p = < 0.05, error = 

SEM). 
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4.3 Discussion 

The main aim was to develop a suitable wound healing model and test the 

hypothesis that Laponite can localise bioactive factors (specifically VEGF) and 

increase the rate and degree of wound healing. This was tested in healthy mice to 

optimise a model in addition to having a control sample for comparison. Initially 

the model was adapted from and tested with Laponite biomaterial alone; this was 

to ensure that Laponite could be located at a wound site and be retained for at 

least 1 week, investigate the general biocompatibility within a skin defect and 

determine any potential effects (positive or negative) on wound healing.    

Reduced closure rates exhibited in Laponite gel treatments compared to the PBS 

control was likely due to inhibited wound contraction. Despite this, there was 

negligible difference in wound re-epithelialisation. It is well known that mouse 

wounds contract significantly whereas human wounds heal predominantly by re-

epithelialisation [278]. Laponite wounds exhibited greater cellularity in the wound 

bed compared to the PBS; this was likely due to Laponite’s sorptive abilities 

which can act as a scaffold and localise cellular cues as a chemoattractant [13, 

279].  

Our research has proven that Laponite was retained from a single application at 

day one for a minimum of 7 days, including removal and replacement of dressings. 

Multiple applications of growth factors are not desirable due to the negative 

repercussions they can exhibit. A study by Galiano et al [146] documented that 

multiple applications of 40 μg VEGF per wound was required to stimulate 

accelerated wound healing. The requirement to use such high doses was speculated 

to overcome the fragility of the protein in vivo (low biological half-life) [147]. 
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However, it was reported that this led to an unwanted systemic response in the 

contralateral PBS wound. Other growth factors have also shown to exhibit 

negative side-effects when applications are in excess, including ectopic bone 

growth when using bone morphogenetic protein-2  (BMP-2) [280] and increased 

risk of malignancy with PDGF-BB [281]. Therefore, the retention of the 

biomaterial at the wound site is an encouraging finding, which supports the notion 

that it could act to sustain growth factor delivery in a controlled fashion over a 

prolonged length of time. 

Alginate was used as a control due to its well-established use as a biomaterial for 

drug delivery [231, 234]. Systems that use alginate gels for drug delivery usually 

combine it with other biomaterials such as Poly (D, L)-lactide-co-glycolide 

(PLGA) to obtain slower release [231, 282]. Otherwise, alginate gels alone mixed 

with VEGF will result in complete release up to 7 days [283]; this is similar to 

the release documented in this chapter. Interestingly the study by Lee et al [283] 

showed a significant increase of blood vessels surrounding granulation following 

alginate hydrogel injection when ≥ 20 µg/ml VEGF was incorporated. This

contrasted with our results where the highest VEGF concentration (40 µg/ml) 

did not show much vessel growth. One possible explanation could be the difference 

in mouse strain as Lee et al [283] used immunodeficient (SCID) mice. 

Auramine O enabled simple, effective tracking of the Laponite by its fluorescence. 

It is a substituted diphenyl-methane cationic dye that can interact and adsorb to 

the negatively charged surface of clay particles [284]. Upon binding with clay 

particles the Auramine O molecules exhibit an internal conversion process via 

rotational diffusion of the phenyl rings; this excited state leads to fluorescence 
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[285]. The distribution of Auramine O staining suggests biocompatibility and 

possible cellular uptake of Laponite fragments (e.g. endocytosed Laponite) (see 

Figure 4.6). In contrast, this evidence may just show more extensive cell 

infiltration within Laponite biomaterial. However, further study would be 

required to track Laponite over a longer time frame to determine how Laponite 

would be removed from the body. A longer wound healing study to the point of 

complete wound recovery would be required and perhaps alternative methods of 

detecting removal of Laponite waste management (i.e. harvesting liver tissue). 

Four wounds per mice were used to decrease the number of experimental animals 

used in the study. It has been shown by Park et al [286] the process of wound 

healing between rostral and caudal regions are similar. The use of multiple wounds 

per mouse has been proven to be comparable between one another. The wounds 

could be considered as independent biological replicates [287]. This is also 

advantageous to meet the ‘reduction’ aspect of the 3R’s [288, 289]. Our results 

corroborated previous literature that wound closure between multiple wounds 

(rostral versus causal) had negligible differences. 

Blood glucose and weight levels did not change over the course of the study and 

are in line with other documented research using healthy mice [290].  

It has been well established by Dawson et al [235] that Laponite gels can easily 

be extruded through a 25G needle. In addition, its viscosity can be temporarily 

reduced after applying a shear force, further improving its ability to be applied 

via injection or topically. In this Chapter, it was confirmed that Laponite gels do 

exhibit good thixotropic behaviour at both 25°C (ambient storage) and 37°C 

(body temperature) (refer to Appendix C.1). Cross-linked alginate gels also 
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exhibited good thixotropy although the viscosity of these gels was much greater. 

While both Laponite and alginate gels could be administered through a 25G 

needle, Laponite gels exhibited potentially better effective delivery due to its lower 

viscosity.  

The addition of VEGF to Laponite gels did not improve the rate of wound healing 

in this preliminary study. One explanation for this is that the concentration of 

VEGF used was insufficient. This was supported by the subsequent in vivo 

experiments showing that higher doses of VEGF injected subcutaneously 

markedly increased angiogenesis, and illustrates a disparity between the in vitro 

experiments (Chapter 3.2) and the in vivo experiments reported here.  

Higher concentrations of VEGF also led to higher cellularity in wounds; VEGF 

is known to be a chemokine that stimulates cell invasion [291]. It would have been 

interesting to determine what types of cells were present in greater numbers, 

specifically those that are linked to inflammation and proliferations (neutrophils, 

macrophages and fibroblasts). Further staining using markers for these cell types 

could have provided further insight for this investigation. 

The release study showed that negligible VEGF was released from Laponite gels 

containing high (40 µg/ml) VEGF. Previous in vitro studies [292] have reported 

greater VEGF retention within Laponite (≤ 34 days). Whether Laponite’s ability

to retain proteins in vivo is comparable to in vitro is not easy to conclude as a 

variety of external parameters are at play in a biological system [293].   

Testing the hypothesis that the release kinetics would be the same in vivo would 

also be challenging. A possible method could be to increase the number of 
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Laponite droplets added to PBS in the in vitro release study. This could increase 

the surface area of the Laponite to the release environment and induce a greater 

chance of diffusion. Another possibility could be to agitate a gel capsule to mimic 

any potential release from the Laponite. However, in vivo approaches would be 

advantageous and could include encapsulating fluorescently-tagged protein/ 

VEGF within Laponite gels, fluorescently tagging Laponite and measure its 

degradability over time [294] or using an in vivo imaging system to track protein 

release [293].  

The key findings of these results were: that Laponite can be retained within a 

wound site a minimum of 7 days; encapsulated VEGF ≤ 1 µg/ml did not increase

the rate of wound closure, re-epithelialisation and formation of blood vessels; and 

the subcutaneous study showed that higher concentrations (≥ 10-fold increase) of

encapsulated VEGF was required to initiate a proangiogenic response in vivo 

(most likely due to localisation of VEGF opposed to controlled release of VEGF). 

These studies offered a good framework to test further whether Laponite 

hydrogels can deliver (via localisation) VEGF to increase the rate and degree of 

wound healing in a delayed (db/db) wound model.  
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5.1 Introduction 

So far, data in this thesis has shown that Laponite can effectively retain bioactive 

factors at wound sites, promoting aspects of wound healing both in vitro and in 

vivo. The most promising finding was that localisation of 3% Laponite gels 

containing ≥ 10 µg/ml VEGF successfully stimulated blood vessel growth under

the dorsal skin of healthy mice (refer to Chapter 4.2.3.5). However, to fulfil the 

overarching aim for Laponite to deliver bioactive factors (in this specific case, 

VEGF) to improve the recovery of chronic non-healing wounds, a more suitable 

testing model is required. 

There are several animal chronic wound models that represent diabetes, including 

those with a genetic predisposition or those that have been chemically induced 

[295]. A chemically-induced method involves injection of streptozotocin, which 

destroys pancreatic beta cells (leading to cessation of insulin production) and 

mimics symptoms of type 1 diabetes. Another model of type 1 diabetes are Akita 

mice. Representative models of type two diabetes include db/db mice and 

NONcNZO10 mice [295].  

Mice representing a model of type 2 diabetes were selected because it is the most 

dominant form of diabetes worldwide, accounting for about 90% of all cases (refer 

to Chapter 1.2.1). db/db mice were chosen since they are well-established as a 

model of delayed wound recovery that have been used in many wound healing 

studies [146, 296, 297]. Furthermore, previous studies have used these mice to 

investigate the biological effect that VEGF can exert on diabetic wound healing 

[146]. The development of diabetes in db/db mice is due to a deficiency in leptin 



Chapter 5: Laponite Gels for Localising Bioactive VEGF in a Diabetic Model of 
Wound Healing 

166 

receptor activity. Activity is diminished because db/db mice are homozygous for 

a point mutation within the leptin receptor gene [298]. As leptin is a hormone 

that has a major influence on energy balance and the feeling of satiety [299], food 

intake increases dramatically. By 6-weeks old the impact of leptin deficiency is 

very significant, where they have developed symptoms of severe obesity, 

dyslipidaemia and type 2 diabetes [300]. 

The delayed healing response manifested in db/db mice is understood to be a 

result of reduced growth factor production, especially VEGF [146]. In addition, 

wound contraction is severely reduced compared to healthy mice; this reduction 

in contraction is advantageous as human skin does not contract as prominently 

and heals via re-epithelisation. Therefore, reduced contraction exhibited by db/db 

mice skin will allow for better opportunities to detect re-epithelisation in wound 

healing. 

This chapter will focus on testing the hypothesis that Laponite gels can localise 

VEGF to wounds and increase the rate and quality of wound healing in a model 

of diabetic healing. To achieve this, the aim of this chapter was: 

• To determine the effect of vehicle Laponite gels on wound healing in db/db

mice by compared to saline control.

• To investigate localisation and bioactive effect of VEGF- containing

Laponite by:

o Treating db/db wounds with Laponite and alginate gels containing

40 µg/ml VEGF
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o Comparing against a control biomaterial (alginate), which does gel

with and without ± VEGF

o Using a marker of Laponite (Auramine O) to track the integration

and persistence of Laponite within the wound environment over an

18-day time frame.
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5.2 Results 

5.2.1 Weight and Blood Glucose Measurements 

The mean weight and blood glucose levels of db/db mice were measured to clarify 

that symptoms that are associated with type 2 diabetes (e.g. significantly greater 

mass and chronic hyperglycaemia (≥ 11.1 mmol/l or ≥ 200 mg/dl) compared to

healthy mice) were present throughout the study. This was aided by comparing 

the mean weight and blood glucose levels with measurements taken from non-

diabetic (healthy) mice documented in Chapter 4.2.3.  

5.2.1.1 Comparison of Average Weight Between Healthy 

and Diabetic Mice 

The mean weight of db/db mice decreased slightly 1-day post-surgery, but then 

there was a gradual rise in mean weight up until day 11 (the mean day 11 weight 

was equivalent to the mean pre-surgery weight) (Figure 5.1). The mean weights 

of healthy mice taken from previous studies (refer to Chapter 4.2.3.2) has been 

included on this graph for comparison; it was clear that db/db mice had a 

significantly greater mass (~40%) than healthy C57BL/6 mice (Day 14 difference, 

14.5 ± 1.3 g, p = < 0.0001, error = SE) 



Chapter 5: Laponite Gels for Localising Bioactive VEGF in a Diabetic Model of 
Wound Healing 

169 

Figure 5.1. Differences in the mean weight of db/db and C57BL/6 mice over 11 days. db/db mice weighed 
significantly more than healthy C57BL/6 mice due to severe obesity from excess eating. Both strains of mice 
exhibited an initial drop in weight post-surgery which was attributed to lack of eating after recovering from 
anaesthesia. Two-way ANOVA analysis was performed using Tukey’s multiple comparison post-hoc test, p 
= < 0.001 (denoted by ****). 

5.2.1.2 Comparison of Average Blood Glucose Between 

Healthy and Diabetic Mice 

The mean blood glucose of fasted mice was 21.6 ± 8.4 mmol/l compared with 

23.8 ± 4.6 mmol/l measured in the non-fasted group and the difference was not 

statistically significant (error= SD, p = 0.09).  
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Figure 5.2. Differences in mean blood glucose levels of db/db and C57BL/6 mice over 11 days.  (A) 
Comparison between 6-hour fasted and non-fasted blood glucose levels of db/db mice prior to surgery; there 
were negligible differences between fasted and non-fasted and it was determined that non-fasted blood glucose 
testing could be used for the duration of the study (21.6 ± 8.4 mmol/l vs 23.8 ± 4.6 mmol/l, p = 0.09). (B) 
db/db mice exhibited severe hyperglycaemia over 11 days during the wound healing study period; compared 
to healthy C57BL/6 mice used in previous studies (refer to Chapter 4.2.3.1), the average blood glucose levels 
were significantly higher. p = < 0.001 (denoted by ****). Two-way ANOVA analysis was performed using 
Tukey’s multiple comparison post-hoc test.  

The mean blood glucose of db/db mice increased slightly over the 11-day 

measuring period, although this was not significant Figure 5.2 B.  

The mean blood glucose of healthy mice taken from previous studies (refer to 

Chapter 4.2.3.1) has been included on this graph for comparison. db/db mice 

exhibited significantly higher blood glucose levels (25.8 ± 1.9 mmol/l) than 

healthy mice (9.6 ± 1.3 mmol/l), which confirms that db/db mice were severely 

hyperglycaemic (error = SD, p = < 0.0001). 

5.2.2 Diabetic (db/db) Mice Exhibited Delayed 

Wound Closure Compared to Healthy Mice 

To confirm that db/db mice exhibited delayed wound healing as per reports 

documented in the literature [146, 296, 297], wound closure rates between db/db 
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and non-diabetic (healthy) mice were compared. Healthy wound closure data was 

previously reported in Chapter 4 and has been adapted for the purposes of 

comparison with db/db mouse data (please note that there were minor 

experimental differences between these studies; refer to methods Chapter 2.3.3 for 

details).   

Wound healing was first compared between healthy and db/db mice with addition 

of PBS control. This was achieved by comparing wound photographs taken over 

time to assess the change in wound size and determine the average closure rates 

(Figure 5.3 A). It showed that db/db mice exhibited a minor reduction in the rate 

of wound closure between day 0 and day 7 compared to MF1 (healthy) mouse 

wounds (Figure 5.3 B). Due to the lack of testing data available from the previous 

healthy mice study, no further comparisons after 7 days could be made.  

A more robust comparison between wounds that had been treated with vehicle 

Laponite gels ≤ 11 days in C57BL/6 mice was then performed (Figure 5.4).

Macroscopic wound images show that db/db wounds closed more slowly than 

C57BL/6 (Figure 5.4 A). Interestingly, the wound surface area of db/db day 0 

wounds appeared larger than C57BL/6 (original diameter of both circular wounds 

was 6 mm). Analysis of wounds images confirmed that db/db wounds showed a 

significant reduction in wound closure compared to C57BL/6 mice (Figure 5.4 B, 

p = < 0.001).  These results prove that db/db mice of a similar age (8-10 weeks) 

used in subsequent studies exhibited delayed wound closured compared to healthy 

mice.   
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Figure 5.3. Differences in wound closure rates (PBS treatment) in MF1 (healthy) and db/db (diabetic) mice 
up to 7 days. (A) Macroscopic images of healthy vs diabetic wounds treated with Laponite and PBS. Scale 
bars = 2 mm. (B) Wound closure rates from day 0 to day 7 measured from macroscopic images in A. Healthy 
mice exhibited a slight increase in wound closure compared to diabetic mice in both treatment groups. PBS 
treatment also exhibited a greater increase in wound closure than Laponite gels in both mice. However, none 
of these differences were significant. Error bars = SD.  
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Figure 5.4. Differences in wound closure rates between C57BL/6 (healthy) and db/db (diabetic) mice treated 
with vehicle Laponite gels up to 11 days. (A) Macroscopic images of healthy vs diabetic wounds treated with 
Laponite; healthy wounds closed more quickly than diabetic. Scale bars = 2 mm. (B) Wound closure rates 
measured from macroscopic images in A. Healthy mice treated with Laponite gels closed at a significantly 
quicker rate than diabetic mice at all time points up to 11 days. *** denotes that p = < 0.01. Error bars = 
SD. Two-way ANOVA analysis was performed using Tukey’s multiple comparison post-hoc test.  
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5.2.3 The Effect of Laponite Hydrogels on Wound 

Appearance, Closure & Re-epithelialisation in 

db/db mice 

5.2.3.1 Changes in Macroscopic Appearance 

The changes in the macroscopic appearance of wounds can be a useful guide of 

determining the progress of wound healing. Therefore, wound photographs taken 

over time were arranged to compare differences in wound size and colour at 

different anatomical sites treated with Laponite or PBS (Figure 5.5). Wounds 

from different dorsal locations (rostral or caudal) were initially separated to clarify 

any potential effects that wound location may exert in db/db mice.   

The first observation was that there was a similar wound size reduction in all 

treatment groups at both locations (Figure 5.5 A and B). Residual wound exudate 

was present in and around Laponite treated wounds; this can be seen most clearly 

within the rostral and caudal day 7 wounds. History of this exudate was evident 

by a red impression (day 7 and 11 rostral Laponite images) and/or the presence 

of dehydrated tissue debris (day 11 rostral and caudal Laponite images). At day 

14, healthy tissue adjacent to the Laponite rostral wound was now grey as 

opposed to red. Within 4 days the grey region had become significantly darker 

and resembled the pigmentation associated with hair follicle anagen. This was 

also present within the caudal Laponite-treated wound at day 18, albeit to a lesser 

degree. In contrast, there was no evidence of wound exudate or the formation of 

dark pigmentation within any of the PBS-treated wounds.  
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Other changes in wound appearance from day 11 until day 18 suggested that 

Laponite wounds exhibited an improvement in wound “quality” compared to 

PBS. These changes can be seen in more detail in Figure 5.6.  It shows that the 

caudal Laponite wound (Figure 5.6, c) had a less red and dehydrated appearance 

compared to other day 11 wounds and exhibited wrinkling around the wound 

margins. 

Figure 5.5. Differences in closure rates between rostral and caudal wounds. (A) Wound photographs were 
taken over time to assess the change in wound size and determine the average closure rate in wounds located 
towards the rostral end of the mouse dorsum. (B) The same study as (A) but for wounds located towards 
the rostral end of the dorsum. Scale bars = 5 mm.  
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Figure 5.6. Macroscopic evidence showing that Laponite-treated wounds exhibited a more mature, fibrous 
appearance between day 11 and 18 in both rostral and caudal locations. DAY 11: Wounds all exhibited a 
red, well perfused appearance. (a-d). Caudal Laponite wound (c) had a less red and dehydrated appearance 
compared to other day 11 wounds with wrinkling around the wound margins (pink arrows). DAY 14: 
Laponite-treated wounds (e and g) less red appearance compared to PBS treatments (f and h). These wounds 
also had a “flaky”, dehydrated texture with wrinkling around the wound edge. Additionally, grey areas had 
formed around the edge of the original defect margin (hair follicle anagen - yellow arrows). Both PBS wounds 
(f and h) had a red depressed centre region. Beyond the circular depression region, there was evidence of soft 
tissue formation (indicative of epithelial migration, depicted by white arrows). DAY 14: Laponite wounds 
exhibited negligible redness (i and k) with a light pink/grey colour. Increased grey areas (hair follicles) 
around the wound and healthy tissue (yellow arrows). These wounds looked less dehydrated, with reduced 
wrinkling and less tissue debris. Both PBS wounds exhibited a reduced red/perfused appearance than day 
11 (j and l); red appearance was more apparent than day 18 Laponite-treated wounds (i and k). The rostral 
PBS wound (j) also had a depressed inner circle region, albeit, smaller than day 14 and was covered with a 
thin tissue layer. Scale bars = 2 mm. 

By day 14, Laponite-treated wounds (Figure 5.6, e and g) showed a marked 

reduction in red appearance compared to PBS treatments (Figure 5.6, f and h). 

These wounds also exhibited a “flaky”, dehydrated texture with wrinkling around 

the wound edge. Additionally, evidence of hair follicle pigmentation as previously 
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mentioned can be clearly seen. Both PBS day 14 wounds (Figure 5.6, f and h) 

had a depressed centre region which appeared more red and raw than adjacent 

tissue. This centre region most likely comprised of wound granulation with the 

partial exposure of subcutaneous tissue.  

Beyond the circular depression region of f and h wounds and towards the margin 

of the original defect, there was evidence of soft tissue formation, which is 

indicative of epithelial migration. By day 18, all Laponite wounds exhibited 

negligible redness (Figure 5.6, i and k) showing more of a light pink/grey colour; 

this may have been the result of reduced blood perfusion, greater collagen 

deposition and increased re-epithelialisation. The grey areas around the wound 

margin and healthy tissue were much darker in appearance at day 18. These 

wounds looked less dehydrated, with reduced wrinkling and the presence of fewer 

fragments of tissue debris in or around the wound. Both PBS wounds exhibited 

a reduced red and raw appearance than day 11 (Figure 5.6, j and l). However, 

their red appearance was more apparent than day 18 Laponite-treated wounds 

(Figure 5.6, i and k). The rostral PBS wound (Figure 5.6, j) also had a depressed 

inner circle region (like f and h) which appeared smaller than day 14 and covered 

with a thin tissue layer. These factors combined strongly suggests that Laponite-

treated wounds exhibited a more mature, fibrous appearance than PBS wounds. 

Furthermore, it could be speculated that PBS wounds were in an earlier phase of 

wound healing.   
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5.2.3.2 Laponite-treated Wounds Exhibited Minimal 

Differences in Wound Closure Compared to PBS 

Wound margins were traced and the area calculated (as in methods Chapter 2.3.5) 

to calculate closure rates. To ensure that the closure rates of wounds located at 

different regions on the mouse dorsum did not differ in db/db mice, wound areas 

of rostral and caudal control wounds were initially compared independently 

(Figure 5.7 A). This showed that there were no differences in the rate of wound 

closure between rostral and caudal regions treated with Laponite gels. In contrast, 

PBS-treated wounds exhibited a significant reduction in the rate of wound closure 

from 11 days onwards.  

The differences between treatment type (Laponite vs PBS) was then compared 

within each independent wound region. This showed that rostral PBS-treated 

wounds exhibited slightly accelerated wound closure rates after the first day 

compared to Laponite-treated wounds. However, these differences were not 

significant. Among caudal wounds, PBS wounds initially closed slightly more 

rapidly ≤ 7 days shortly being overtaken by Laponite treatments.

Combining the replicates of rostral and caudal regions to form a mean was then 

performed. This showed PBS-treated wounds having a slight, but not significant 

acceleration of wound closure for the first 7 days. After 7 days, there were no 

apparent differences between the two treatments. 
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Figure 5.7. Laponite vs PBS-treated wound closure rates at separate locations (A) Rostral/caudal wound 
closure rates when treated with the same intervention (Laponite or PBS): Minimal differences between 
rostral/caudal regions when treated with Laponite gels. In contrast, caudal wound closure rates were 
significantly less than rostral wounds ≥ 11 days. (B) Laponite vs PBS comparing wound regions
independently: Rostral PBS wounds exhibited accelerated closure rates after day 1 compared to Laponite 
(not significant). This was less obvious caudally as ≤ day 7, PBS closed more quickly. After day 7 Laponite
exhibited greater overall closure by day 18 (not significant). (C) Laponite vs PBS irrespective of wound 
location (combined mean): PBS wounds accelerated closure for ≤ 7 days, after which there were negligible
differences (not significant). Two-way ANOVA analysis was performed using Tukey’s multiple comparison 
post-hoc test. *, ** and *** denotes that p = < 0.05, < 0.01 and < 0.001 respectively. Error bars = SD.   
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5.2.3.3 Rate of Re-epithelialisation 

To determine the rate of epithelialisation, wound tissue was harvested at day 7, 

11 and 18 post-surgery, serially sectioned and stained with haematoxylin and 

eosin (H&E) (Figure 5.8 A and B). Caudal wounds exhibited slightly faster re-

epithelialisation compared to rostral wounds up to day 14 (both PBS and 

Laponite). This was not deemed significantly different, however, the rostral and 

caudal wound data for each treatment group was combined/averaged. 

It was determined that by day 18 all Laponite-treated wounds had fully re-

epithelialised whereas PBS-treated wounds had not (Figure 5.8 D p = < 0.01). 

Between Laponite and Laponite-VEGF groups there were negligible differences in 

re-epithelialisation rates.  
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Figure 5.8. Laponite-treated wounds stimulates greater re-epithelialisation over 18 days. (A) H&E-stained 
tissue sections of rostral wounds and (B) caudal wounds showing re-epithelialisation between day 7 and day 
18; yellow lines = wound margins from original defect; white arrows = open wound and blue arrows = re-
epithelialisation coverage. (C) Difference of rate of re-epithelialisation between rostral and caudal wounds 
shows a general trend of greater re-epithelialisation within rostral wounds up to day 14 (both PBS and 
Laponite). This however was not deemed significantly different and so the rostral and caudal wound data 
for each treatment group was combined/averaged. This data is shown in (D); this shows that by day 18 all 
Laponite-treated wounds had fully re-epithelialised whereas PBS-treated wounds had not (p = < 0.01, 
denoted by **). Two-way ANOVA analysis was performed using Tukey’s multiple comparison post-hoc test. 
Scale bars = 500 µm  
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5.2.3.4 Differences in Epithelial Thickness 

Next, the thickness of the epidermal layer was measured in Laponite-treated 

compared to PBS treated wounds. As shown in Figure 5.9, and in methods 

Chapter 2.3.11, epithelial thickness was measured perpendicular to the surface of 

the epidermis at 3-6 points across the thickness of the wound, marked by white 

lines in Figure 5.9 B.  

Epidermal thickness was significantly greater in Laponite treated wounds 

compared to PBS treated wounds at day 14 only (Figure 5.9 B, ii; d14 mean diff. 

= 32.0 ± 11.3%; error = standard error (SE); p = 0.02). The epidermis comprised 

a multilayer of cells with (~ 10 cells thick in Laponite-treated and ~5 cell think 

in PBS-treated, Figure 5.9 B, i). There was evidence of changes in the morphology 

of the cells as a function of the distance from the basal cell layer. At the basal 

layer, cells were larger in size and had had darkly stained nuclei. At more distal 

cell layers, nuclei were less evident and cells appeared more stratified. 
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Figure 5.9. Laponite-treated wounds exhibited greater thickness of newly-formed epithelium. (A) Comparison 
between rostral and caudal wound regions treated with Laponite; newly formed epithelium was slightly 
thicker within rostral wounds at day 14 whereas at day 18 the average epithelial thickness was thicker within 
caudal wounds. These differences were not significant.  (B) Comparison of between rostral and caudal wound 
regions treated with PBS; newly formed epithelium was slightly thicker within rostral wounds at day 14 and 
18. These differences were not significant. (C) Comparison between Laponite and PBS treated wounds;
Laponite wounds exhibited growth of new epithelial tissue that was significantly thicker than PBS-treated
wounds at day 14. The average thickness of Laponite-treated wounds did not change between day 14 and 18
whereas there was a slight increase in PBS-treated wound epithelial thickness; newly formed epithelium was
still thicker in Laponite-treated compared to PBS at day 18, however this difference was no longer significant.
(p = < 0.05, denoted by *). Two-way ANOVA analysis was performed using Tukey’s multiple comparison
post-hoc test.

5.2.3.5 Differences in Cell Proliferation 

Newly-formed epithelium within Laponite-treated wound shows evidence of highly 

proliferative cells towards to basal layer, which is characteristic of mature, healthy 

epithelial tissue (Figure 5.10 A and C). PBS wounds did not exhibit newly formed 

epithelium like Laponite-treated tissue (Figure 5.10 B and D) at the same time 
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during the study. There was evidence of highly-proliferative cells present towards 

the basement membrane of the epithelial tongue at the wound margins (Figure 

5.10 E), akin to a wound at an early stage of wound repair.  

5.2.3.6 PBS Wounds Exhibits an Inflammatory State 

Wound tissue was stained by anti-myeloperoxidase (anti-MPO), which is a 

marker for inflammatory neutrophils. It was shown that there were no neutrophils 

present within Laponite-treated tissue after 18-days post-surgery (Figure 5.11 A 

and C). In contrast, PBS-treated wounds exhibited neutrophil activity within the 

wound bed indicative of a wound still within an inflammatory stage of wound 

repair (Figure 5.11 B - E) 

5.2.4 Laponite Gels Stimulates Hair Follicle 

Anagen 

As previously described in Chapter 5.2.3.1, hair follicle pigmentation was evident 

within both examples of rostral and caudal Laponite-treated wounds. A more 

detailed image of the rostral Laponite wound originally described in Chapter 

5.2.3.1 is shown in Figure 5.12. It can be clearly seen that a dark pigmented 

shadow is present within the healthy skin tissue that is adjacent to the wound. 

The formation of dark pigmentation was also prominent in other Laponite-treated 

wounds. Figure 5.13 shows an example of four different Laponite wounds from 

day 7 to 18 (i-iv).  The first visible signs of pigmentation were noticeable by day-

14 post surgery; this was most striking after 18 days post-surgery (Figure 5.13, 

panels i-iv, Day 18). In contrast, this phenomenon did not occur in any of the 

PBS-treated wounds (Figure 5.13, panel v, Day 18). 
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A correlation was noted between the formation of hair follicle pigmentation and 

the presence of wound exudate (exudate was most prominent during earlier wound 

times points). To demonstrate this finding, the approximate region of hair follicle 

formation at day 18 was traced. The trace was used to overlay the same wound 

at earlier time points during the study (some alterations in scale were applied to 

factor in contraction).  

Speculatively, localised wound exudate (facilitated by Laponite gels) may have 

initiated an anagen-inducing effect and stimulated hair follicle growth (Figure 

5.13). Whilst this is difficult to comprehensively prove in the scope of these 

experiments, further evidence was documented to help expand this theory, as 

shown in Figure 5.14. This figure further emphasises that the presence of a large 

quantity of exudate within a specific region of healthy tissue adjacent to the 

wound results in more substantial hair follicle growth (day 7 vs day 18 harvest 

image; Figure 5.14 i & ii). A cross-section of this tissue sample stained with H&E 

(taken approximately at the location depicted by the dotted line in Figure 5.14 

ii), shows that there was a greater number of hair follicles present in the left side 

than the right side. A high proportion of the hair follicles existed within the 

subcutaneous layer (Figure 5.14 iv, blue arrows) which is indicative of hair follicles 

undergoing anagen. There were only a couple of deep residing hair follicles within 

the right side of the tissue (Figure 5.14 v, blue arrows) where there was an absence 

of exudate earlier during the study (Figure 5.14 i).   
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Figure 5.10. Comparison of day-18 Laponite-treated and PBS-treated wounds stained with a marker for cell 
proliferation (anti-Ki67). Newly-formed epithelium within Laponite-treated wound shows evidence of highly 
proliferative cells towards to basement membrane, which is characteristic of mature, healthy epithelial tissue 
(A and C). PBS wounds did not exhibit newly formed epithelium like Laponite-treated tissue (B and D) at 
the same time point. There was evidence of highly-proliferative cells present towards the basement membrane 
of the epithelial tongue at the wound margins (E), akin to a wound at an early stage of wound repair (B and 
E). A and B scale = 1 mm, C scale = 200 µm, D and E scale = 100 µm. Dotted line = wound margin; Black 
arrows = positively stained cell undergoing proliferation. Ep = Epithelium, GT = Granulation tissue, HT = 
Healthy tissue. Please note: negative control (omission of primary antibody) was performed however scanned 
dotSlide image was not available upon thesis submission.      

A histological cross-section of a wound that had exhibited asymmetrical localised 

exudate at day 7 (Figure 5.14 i, left side) which resulted in hair follicle growth 

with similar asymmetry (Figure 5.14, ii), was stained with H&E (Figure 5.14, iii). 

There were a greater number of hair follicles present in the left side of healthy 

tissue that was adjacent to the wound than the right side. Furthermore, there 

were many hair follicles that exist deep within the subcutaneous layer of the skin. 
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Figure 5.11. Comparison of day-18 Laponite-treated and PBS-treated wounds stained with a marker for 
inflammatory neutrophils (anti-myeloperoxidase or anti-MPO). There was no evidence of inflammatory 
neutrophils present within Laponite-treated tissue after 18-days post-surgery (A and C). In contrast, PBS-
treated wounds exhibited neutrophil activity within the wound bed indicative of a wound still within an 
inflammatory stage of wound repair (B - E). A and B scale = 1 mm, C scale = 200 µm, D and E scale = 
100 µm. Dotted line = wound margin; Black arrows = positively stained neutrophil, Ep = Epithelium, GT 
= Granulation tissue, HT = Healthy tissue. Please note: negative control (omission of primary antibody) 
was performed however scanned dotSlide image was not available upon thesis submission. 

Figure 5.12. Significant hair follicle formation around wound margin and adjacent healthy tissue of Laponite-
treated wounds at day-18 post-surgery. A dark ‘ring’ (suggestive of hair follicle anagen, refer to text for more 
details) was prominent around a high proportion of Laponite-treated wounds (± VEGF) (left panel), whereas 
this was not evident in any of the PBS-treated wounds (right panel).  Scale bars = 5 mm. 
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Figure 5.13. Wound exudate localised by Laponite gels stimulates hair follicle anagen. i-iv) Four different 
wounds treated with Laponite over the 18-day study period tracking wound exudate that had been left 
around the wound margin. In all these examples, there is a distinct ring (some more prominent than others) 
of hair follicle growth around the wound margin; a trace of the approximate hair follicle coverage (yellow 
line) at day 18 overlaid over images of the same wound taken at day 7 to day 14 suggests that hair follicle 
stimulation could have occurred by wound exudate. v) PBS-treated wounds did not exhibit the production 
of exudate as seen in Laponite-treated wounds. Scale bars = 5 mm. 
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Figure 5.14. Evidence of hair follicle anagen induction in Laponite-treated wounds. i) Day 7 wound (Laponite-
treated) with localised exudate towards the left side of wound periphery and surrounding healthy skin (Scale 
= 2 mm). ii) Same wound at tissue harvest (day 18); evidence of marked hair follicle growth around the 
defect margin (dark ring, pointed out by yellow arrow). Hair follicle growth extends further towards the left 
and top-left side of the healthy wound tissue, in the similar region where exudate was present at day 7 (#) 
(Scale = 2 mm). iii) Tissue cross-section taken approximately at the location depicted by the dotted line in 
ii, with the orientation of the tissue shown by left (L) and right (R) (Scale = 500 µm) iv) Higher magnification 
image of the right region (red box in iii), and v) the left region (blue box in iii) (Scale = 200 µm); there was 
a greater number of hair follicles present in the left side than the right side. A high proportion of the hair 
follicles existed within the subcutis (blue arrows) which is indicative of hair follicles undergoing anagen. 
Yellow dotted line = dermis/subcutis boundary; D = Dermis, SC = Subcutis.    
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5.2.5 The Effect of Localised VEGF by Laponite 

Gels on Wound Healing in db/db Mice 

5.2.5.1 Differences in Wound Appearance 

After the positive effects from the Laponite gels on db/db wounds the next stage 

was to investigate the potential of adding VEGF to Laponite. It was hypothesised 

that localisation of VEGF would offer further improvements to wound healing 

quality and closure rates.  

Figure 5.15 shows photos of wounds taken from day 1 to day 18 after being treated 

with Laponite/alginate gels (± VEGF) 1-day post-surgery. At earlier time points 

(day 0 to day 8), all wounds were a comparable size but differences in appearance 

were present. There was a white precipitate within the wound bed of alginate-

treated wounds at day 8 and 11; after day 11 this white precipitate was no longer 

visible. Both alginate treated wounds exhibited a more red and raw appearance 

than Laponite wounds by day 11. The day 8 Laponite VEGF wound appeared 

opaque with negligible red colouring due to a covering of Laponite biomaterial.    

Figure 5.16 shows wound images from day 11 to day 18 in more detail. By day 

11 both Laponite-treated wounds (a and b) exhibited a dehydrated appearance 

with the presence of wound debris and/or Laponite biomaterial within the wound 

bed. In contrast, both alginate-treated wounds (c and d) were moist and shiny in 

appearance. Alginate-VEGF (C) contained a white precipitate as mentioned 

previously (presumably a precipitate of alginate biomaterial). 
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Figure 5.15. VEGF incorporated within Laponite gels does not stimulate increased wound closure/contraction 
in db/db mice over an 18-day period. Macroscopic images of wounds treated with 40 µg/ml VEGF 
encapsulated within Laponite gels and alginate gels (control); vehicle controls were used to treat contralateral 
wounds for both biomaterials. Scale bars = 5 mm. 

By day 14, the Laponite-VEGF (Figure 5.16, e) wound was barely visible due to 

a covering of laponite debris/eschar over the wound. Also, the wound colour was 

less red and raw, exhibiting a grey/pink colour. The alginate-VEGF wound 

exhibited a substantial reduction in wound closure compared to the alginate 

vehicle. Its colouration was intense red with a moist appearance. In contrast, the 

alginate vehicle wound exhibited only minor changes in size and appearance 

compared to day 11. By the final time point both Laponite wounds (i and j) were 

light pink/grey in colour. The Laponite-VEGF wound (i) also had a black 

pigmented ring around the wound margin, which is a similar observation made in 

other Laponite treated wounds (see Figure 5.5). Alginate-VEGF (k) exhibited the 

greatest reduction in wound size but still exhibited redness. Wounds i-k all looked 
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like there was near to full closure whereas the alginate vehicle wound still 

exhibited a granulated appearance.    

Figure 5.16. Macroscopic evidence showing that wounds treated by Laponite containing VEGF negligible 
differences in wound appearance. By day 11 both Laponite-treated wounds (a and b) exhibited a dehydrated 
appearance with the presence of wound debris and/or Laponite biomaterial within the wound bed. In 
contrast, both alginate-treated wounds (c and d) were moist and shiny in appearance. Alginate-VEGF (C) 
contained a white precipitate as mentioned previously (presumably a precipitate of alginate biomaterial). By 
day 14 the Laponite-VEGF (e) wound was barely visible due to a covering of laponite debris/eschar over 
the wound. Also, the wound colour was less red and raw, exhibiting a grey/pink colour. The alginate-VEGF 
wound exhibited a substantial reduction in wound closure compared to the alginate vehicle. Its colouration 
was intense red with a moist appearance. In contrast, the alginate vehicle wound exhibited only minor 
changes in size and appearance compared to day 11. By the final time point both Laponite wounds (i and j) 
were light pink/grey in colour. The Laponite-VEGF wound (i) had a black pigmented ring around the wound 
margin, which is a similar observation made in other Laponite treated wounds. Alginate-VEGF (k) exhibited 
the greatest reduction in wound size but still exhibited redness. Wounds i-k all looked like there was near to 
full closure whereas the alginate vehicle wound still exhibited granulated appearance. Scale bars = 2 mm. 
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5.2.5.2 VEGF Addition Induced Negligible Differences in 

Laponite Wound Closure Rates 

Wound closure rates were then analysed and compared. As described previously, 

wound closure rates between rostral and caudal regions were compared to clarify 

any differences with location. Initially this was performed by comparing between 

wounds treated with the same intervention. It was showed that there were 

minimal differences between rostral and caudal regions when wounds were treated 

with Laponite containing VEGF or Laponite vehicle (Figure 5.17 A). Wounds 

that were treated with alginate-VEGF exhibited negligible differences in wound 

closure rates between wound locations (Figure 5.17 B, first graph). However, 

caudal alginate-vehicle wounds closed at a reduced rate compared to rostral 

wounds, however this was statistically significant.  

Figure 5.17 C shows the comparison of wound closure between treatments at 

rostral and caudal locations. Caudal wounds exhibited significantly accelerated 

wound closure when treated with alginate-VEGF at day 1, 11 and 14 (day 11; 

mean diff. = 31.1 ± 9.2%; p = 0.007; error = SE). This increase was the largest 

compared with alginate vehicle whereas the difference was minor compared to 

both Laponite treatments (day 1 to 18). Both Laponite treatments compared with 

each other exhibited only minor differences in caudal wound closure.  
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Figure 5.17. Laponite vs alginate-treated wounds ± 40 µg/ml at separate wound locations.  (A) 
Rostral/caudal closure rates treated with the same Laponite intervention (± VEGF):  There were minimal 
differences between rostral/caudal regions. (B) Rostral/caudal closure rates treated with the same alginate 
intervention (± VEGF): Minimal differences between rostral regions with VEGF. Rostral wounds treated 
with vehicle exhibited faster wound closure (day 0-18). (C) Laponite vs alginate ± VEGF treating regions 
independently: Alginate -VEGF exhibited accelerated closure rostrally whereas the differences were minor 
compared to both Laponite treatments (day 1-18). Laponite treatments; minor differences rostrally and 
caudal regions were similar. However, differences between alginate ± VEGF were significantly greater. 
Alginate-VEGF exhibited an increase from day 0-18; this became significant at day 11/14 between alginate 
vehicle. By day 18, alginate-VEGF closure remained greater. Two-way ANOVA analysis using Tukey’s 
multiple comparison post-hoc test. * and ** denotes that p = < 0.05, and < 0.01 respectively. Error bars = 
SD. 
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Rostral and caudal replicates were combined to increase the power of the study 

and to compare how the addition of VEGF to each biomaterial affected wound 

closure (Figure 5.18 A). This showed that the addition of VEGF to Laponite gels 

had a negligible effect on wound closure rates (Figure 5.18 A, first graph). In 

contrast, alginate-VEGF gels exhibited a significant increase in wound closure 

between 11 and 14; wound closure was still greater than vehicle alginate after 18 

days but was no longer significant.  

A comparison between different biomaterials were then shown in Figure 5.18 B. 

It was shown that VEGF mixed in alginate exhibited increased wound closure 

after day 1 when compared to Laponite-VEGF treatment. This increase was most 

apparent at day 11 and 14. There were only minor differences between both 

vehicle biomaterial treatments.      

Figure 5.18 C shows a combined graph that compares all treatment groups with 

the inclusion of PBS closure rate data. It showed that PBS wounds exhibited an 

increase in wound closure compared to all treatment groups except alginate 

containing VEGF. The increase in alginate-VEGF closure compared to PBS was 

significant at day 14. 
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Figure 5.18. Differences in wound closure rates between Laponite and alginate-treated wounds (± VEGF 40 
µg/ml) using the combined rostral/caudal means. (A) Comparing alginate/Laponite independently: There 
were minimal differences between wound treated with Laponite ± VEGF. In contrast, the incorporation of 
VEGF to alginate gels stimulated an acceleration in wound closure (significance at day 11 and 14). (B) 
Comparing the addition of VEGF independently: alginate-VEGF exhibited increased closure after day 1 than 
Laponite-VEGF. This increase was most apparent at day 11/14 (not significant). (C) A combined graph 
comparing all treatment groups (including PBS). The same conclusions as described in (B), but with the 
addition of PBS. PBS wounds exhibited an increase in wound closure than all treatment groups except 
alginate-VEGF. The increase in alginate-VEGF closure compared to PBS was significant at day 14.  Two-
way ANOVA analysis was performed using Tukey’s multiple comparison post-hoc test. *, ** and ** denotes 
that p = < 0.05, < 0.01 and < 0.001 respectively. Error bars = SD.    
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5.2.5.3 Differences in Rate of Re-epithelisation Between 

Laponite and Alginate 

H&E-stained tissue sections of wounds treated with Laponite-VEGF and vehicle 

Laponite showed minor differences of re-epithelialisation rates over 18 days; at 

day 14 there was a slight increase in re-epithelialisation coverage in Laponite-

VEGF wounds (Figure 5.19 A) 
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Figure 5.19. VEGF encapsulated within Laponite gels does not stimulate greater re-epithelialisation 
compared to vehicle control over 18 days in db/db mice. (A) H&E-stained tissue sections of wounds treated 
with 40 µg/ml VEGF encapsulated within Laponite gels and vehicle Laponite at day 14 and day 18; yellow 
lines = wound margins from original defect; white arrows = open wound and blue arrows = re-
epithelialisation coverage; Ep = epithelium, GT = granulation tissue. (B) The rate of re-epithelialisation 
between Laponite-VEGF and vehicle Laponite showed minor differences over 18 days. Error bars = SD.    
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The rate of re-epithelialisation between Laponite ± VEGF and alginate vehicle 

was significantly greater (Figure 5.20 B). Interestingly, the encapsulation of VEGF 

within alginate significantly increased the rate of re-epithelialisation than without 

VEGF (Figure 5.20 B). 

5.2.5.4 Differences in the Epithelial Thickness Between 

Laponite and Alginate-Treated Wounds  

Laponite vehicle wounds exhibited a thicker newly-formed epithelium after 14 

days post-surgery compared to Laponite that contained VEGF (Figure 5.21 A). 

However, this difference was the opposite by day 18 as Laponite-VEGF wounds 

exhibited slightly thicker epithelial tissue (Figure 5.21 A). There were minor 

differences in epithelial thickness between Laponite and alginate-treated wounds 

at day 18 (Figure 5.21 B).   

5.2.5.5 Differences in Cellularity Within Laponite-VEGF 

Wounds 

To assess if there were any subtle differences in wound healing when VEGF is 

encapsulated by Laponite, the degree of cellularity was compared with vehicle 

Laponite wounds (Figure 5.22 A). Analysis of segmented cell coverage showed 

greater cell invasion within Laponite-VEGF treated wounds than vehicle 

treatment at day 14. Day 18 Laponite-VEGF wounds exhibited reduced 

cellularity than vehicle-treated wounds; this reduction in granulation tissue 

cellularity was significantly less than day 14 wounds (Figure 5.22 B). 
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Figure 5.20. Day 18 wounds treated with Laponite gels ± VEGF stimulated greater re-epithelialisation 
compared vehicle alginate gels in db/db mice. (A) H&E-stained tissue sections of day 18 wounds that had 
been treated with 40 µg/ml VEGF encapsulated within Laponite gels and alginate gels; yellow lines = wound 
margins from original defect; white arrows = open wound and blue arrows = re-epithelialisation coverage; 
Ep = epithelium, GT = granulation tissue.  (B) The rate of re-epithelialisation between Laponite ± VEGF 
and alginate vehicle was significantly greater. Laponite ± VEGF gels were also greater than alginate 
encapsulating 40 µg/ml VEGF Interestingly, the addition of VEGF within alginate significantly increased 
the rate of re-epithelialisation than without VEGF. ** and *** denotes that p = < 0.01 and < 0.001 
respectively. Two-way ANOVA analysis was performed using Tukey’s multiple comparison post-hoc test. 
Error bars = SD.    
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Figure 5.21. Wounds treated with Laponite encapsulating VEGF did not increase thickness of new-formed 
epithelium. (A) Laponite vehicle wounds exhibited slightly thicker new-formed epithelium after 14 days post-
surgery compared to Laponite containing VEGF. However, this difference was the opposite by day 18; none 
of these differences were significant. (B) There minor differences in epithelial thickness between Laponite 
and alginate-treated wounds at day 18.  Two-way ANOVA analysis was performed using Tukey’s multiple 
comparison post-hoc test.      
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Figure 5.22. Greater cellularity within the granulation tissue of Laponite-VEGF treated wounds at day 14 
in db/db. (A) Segmentation of haematoxylin-stained granulation tissue (i.e. cells within wound granulation) 
and (B) analysis of segmented cell coverage showed greater cell invasion within Laponite-VEGF treated 
wounds than vehicle treatment at day 14). Day 18 Laponite-VEGF wounds exhibited reduced cellularity 
than vehicle-treated wounds; this reduction in granulation tissue cellularity was significantly less than day 
14 wounds (p = < 0.01, denoted by **). Error bars = SD. One-way ANOVA analysis performed with Tukey’s 
post-hoc test applied for multiple comparisons. Scale bars = 1 mm. 
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Figure 5.23. Day 7 Laponite-treated wound stained with Auramine O showing that Laponite biomaterial was 
well-incorporated with tissue within the wound bed. A and B scale = 500 µm, C scale = 200 µm, D scale = 
100 µm. White arrows = positively stained Laponite biomaterial. Image B-D filter set 16 (FITC) used (please 
refer to Chapter 2.3.8.1, Table 2.2 for filter details). 
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5.2.6 Observations of Laponite 

Integration/Exclusion within Laponite-

Treated Wounds  

5.2.6.1 Laponite Early Integration 

It was clear that the integration of Laponite within the wound bed was prominent 

during initial stages of the study (day 7, Figure 5.23). Please note that the 

staining colour of Laponite in Figure 5.23 and upcoming Figure 5.25 is 

inconsistent with several other Auramine O figure images (Figure 4.3 to Figure 

4.6, Figure 5.24, Figure 5.26 to Figure 5.28, which shows Laponite stained as 

yellow not orange and tissue as green not blue) due to the filter set unavailability; 

however, the stain’s selectively of Laponite was not affected (please refer to 

Chapter 2.3.8.1 for filter details). 

5.2.6.2 Laponite Exclusion 

By day 14 there was evidence that exclusion of Laponite from wounds occurred; 

Figure 5.24 clearly shows a large mass of Laponite (stained with the fluorescent 

marker Auramine O) containing wound debris had become separated from a 

wound that had fully re-epithelised. Further evidence that wounds exclude 

Laponite can be seen in Figure 5.25 as this fully re-epithelised day-18 wound had 

no residual Laponite present in or around the wound bed.   
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Figure 5.24. Laponite-treated wound stained with Auramine O at day 14 showing evidence of Laponite 
biomaterial exclusion from the wound.  White/black arrows = positively stained Laponite biomaterial that 
had become separated from the wound bed, suggesting that a sizeable proportion of localised Laponite is 
excluded from the wound. A and B scale = 500 µm. Image B filter set 2 (DAPI) used (please refer to Chapter 
2.3.8.1, Table 2.2 for filter details).   
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Figure 5.25. Laponite-treated wound at day 18 stained with Auramine O showing no evidence of incorporated 
Laponite biomaterial within the fully-recovered wound bed. A and B scale = 500 µm, C scale = 200 µm. 
Image B and C filter set 16 (FITC) used (please refer to Chapter 2.3.8.1, Table 2.2 for filter details). 

5.2.6.3 Examples of Laponite Persistence   

In contrast to exclusion of Laponite, there were examples that Laponite did persist 

within the wound environment for up to 18 days post-surgery. Both Figure 5.26 

and Figure 5.27 shows that a large quantity of residual Laponite (white arrows) 

was present within the adipose tissue of the subcutaneous layer of the skin (red 

arrows); this remaining Laponite was present after the both wounds had fully re-

epithelised.    
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Figure 5.26. Fully re-epithelialised Laponite-treated wound (day 18) stained with Auramine O showing 
incorporated Laponite biomaterial within the hypodermis of the skin (Example 1). Evidence of a large 
quantity of residual Laponite biomaterial present within the adipose tissue of the skin; this is directly below 
the site of the original defect which has fully re-epithelialised. A and B scale = 1 mm. White arrows = 
Laponite biomaterial positively stained with Auramine O, red arrows = adipose tissue. Image B filter set 2 
(DAPI) used (please refer to Chapter 2.3.8.1, Table 2.2 for filter details). 

A final example shows the persistence of Laponite can sometimes occur within 

the wound granulation after a wound had fully re-epithelialised (Figure 5.28). 

Interestingly, there was evidence that fragments of Laponite had become 

encapsulated within the newly formed epithelium (red arrows).   
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Figure 5.27. Fully re-epithelialised Laponite-treated wound (day 18) stained with Auramine O showing 
incorporated Laponite biomaterial within the hypodermis of the skin (Example 2). Evidence of a large 
quantity of residual Laponite biomaterial present within the adipose tissue of the skin; this is directly below 
the site of the original defect which has fully re-epithelialised. A and B scale = 1 mm, C scale = 200 µm. 
White arrows = Laponite biomaterial positively stained with Auramine O, red arrows = adipose tissue. 
Image B and C filter set 2 (DAPI) used (please refer to Chapter 2.3.8.1, Table 2.2 for filter details). 
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Figure 5.28. Fully re-epithelialised Laponite-treated wound (day 18) stained with Auramine O showing an 
example of incorporated Laponite biomaterial throughout the wound bed and within newly-formed 
epithelium. Evidence of a large quantity of residual Laponite biomaterial still present within the wound bed. 
Interestingly, there was fragments of Laponite biomaterial that had been incorporated within the newly 
formed epithelial tissue (red arrows).  adipose tissue of the skin; this is directly below the site of the original 
defect which has fully re-epithelialised. A and B scale = 500 µm, C scale = 200 µm, C scale = 100 µm. White 
arrows = Laponite biomaterial positively stained with Auramine O, red arrows = Laponite embedded within 
epithelial tissue. Image B-D filter set 2 (DAPI) used (please refer to Chapter 2.3.8.1, Table 2.2 for filter 
details). 
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5.3 Discussion 

The focus of this chapter was to test the hypothesis that VEGF encapsulated 

within Laponite would increase the rate and quality of wound healing when 

applied to a model of delayed wound healing. The mice used in these studies were 

shown to exhibit severe hyperglycaemia at the time of surgery and throughout 

the study; this is akin to other reports that have adopted db/db mice as model 

for type 2 diabetes [297]. 

As a minor note, it is preferable to use littermates related db/db mice that are 

not leptin receptor deficient (i.e. heterozygous BKS. CG-+Leprdb/-Leprdb mice) as 

non-diabetic controls. However due to financial constraints C57BL/6J were used 

instead. The db/db mice used were provided on a C57BLKS/J background which 

is a substrain of the 6J mice. However, it has been shown that only 71% of 6J 

genome is retained by the C57BLKS/J mice due to breeding contamination of 6J 

stock in the 1940s [301]. Whilst the two strains may not be directly comparable, 

the overall aim was to compare to non-diabetic mice to ensure that the db/db 

mice used in these studies were indeed diabetic. In addition, when interventions 

were applied, vehicle controls were always used as a baseline within the same 

animal; therefore, any measurable changes would be attributable to the invention 

being tested.   
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5.3.1 Testing and Determination of Plasma Blood 

Glucose Levels 

Blood glucose concentration was measured in fasting and fed states. Fasting 

glucose concentration is known to be more consistent [302], and for this reason it 

is preferable to use fasted mice. However, fasting mice on multiple occasions 

during the study would be unethical due to stress inflicted by surgery as well as 

potentially affecting their natural baseline of recovery. In addition, in this study 

no significant changes were found in glucose concentration. Therefore, fasted mice 

were not used in these studies. 

5.3.2 Effects of Laponite Hydrogels Alone on 

Wound Recovery 

5.3.2.1 Closure Rates Conclusion 

As it was previously reported that Laponite-treated wounds exhibited greater 

cellularity during wound healing in non-diabetic mice (Chapter 4.2.3.6), it was 

hypothesised that a greater positive effect was may occur within mice that exhibit 

a delayed wound healing response.  

Unlike non-diabetic mice, the rate of wound contraction in Laponite gel 

treatments compared to PBS were similar; this could be attributed to the fact 

that db/db mouse wounds contract less than non-diabetic mice [303].  

Significant differences in wound closure were measured between rostral and caudal 

wounds treated with saline control. As reported previously in results Chapter 



Chapter 5: Laponite Gels for Localising Bioactive VEGF in a Diabetic Model of 
Wound Healing 

212 

4.2.3.3 and by other researchers [286], site-specific differences in non-healthy mice 

were found to be negligible. This was not true of db/db wounds. Knowledge of 

site specific differences in wound recovery repair in db/db mice is limited. A study 

by Sullivan et al [297] validated the use of multiple (~4) wounds in db/db mice 

but did not directly compare the closure rates of rostral and caudal wounds. They 

did suggest that comparisons of multiple wounds should be limited to wounds 

that are in a similar rostral-caudal position, however this statement was based on 

previous work by Märtson et al [304]. This work showed that reductions in the 

number of fibroblasts in early wound healing (≤ 4 days) in caudal compared to

rostral wounds. A reduction in fibroblast number early in the wound healing cycle 

could result in reduced contraction by myofibroblasts (which result from the 

differentiation of fibroblasts and are critical for wound contraction) [305, 306]. 

However, these studies used rats rather than mice and so may not be directly 

comparable, although other studies have suggested that site-specific differences in 

healthy mouse wounds are insignificant [286]. These findings make it a challenge 

to draw firm conclusions. As rates of re-epithelialisation and epithelial thickness 

in rostral and caudal PBS wounds were similar it suggests wound repair between 

the two regions are comparable.   

5.3.2.2 Rates of Re-epithelisation 

Arguably the most interesting observation regarding Laponite vs PBS-treated 

study was that the rates of re-epithelisation for PBS wounds was significantly less 

than that of Laponite-treated. The importance of this result is underscored taking 

into consideration that other reports have shown that full wound closure can take 

an average of ≥ 28 days [146, 297, 307]. The data that are most comparable

would be the rates of closure documented by Sullivan et al [297] as they also 
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covered wounds with a semi-occlusive Tegaderm dressing (many other researches 

adopt the use of a splint to reduce contraction [296]). Although they did not 

directly measure the rates of re-epithelisation using histology, they did report that 

38% of the db/db wounds assumed to closed by gross examination were not when 

checked using histology. 

Other measurements indicated that Laponite-treated wounds healed better than 

control wounds. Epidermal thickness was increased and there was evidence of 

extensive cell proliferation (marked by positively-stained Ki67 cells) in the basal 

layer of the newly-formed epithelium. Apart from less overall re-epithelisation, 

the presence of neutrophils within day-18 PBS-treated wounds tentatively 

suggests that some of these wounds were still in a state of early inflammation 

[308]. The process of inflammation initially begins with the invasion by 

neutrophils which are then replaced by monocyctes/macrophages (refer to 

Chapter 1.4.2). To investigate this further, a comparison between the proportion 

of neutrophils and macrophages could be compared. The presence of neutrophils 

at such a late timepoint is characteristic of a wound that is delayed and is a 

common occurrence within DFUs and other chronic wounds [308-310]. 

Speculatively, Laponite may act upon the wound to reduce inflammatory 

cytokines through absorption. This in combination to Laponite’s eventual 

exclusion from the wound which was documented in a few examples, may serve 

as an indirect anti-inflammatory mechanism. One way to test this hypothesis 

would be to recover excluded Laponite and measure cytokine content of the 

biomaterial (e.g. cytokine measurements, cell-specific staining) [311].  
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5.3.3 Hair Follicle Stimulation 

Evidence of hair follicle growth was another interesting finding. In the literature, 

it states that natural hair follicle growth occurs as a wave, moving across the 

dorsum. However, this usually occurs at specific times within the first 14 weeks 

after birth (documented in healthy mice) [312]. This phenomenon occurs due to 

a set of events known as the hair follicle cycle and are characterised as anagen 

(growth phase), catagen (regression phase) and telogen (resting or quiescent 

phase) [313]. At approximately 7 weeks old, the hair cycle enters a prolonged 

state of telogen, lasting until 12 weeks when the anagen phase begins [312]. The 

age of mice chosen for these studies was between 8-10 weeks to ensure consistency 

and to minimise the possibility of hair growth reducing adhesion of the Tegaderm 

dressing. Therefore, it was striking that hair follicle stimulation occurred during 

a natural period of telogen.    

H&E staining confirmed that hair follicles in these regions where hair follicle 

growth was suspected were dense, with a high proportion existing with the 

subcutaneous tissue; the increase in the number of follicles within the deep layer 

of skin is indicative of the anagen phase compared to telogen phase, in which hair 

follicle exist exclusively within the dermis [314].  

Excitingly, the evidence suggests that Laponite gels may have facilitated this 

stimulatory effect by localising exudate produced in and around the wounds. 

Speculatively, the sorptive properties of Laponite could have retained cell 

signalling/bioactive molecules and concentrated them within the region where the 

hair follicles were most prevalent. A growth factor that is endogenously produced 
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during wound healing and also a known stimulator of hair follicle growth is insulin 

growth factor-I (IGF-I) [315-319].  

A simple way to determine whether this growth factor is responsible would be to 

collect and analyse the protein content within the wound fluid; this could be 

achieved by multiple testing systems including high-performance liquid 

chromatography (HPLC), enzyme-linked immunosorbent assay (ELISA), Meso 

Scale Discovery (MSD) and electrochemiluminescence and bead based multiplex 

immunoassays (MIA) [320].  

Another approach could involve incorporating a hypothesised growth factor with 

Laponite gels and topically apply it to mouse skin during telogen. Hypothetical 

growth factors could include the IGF-I or a cytokine determined by analysing the 

protein content of wound exudate. 

Regardless of the bioactive molecule(s) responsible for this stimulation of hair 

follicles, the most important aspect would be to determine that Laponite was 

accountable for localising said bioactive factors. To test this hypothesis, samples 

of wound exudate stimulated by Laponite-treated wounds could be collected an 

applied to an unwounded area of skin and covered with a dressing; evidence of 

hair follicle growth can then be assessed and compared to a control region.  

5.3.4 Observations of Prolonged Laponite 

Persistence 

As mentioned previously (Chapter 4), the selective fluorescent marker, Auramine 

O was an essential histological for effective detection and tracking of the Laponite 
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within Laponite-treated wounds. The detection of Laponite using Auramine O 

showed further evidence of biocompatibility (e.g. incorporation within newly-

formed epithelium) and possible cellular uptake of Laponite fragments (e.g. 

endocytosed Laponite) or just more extreme cell infiltration. It additionally 

showed that it was difficult to predict how the length of time Laponite would 

persist in the wound environment; there was evidence that suggested wounds 

excluded Laponite around 7 days post-surgery. Yet in some cases there was 

significant content of Laponite present after 18 days. Speculatively, the method 

of administration will likely play a role in its persistence. By injecting under the 

Tegaderm dressing, in some cases Laponite may have been incorporated deeper 

within the subcutaneous tissue of the wound.  

It has been previously stated that further studies would be useful to track the 

length of time Laponite may persist within the skin. This would be essential to 

document because prolonged persistence of Laponite could become a potential 

hazard if used to deliver bioactive molecules. For instance, continued localisation 

of VEGF could lead to uncontrolled angiogenesis [321, 322]. It is also well 

established that overexposure to certain growth factors such as PDGF-BB may 

increase the risk of cancers to develop [323, 324]. Therefore, future work must 

consider the potential health implications they may be associated with Laponite 

and bioactive molecule delivery.   

5.3.5 Effects of Localised VEGF Encapsulated by 

Laponite Gels 

The decision to incorporate 40 µg/ml VEGF within Laponite gels was based on 

conclusions documented from studies in the previous chapter (refer to Chapter 



Chapter 5: Laponite Gels for Localising Bioactive VEGF in a Diabetic Model of 
Wound Healing 

217 

4.2.3.5). Although a lower concentration (10 µg/ml) of VEGF was a positive 

stimulator of angiogenesis in vivo, it was thought that using the higher 

concentration would maximise the potential to induce a positive biological effect 

on wound recovery in db/db mice.   

The addition of alginate was also investigated as it was thought that Laponite 

would result in localisation of VEGF whereas alginate would represent a 

biomaterial that exhibits rapid release of the protein [235]. Therefore, alginate 

gels were used to help prove the hypothesis that Laponite gels offers a superior 

was to deliver growth factors.  

There were no measurable differences in the rate of wound closure, re-

epithelisation or epithelial thickness with the addition of VEGF to Laponite gels. 

However disappointing, the probable reason could have been due to experimental 

limitations. For example, the benefits that Laponite alone exerts on the wound 

environment may mean that any further improvements were either not present 

or went undetected. Unfortunately, due to time constraints the identification and 

analysis of blood vessel formation (using the endothelial cell marker anti-CD31) 

as used in Chapter 4.2.3.6 was not performed. The use of this marker may have 

elucidated in more detail the cellular changes that is difficult to detect from gross 

macroscopic and basic histological analysis.  

There was an indication that there was greater cell invasion within Laponite-

VEGF treated wounds at day 14, which then resulted in a significant reduction 

by day 18. This trend was present in the vehicle Laponite group but interestingly 

the reduction was greater with the addition of VEGF. It is likely that the time 
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between day 14 and 18 marked the transition from proliferation to remodelling 

due to the reduction of cell number (refer to Chapter 1.4). That a more significant 

reduction occurred in wounds treated with Laponite containing VEGF may 

suggest that localised VEGF may have played a part in ensuring remodelling 

occurred more quickly [88]. To measure the proliferation/remodelling transition 

more accurately, staining for collagens would be a useful indicator, especially the 

ratio of type I and type III collagen [67, 325-327] 

A surprising finding was that addition of VEGF to alginate gels resulted in a 

significant improvement in wound closure and re-epithelisation rates. This was 

akin to the improvements seen with Laponite vs PBS. As previously documented 

in Chapter 4 (Figure 4.16) the release of VEGF from alginate gels was shown to 

be ~75% within 24 hours. Dawson et al [234] also documented similar release 

profiles from alginate using model proteins lysozyme and albumin. Thus, the 

process of rapid VEGF release was more advantageous than Laponite’s ability of 

retention in these wound studies. Rapid release of biomolecules is contrary to 

conventional wisdom within tissue engineering, where the attention is focused on 

slow and sustained release [135, 328]. However, the rapid release of VEGF into a 

wound environment maybe beneficial in context of the wound healing studies 

reported in this chapter. It is known that VEGF mRNA and protein levels 

increase at initial time points (~3 days) following injury in healthy skin [329, 330]. 

This helps stimulate angiogenesis early during wound healing and ensure that a 

rich blood supply is present for the formation of healthy granulation tissue (as 

described in Chapter 1.6). In db/db mice, it is known that VEGF mRNA 

expression initially increases following injury, but then decreased to negligible 

levels by day 5 [101]. Therefore, a burst release of VEGF within the first 24-48 
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hours may help stimulate early angiogenesis and initiate more rapid formation of 

granulation tissue. 

If the above hypothesis was correct, then it could be suggested that a more rapid 

release profile would be more advantageous for VEGF delivery. However, 

translation of this effect in human chronic wounds may not be as successful. 

Chronic wounds in humans such as DFUs, exhibit a complex environment that is 

commonly in a prolonged state of inflammation (refer Chapter 1.3). Individuals 

that suffer with DFUs can have symptoms that last for extensive periods of time 

(months to years) [237]. Therefore, rapid release of VEGF under these 

circumstances would be futile. In contrast, sustained release may initiate a 

bioactive effect, although its delivery to target cells could still be hampered by 

degradative proteases. An alternative approach could be sustained localisation by 

Laponite gels with the hypothesis being that Laponite would protect VEGF from 

degradation. This means that whilst the studies in this chapter have not proven 

the main hypothesis of this thesis to be true, its potential to be proven correct 

may still stand.  

A potential criticism of the alginate gel studies was that the number of mice used 

was low compared to Laponite treatment groups (3 vs 6). Whilst it could be 

argued that it is statistically underpowered, the use of 4 wounds per mouse aimed 

to increase the number of treatment replicates from 3 to 6. Some minor differences 

between rostral and caudal wounds were acknowledged and discussed. However, 

it was concluded that using multiple wounds as replicates was acceptable and in 

line with previously documented literature [286, 297].  
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5.3.6   Conclusion 

The key findings that were reported and discussed in this chapter were: (1) vehicle 

Laponite gels were shown to improve the rate and quality of wound healing 

compared to saline in db/db mice, (2) localisation of wound exudate facilitate by 

Laponite gels stimulated hair follicle anagen in db/db mice at the wound margins 

and within adjacent healthy skin tissue, (3) localisation of a high concentration 

of VEGF (40 µg/ml) via premixing within Laponite gels did not offer any 

detectable improvements in the rate and quality of wound healing in in db/db 

mice, (4) delivery of 40 µg/ml VEGF by the control biomaterial hydrogel 

(alginate) significantly improved the rate/quality of wound healing in db/db mice  

suggesting that a rapid release of VEGF within ~48 hours was advantageous, and 

(5) Laponite gels exhibited signs of exclusion from the wound environment but in

many cases residual Laponite did persist at the wound site for ~18 days.   

In conclusion, 3% Laponite gels may offer unique benefits to wound healing, albeit 

without the addition of VEGF. Although rapid release of VEGF from alginate 

gels was shown to offer significant improvements to wound healing, its translation 

to human chronic wounds may not be as successful; it was postulated that the 

benefits of sustained VEGF localisation by a Laponite gels may be more beneficial 

in an environment that is chronically delayed (weeks/months). This would require 

further investigation with a modification to the wound model proposed in this 

chapter. Promisingly, it still suggests that Laponite gels have the potential to 

localise bioactive factors that may increase the rate and degree of wound healing 

in chronic diabetic wounds.  
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6.1 Summary of Thesis Outcomes 

The main aim of this thesis was to investigate the potential of a synthetic smectite 

clay, Laponite, to sequester therapeutic small molecules and proteins and to 

deliver them in vivo to improve wound repair. Ensuring that therapeutic 

molecules exert a biological effect at a target site requires an important 

prerequisite; delivery in a sustained, economical and safe manner. The thesis 

achieved this aim by showing: 

• Laponite clay gels sequester molecules important in wound healing and

angiogenesis, and retain their bioactivity in in vitro models

• In vivo murine models can be used to test the activity of injectable clay

biomaterials, both in subcutaneous and cutaneous wound-healing assays.

• VEGF-Laponite induces a potent angiogenic response in vivo, but this

effect occurs via cell invasion rather than by passive release

• Laponite alone accelerates wound healing and improves wound healing

quality and may act to promote anagen at wound sites

Initial experiments (Chapter 3) included analysing the in vitro retention and 

release of a small molecule Wnt signalling agonist (BIO) and a larger, protein 

(VEGF). The main findings were: 

• VEGF, when incorporated, in Laponite stimulated HUVEC tubule

formation.

• Higher concentrations of VEGF were required for activity in gels where

VEGF was incorporated in the bulk as compared to adsorbed on the

surface.  This is likely due to VEGF being sequestered away from the cells.
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• Following encapsulation BIO was retained in Laponite gels for up to a 7-

day period.

• Preliminary adsorption data showed that BIO does not interact as well as

VEGF.

In subsequent chapters, this extended into more detailed analysis of the bioactive 

response that clay-VEGF gels exert when applied in vivo. This initially started 

with measuring the effects of clay-VEGF gels within a healthy acute wound 

healing model and then extended into detailed account of VEGF dosage required 

within Laponite gels via subcutaneous injection study (Chapter 4). The main 

findings were: 

• Laponite-VEGF gels are proangiogenic in vivo in a VEGF dose dependent

manner.

• A minimum 10-fold increase of VEGF concentration (≥ 10 µg/ml)

incorporated within Laponite gels was required for a biological effect

compared to in vitro-based models.

• In vitro release kinetics showed negligible release of VEGF from Laponite

gels compared to the burst release measured for alginate gels.

Finally, optimised Laponite-VEGF gels (i.e. using a VEGF dosage capable of a 

biological effect) were assessed in a diabetic wound model, which represents 

delayed wound recovery (Chapter 5). The main findings were: 

• Laponite gels alone induced a therapeutic effect on wound healing with

evidence of increased re-epithelisation and cell proliferation compared to

PBS-treated control wounds.
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• Laponite gels may have initiated hair follicle anagen in healthy skin

immediately adjacent to wounds as a high proportion of Laponite-treated

wounds (regardless of the incorporation of VEGF) had many follicles

within the deep layer of skin (this is indicative of the anagen phase); it was

proposed that localisation of wound exudate may have stimulated this

phenomenon as the shape and size of the increased follicle growth were

similar to area of deposited wound exudate during early time points (~ 7

days post-surgery). This is however, a highly suggestive claim that would

require further investigation to robustly prove.

• Localisation of VEGF by Laponite hydrogels did not stimulate any

measurable increase in wound recovery

• The addition of VEGF to alginate gels surprisingly initiated a significant

increase in wound closure rates and wound “quality”.
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6.2 Discussion of Results 

Delivery of drugs and bioactive molecules using natural clay minerals and 

synthetic-based clays has been of significant interest in recent times [14]. The 

mechanism of clay interaction with biological tissue and charged species exerted 

by bioactive molecules/drug are complex [331]. Furthermore, the potential 

benefits of cationic clays such as Laponite specifically on wound healing is not 

well understood scientifically. However, it is understood that the adsorption 

properties of clays can remove toxins, oils and other contaminants from skin and 

have excellent rheological properties [249].  

The combination of the properties listed above led to the hypothesis that Laponite 

gels could deliver bioactive molecules to increase the rate and degree of wound 

healing. Over the next few subchapters, the results documented in this thesis will 

be addressed as to whether this hypothesis was proven correct with regards to 

the wider context of pre-existing literature.     

6.2.1 Localised Delivery of VEGF by Laponite Gels 

Novel treatment options for chronic wounds are predominantly administered as 

topical creams or gels [332], in addition to the formulation of advanced wound 

dressings that contain therapeutic molecules [333]. Thus, incorporation of 

therapeutic molecules within a biomaterial vehicle consisting of hydrogels, 

polymers and/or clay is advantageous.  

Previous work using Laponite clays had only elucidated that protein biomolecules 

were capable of significant retention by highly charged nanoclay particles [235]. 

Bioactive effects were only measured following adsorption of VEGF to the surface 
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of Laponite gels, rather than following incorporation within the gels. In addition, 

these studies showed that Laponite sequestered, but did not release a model 

protein. Based on this work, it was hypothesised that the bioactivity of 

incorporated biological molecules is retained when mixed in the bulk of the gel, 

but that the effective concentrations may differ.  

In Chapter 3 and 4 it was found that a significant biological effect was induced 

when VEGF was incorporated into Laponite gels at a concentration ≥ 1 µg/ml

in vitro - greater than required in vitro (Chapter 3.2.4) and ≥ 10 µg/ml in vivo

(Chapter 4.2.3.5). The disparity between bioactive concentrations required in 

vitro and in vivo was an important finding that can have negative implications if 

not considered carefully. Lack of in vitro to in vivo translatability is a common 

issue that applies to other tissue engineering and biological research strategies 

[334].  

Laponite and alginate (a control hydrogel) were both found to be retained at 

injection sites for a period of 21 days, however there was less prevalent cell or 

tissue integration in alginate than in Laponite. This contrasted to previous 

research by Lee et al [283] where concentrations of ≥ 20 µg/ml VEGF induced

significant cell invasion, proliferation and blood vessel growth. VEGF 

concentrations ~ 40 µg/ml did not result in any significant changes in blood vessel 

density in our studies (Chapter 4.2.3.5); this was likely due to experimental 

differences as mentioned within the chapter. A key finding was that alginate gels 

exhibited more rapid VEGF release than Laponite gels. This may be due to 

differences in immunological response to Laponite vs. alginate, to mechanical 

differences in the material, or perhaps more likely due to the differing release 

profiles between the two carriers. 
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For instance, VEGF premixed within Laponite gels exhibited a biological effect 

without any evidence of ‘release’ as in vitro release was negligible for up to 11 

days. This was comparable to a previous report where it was shown that minimal 

release of a growth factor over a period of 35 days [292]. The lack of measurable 

release is not necessarily a drawback of the proposed technique as shown in 

Chapter 4.2.3.5. This approach enabled the growth factor to be localised at a 

target site for a prolonged period for a sustained biological effect. Contrastingly, 

the lack of any measurable bioactive effect by alginate-VEGF (see Figure 4.13), 

for which release occurs rapidly, illustrates this. A possible mechanism proposed 

in both Chapter 3 and 4 explained that biological availability without release was 

because Laponite ‘localises’ VEGF in an active form. An example of the 

mechanism of action is depicted in Figure 6.1. This figure proposes that biological 

tissue exposed to clay-VEGF for a sustained period stimulates a biological 

response. Due to the hydrogel-like properties of these Laponite gels, cells invade 

within pores that exist between clay particles and directly interact with clay-

bound VEGF. Supporting this, Laponite surface-adsorbed VEGF exerts a strong 

angiogenic effect in in vitro experiments, when no (soluble) VEGF is present in 

the growth medium. 

As discussed in Chapter 1.7, clays are often used as modifiers for many other 

types of hydrogels to improve mechanical strength; this is essential for biomaterial 

treatments as scaffolds for tissue engineering [14] and is the reason why Laponite 

gels are strongly viscoelastic [335].  
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Figure 6.1. Illustration depicting a proposed method of bioactive molecule (VEGF) delivery via localisation 
by Laponite hydrogels. i) Topical application of Laponite gel premixed with VEGF at the site of a skin 
defect. Clay-VEGF particles can interact directly with wound granulation tissue. ii) Sustained and localised 
delivery of VEGF leads integration and interaction with endothelial cells; this stimulates ingrowth of blood 
vessels into the Laponite gel, inducing wound repair.  

This may aid Laponite’s ability to localise bioactive molecules as these gels can 

withstand high mechanical shear without losing viability. This was demonstrated 

through the persistence of Laponite gels, both when administered subcutaneously 



Chapter 6: Discussion

232 

and at a wound site (Chapter 4 and 5). Furthermore, the strong viscoelasticity 

properties may allow Laponite to act as a scaffold when in gel form, allowing cells 

to interact and proliferate. This could be further modulated by the adsorption of 

endogenous proteins and other biological molecules produced by the host tissue, 

further supporting a proliferative environment. 

The adsorption of endogenous tissue components may provide an alternative 

explanation of biomolecule delivery by Laponite gels. The basis of this method 

was initially proposed by Aguzzi et al [336] and is summarised in Figure 6.2.  

The main concept behind this delivery mechanism is that clay particles are loaded 

with a drug/bioactive molecule via cationic exchange. This occurs between 

positively charged species of target biomolecules (e.g. ions, functional side groups) 

and interlayer cations between clay particles (Figure 6.2. i). After clay 

application, loaded clay-biomolecule particles interact with biological counter ions 

which then undergo cation exchange (Figure 6.2. ii). This ‘releases’ free bioactive 

molecules that are subsequently absorbed by host tissue where they interact with 

target cells (Figure 6.2. iii-iv). Spent, unloaded clay particles are ideally 

eliminated via exclusion from the wound or excreted by the body (via the 

bloodstream) (Figure 6.2. v). 

Although simple drugs are more likely to be delivered via this alternative 

approach, larger, protein-based molecules may be released in a comparable way 

via interaction with positively charged side groups.  
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Figure 6.2. Idealised theoretical delivery mechanism of bioactive molecules/drugs by clay particles (figure 
adapted from [336] and [331]).  Delivery of drugs or bioactive molecules by clays (such as Laponite) may 
involve a complex set of events when exposed to a biological environment. These include: i) Clay particles 
loaded with drug/biomolecules through ionic interaction with -ve charged clay particles; this is achieved via 
cation exchange of +ve charge interlayer cations with +ve charge ions/side groups of bioactive molecules. 
ii) Clay-drug particles administered to a defect site where they can interact with biological counter ions
present within wound tissue. iii) Cation exchange between +ve ions/groups of bioactive molecules and
biological counter ions leads to the ‘release’ of free bioactive molecules. iv) Free bioactive molecules absorbed
into the wound environment where they can then interact with cell targets and stimulate a biological effect.
v) Unloaded clay particles eliminated via exclusion from the wound environment and/or removed from the
wound into the blood stream/lymphatic system and excreted.
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Then endogenous proteins may undergo cation exchange with clay-bound protein 

and essentially result in target protein displacement/release into the defect milieu. 

This method also suggests that biomolecule/drug release from clay-based 

treatments are likely to be different in an in vivo environment. 

It remains probable that bioactive VEGF was ‘delivered’ via localisation rather 

than release as indicated by other authors [235]. Speculatively. sustained 

localisation may allow cells within a biological system to become stimulated via 

presentation of bioactive molecules when tethered to Laponite gels. This however, 

makes determining the release kinetics of these therapies difficult to measure in 

vivo and is an area that warrants further investigation. 

Surprisingly, the proangiogenic effect of Laponite-VEGF in the subcutaneous 

injection study (Chapter 4) did not translate to an improve wound healing 

response in db/db mice (Chapter 5). There was, however, an improvement in 

wound recovery with Laponite clays alone. Perhaps due to the baseline effects 

exerted by Laponite clays any further benefits from inclusion of VEGF 

localisation may be undetectable. It could be hypothesised that the sorptive 

properties of Laponite allows retention of endogenous bioactive signalling 

molecules, thereby localising them and increasing their bioavailability. However, 

if this was the case, it could be expected that negative mediators of chronic 

wounds (e.g. pro-inflammatory) may also become localised.  

This conclusion may be premature, however as stated in Chapter 5 due to time 

restrictions crucial analytical techniques were not performed (e.g. anti-CD31 and 

anti-Ki67 staining). There are additional techniques that could offer a more robust 
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analysis that may uncover further details that suggested localised VEGF by 

Laponite exerted a positive effect. These may be investigated in future studies.   

6.2.2 Laponite Hydrogels Exhibited an Intrinsic 

Bioactive Effect in Wound Healing 

An exciting finding (secondary to Laponite’s capability to localise VEGF) was 

that Laponite exerted an intrinsic stimulatory wound healing effect. As discussed 

in 6.2.1, this effect may have masked any pro-healing effect of clay-incorporated 

VEGF in db/db wounds.     

Clay may alter the phases of wound healing at a cellular and biochemical level 

within a wound environment. In chronic wounds, healing is usually stuck in a 

cycle of inflammation. A clay (like Laponite) may localise endogenous cell 

mediators present within the wound bed, mitigating inflammation. Evidence of 

cationic clays localising endogenous factors has been recently suggested in 

advanced haemostatic dressings, like QuikClot® and WoundStat®. WoundStat® 

is made from a Food and Drug Administration (FDA) approved granular smectite 

clay and QuikClot® is a wound dressing gauze created with synthetic zeolite [337]; 

these have been reported to increase local concentrations of clotting factors, 

platelets and red blood cells and improve the clotting cascade [338]. 

A recent study by Dario et al [242] reported that Ocara clay (a natural clay 

originating from the Northeast region of Brazil) exerted positive effects on wound 

recovery in a rat model. Specifically, histological analysis suggested that overall 

wound quality was improved (e.g. increased re-epithelialisation rates, more dense 

collagen fibres) when treated with an emulsion/Ocara clay therapy. An important 
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side note however, was that these findings were only based on qualitative visual 

analysis. A comparison between Laponite gels and Ocara clays are not directly 

possible, but they did suggest that wound closure was not significantly improved. 

Based from this it could be suggested that the overall therapeutic benefits were 

not as significant as those documented by Laponite gels in this thesis. 

Speculatively, this may be because Laponite is a refined clay that contains low 

levels of impurities that may exert negative effects on wound healing.    

Laponite and other clay-based wound therapies could potentially aid wound 

healing by adsorbing to wound exudate. This may lead to an increased 

concentration of local growth factors and reduce excessive protease activity. 

Certain advanced dressings are already capable of elevating local growth factor 

levels; an alginate-based dressing called Kaltostat® is known to promote pro-

inflammatory cytokine levels such as IL-6 and TNF-α to support stimulation of 

local monocytes [339]. Laponite has been documented to exhibit greater 

absorbency than alginate in vitro and also retain encapsulated proteins more 

effectively [235]. Other types of advanced dressings, including hydrogels and 

hydroactive dressings (hydrogel/foam dressing mix) have shown promising 

benefits to selectively absorb/adsorb wound exudate, leaving secreted proteins 

present [340]. While there is some evidence of improved DFU recovery, many of 

these dressings are not effective as illustrated in a summary of clinical trials by 

Dunville et al [341].  

6.3 Study Limitations 

The studies undertaken throughout this thesis have been designed to try and 

mitigate error and uncertainty that may impact on the outcome of reported 
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results(s). However, experimental studies (in vitro and in vivo) only serve as a 

model of what may occur when a therapy or concept is used within the clinic. 

Following on from this, there will always be limitations and/or experimental error 

that will not allow complete certainty.  

In this thesis, the in vivo murine models best represented what effect outcome 

would occur if Laponite gel treatments were used clinically. However, whilst 

mouse models share many physiological similarities to humans, there are key 

differences that reduced potential translatability. Specifically, mouse skin is 

physiologically different to human skin [342]. Apart from the obvious different in 

size and surface area, mouse skin is not directly anchored to subcutaneous tissue 

which is why they are “loose-skinned”. In addition, mouse skin has a thin 

subcutaneous muscle layer called the panniculus carnosus [343, 344]. This muscle 

layer has been shown to be partly responsible for increased contraction that is 

seen during wound recovery in rodents. This is contrary to human wound healing 

which primarily heals by re-epithelisation [344-346] 

db/db mice were used as a model of delayed wound healing, which many other 

reports agree is true. However, this model does not best represent the state of a 

chronic DFU in humans as, although wound recovery is delayed, their wound 

recovery is still akin to acute wound healing. DFUs are complex wounds which 

are incredibly difficult to mimic in a controlled way, especially as there are so 

many parameters and attributes that form a chronic wound. For example; the 

recovery of many DFUs is further inhibited due to infection [39], something that 

is difficult to test for during a full thickness-wound study. There have been reports 

where rodent wounds have been infected with appropriate bacteria to try and 



Chapter 6: Discussion

238 

factor in infection, although this can be ethically challenging as well as 

experimentally [347, 348]. 

The use of a swine model is considered the most ideal choice of animal for wound 

healing studies. This is because pig skin best represents human skin in terms of 

structure, recovery and area size [349, 350]. However, large animal models are 

costlier and require specific facilities to house them. In addition, specialised 

knowledge regarding handling is required [350] 

6.4 Future Work 

The findings from this thesis indicate that Laponite gels can interact with 

bioactive molecules and can be used to deliver them into biological systems to 

initiate a bioactive effect. Laponite gels successfully localised bioactive VEGF and 

initiated a proangiogenic response which could be advantageous in a chronic 

wound environment. Separate to this, Laponite gels alone were shown to exhibit 

a positive effect on the quality of wound healing with evidence of hair follicle 

stimulation. The combination of these results gives great promise for Laponite 

gels being used for a wound healing therapy, although further work would be 

required.  

As Laponite appears to have an intrinsic ability to improve wound healing, it 

may be hypothesised that this occurs through adsorption and retention of 

endogenous proteins (as discussed in Chapter 3: ). Analysis of proteins present 

within the wound environment would be useful to determine. Dysregulation of 

cell mediators and proteases contribute to DFU pathogenesis and the 

physiological repercussions this has on the wound milieu includes: a chronic 

inflammatory state, impaired angiogenesis, poor cellular infiltration, poor 
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macrophage activation and reduced formation of granulation tissue that can 

inhibit re-epithelisation [351]. Thus, measuring and comparing the levels of 

proteins within tissue samples would be beneficial at assessing the stage and 

progression of wound healing (i.e. chronic vs acute state). This would be 

specifically interesting when comparing Laponite-based treatment against no 

treatment. Methods to achieve this could include: 

a. Simultaneously measuring the cytokine levels within wound

tissue via Western Blotting [352] or through the use of multiplex

assays [199]. Multiplex assays include the Luminex® Assay. The

general principle of this assay involves using a polystyrene bead

set that is pre-coated with specific antibodies that can target a

cytokine of interest (the set can involve multiple analytes).

Following antibody binding with a target analyte, a secondary

biotinylated antibody is added, conjugated with R-phycoerythrin

(R-PE) to form a ‘sandwich’ of antibody-analyte-antibody. Beads

are then analysed with a dual-laser flow based detection system

to determine the spectral difference of each bead and RPE

secondary antibody; this can allow for accurate detection of

different analytes and their relative concentration [200].

b. The measurement of key mediators of inflammation. This is

because pro-inflammatory cytokines are known to be increased

within a chronic wound environment. Specific pro-inflammatory

cytokines of interest include: IL-1, IL-6, and TNF-α [201]. In

contrast the anti-inflammatory cytokine, IL-10 has been shown

to be reduced in chronic leg ulcers [70]. The multifunctional

cytokine TGF-β is also known to be downregulated within

chronic wounds, which can have a profound effect on
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inflammation and granulation tissue formation [202]. These 

mediators would be ideal targets to monitor in sample wound 

tissue that had been treated Laponite-VEGF hydrogels. 

c. Measuring the tissue inhibitors of metalloproteinase (TIMP) to

MMP ratio within harvested tissue could be beneficial for defining

the wound state.  This is based on the knowledge that poor

granulation tissue formation within DFUs is often the result of

increased MMP activity and reduced TIMP activity. MMPs that

have been shown to be increased within wound fluid of chronic

ulcers include: MMP-1, -2, -8 and -9. The regulators of these

MMPS, TIMP-1 and TIMP-2 exhibit an abnormal reduction in

protease level [203].

Although only a cursory investigation of the Wnt agonist, BIO, was performed 

during the course of this thesis due to success (and focus on) VEGF, there is still 

further development of the biological interactions and potential localisation of 

small molecule Wnt agonists (BIO). This may include: 

a. Increasing the time frame of the BIO release study to

a minimum of 7 days. This would determine how

effective Laponite would be at retaining much smaller

molecules.

b. The BIO availability of premixed BIO within

Laponite hydrogels could be investigated using a

modified in vitro assay. In brief, this could involve the

use of a Laponite hydrogel film (a thin coat of

Laponite on the surface of a well plate) premixed with

a high concentration of BIO and containing a matrix
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adhesion protein like fibronectin. 3T3 mouse 

fibroblast cells containing a luciferase reporter gene 

(as previously used in earlier in vitro assays, see 

Chapter 3.3) would be seeded onto the Laponite films 

and luciferase activity measured over a period. This 

would determine the bioavailability and activity of 

BIO when premixed within Laponite hydrogels.  

c. Further to the release assay described in b, a similar

assay investigating the bioavailability of adsorbed

BIO by Laponite films would also be beneficial to

investigate.

6.5 Conclusion 

In summary, these studies demonstrate a comprehensive approach to clay-

bioactive molecule interactions and drug delivery with regards to a wound healing 

application. The importance of novel bioactive molecule treatment options for 

chronic wounds and DFUs is well documented (refer to Chapter 1.6). However, 

progress has been restricted due to inherent problems associated with economical 

biomolecule delivery, fragility of bioactive molecules and hostile wound 

environments [39, 333]. Laponite gels are a positive step towards eliminating some 

of those restrictions, with evidence documented in this thesis of natural 

therapeutic benefits and localisation of bioactive VEGF. Further work is required 

to answer questions raised during this project in addition to areas that were only 

briefly explored. In conclusion, these studies may enable biomolecules (VEGF, 

BIO) localised by Laponite, to improve chronic wound healing and potentially 

lead to development of a novel DFU therapy.
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A.1.1 Subcutaneous Injection Study Questionnaire
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A.2 3-Interval Thixotropy Test Background

The 3-interval thixotropy test (3-ITT) consists of three interval states which 

provide information about the degree of recovery after shear stress is applied and 

deformation occurs. Understanding the thixotropic properties of biomaterial 

hydrogels can be useful to determine the ease-of-handling and potential for a 

specific application. For instance, a gel with good thixotropy can be defined as 

one that recovers ≥70% of its pre-shear viscosity [274], although 100% recovery is

advantageous. In addition, the time required for recovery to occur is important. 

Recovery that is too swift may inhibit a gel’s ability to be applied efficiently (e.g. 

the time between shear and injection via pipette or a hypodermic needle). Yet 

recovery that requires a long timeframe may exhibit reduced gel strength which 

could have a negative effect upon application to defect (e.g. gels applied may be 

easily removed through mechanical strain upon treatment due to lack of gel 

strength) [353, 354]. 

The three intervals that define the 3-ITT test are explained as follows:     

First interval: 

The first interval is a state at which gels were exposed to a constant low shear 

rate (resting or reference interval). The shear force applied to achieve this was 

automatically calculated by the rheometer during the test.  

Second interval: 

During this interval the gel material was deformed by a high shear stress to the 

point of complete deformation (shear force applied automatically calculated by 

the rheometer for the material being analysed).  
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Third interval: 

The analytical conditions during the third interval are identical to those applied 

during first interval (i.e. measurements are recorded when low shear stress is 

applied). Therefore, during this interval the quantity and the time of the recovery 

can be determined. Using data collected during this test, the degree of 

deformation and the rate of viscosity recovery can be calculated [355].  

Calculating the % of deformation: 

The values of the Gi (the initial viscosity state of the gel) and the G0 (G′ 

viscosity value after deformation applied) are specified and used in following 

equation [355]:  

% of deformation = Gi - G0 x 100 

 Gi 

Calculating the % recovery: 

The % recovery of gel samples at a specific time point post-shear can also be 

calculated using the following equation:  

% Recovery = Gtxx x 100 

   Gi 

Where Gi represents initial G′ value of the sample and Gtxx represents the G′

viscosity values of the samples at a specific time in seconds (txx).   

A.3 Orbit Image Analysis Software Settings

for Cellularity Dataset 
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A.3.1 General Configuration Settings

Feature configuration Settings: 

Within the Feature Configuration window (click on option or by pressing F3 

button on keyboard), the following settings within the Classification tab were 

applied:  

Structure size: 4; Median filter radius: 0; RGB channels used: all checked; Color 

Deconvolution Setup: H&E; Color Deconvolution Staining: Stain 1 checked; 

Classes for retrieving features/histograms: leave blank; Active fluorescence 

channels: leave blank.  

Within the Segmentation tab the following settings were applied:   

Set Features for Secondary Segmentation: leave blank; Cytoplasma Segmentation: 

leave blank; Minimum segmentation size: 10; Maximum segmentation length: 500; 

Minimum open distance: 3; Segmentation scale factor: 1.0; Disable object splitting: 

unchecked; Combine cross tile objects: unchecked; Discard tile border objects: 

unchecked; Mumford-Shah segmentation (cell clusters): Obj size – 18 pixels, 

Intens split – 5; Dilate: 1; Erode: 0; Dilate before erode: checked; Despeckle: 0; 

Smooth objects (GraphCut): 0.0; Nerve Detection Mode: unchecked.  

Within the ROI tab the following settings were applied:  

Use annotations as ROI: All Groups; Fixed circular ROI: 0 pixels; ROI offset X: 

0; ROI offset Y: 0.    

Within the Image Adjustments tab the following setting was applied: 

Use image adjustments: unchecked. 

Configure Classes Settings: 



Appendix A: Supplementary Information for Methods (Chapter 2) 

259 

Within the Class Configuration window (click button or press F4 on keyboard), 

two classes were defined: (1) Background in purple and (2) Celltype 1 in white. 

Both classes had the Only if used in Exclusion Model option left as undefined.  

A.3.2 Classification Model Training

The Classification module tab was selected and trained using a selection of ≥8

different images. As a rule, 1-2 images per sample group were chosen for each 

study (i.e. for subcutaneous injection study refer to subchapter 2.3.2), there were 

8 different treatments groups (4 x Laponite, 4 x alginate) so a minimum of 8 

images were used to train the model.   

After loading selected images, the Background class was selected (within F4 

menu). Within the Classification module tab, the Polygon draw tool was selected 

and used to trace around select regions which best represented the background. 

This included areas that had no staining and regions where cells were not stained 

(e.g. wound granulation, healthy skin tissue matrix). After 6 regions had been 

traced, the second class (Celltype 1) was selected within the Background class 

menu. Again, the Polygon tool was selected and traced around regions where there 

were cells present. In total, 6 cells or region of cells were traced. After that had 

been completed, the same set of steps were repeated with all other selected images. 

After image tracing, the Train option (F7 on keyboard) within the Machine 

Learning module was selected; this would ‘teach’ the software to store pixel 

information regarding background and stained cells based on the region of interest 

(ROIs). Once the module had completed its algorithm then the model at the 

bottom of the program will state Trained: yes. Any models that were trained 

were then saved for future batch use.  
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A.3.3 Region of Interest (ROI) Selection

To analyse an image using a trained model, an ROI was selected using the 

Annotations module tab (right-hand side of the main program window). To do 

this, the add polygon tool was selected to trace around an ROI (e.g. the wound 

granulation tissue). After the ROI(s) had been drawn, they were selected in the 

Annotations module and the edit annotation option selected; within this window 

the Type field was changed to ROI. Once and ROI had been defined this 

information is automatically stored within the OrbitOmero.properties.template 

file located within the user profile of the program (please refer to manufactures 

instructions for more details). Therefore, images can be closed and re-opened for 

future analysis.  

A.3.4 Image Analysis (Single)

After loading an image and training a model, images can be analysed for classified 

areas. To use a pre-existing model, it was loaded via the Model tab module. Then 

within the Classification module tab, the Classify option was selected (F8 on 

keyboard). The resulting output contained the ratio of both the Background class 

and Celltype 1 class. Values generated from the Celltype 1 class were multiplied 

by 100 to determine the % coverage of pixels that were identified as cells.   

A.3.5 Image Analysis (Batch)

Most of the cellularity data was generated by analysing a batch of images 

following model training. First, a pre-existing trained model was loaded and then 

the Batch module tab selected. Using the Local Execution option, multiple files 
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could be selected for analysis using the class attributes within pre-loaded model. 

The output window contained the ratio of both the Background class and Celltype 

1 class. Values generated from the Celltype 1 class were multiplied by 100 to 

determine the % coverage of pixels that were identified as cells.   
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B.1 2D HUVEC Tubule Assay Data

Table 6.1. Quantitative analysis of HUVEC network identified by ‘Angiogenesis analyser’ ImageJ plugin of 
VEGF in growth medium at different concentrations. All values were the total branching length (‘master 
segments’ and ‘branches’) in pixels. Each Rep was taken from a separate well (n=4). * no data was measured 
from these samples due to the Laponite surfaces being damaged upon reading (HUVEC network was 
disrupted).     

Table 6.2. Quantitative analysis of HUVEC network identified by ‘Angiogenesis analyser’ ImageJ plugin of 
VEGF premixed with 3% Laponite at different concentrations. All values were the total branching length 
(‘master segments’ and ‘branches’) in pixels. Each Rep was taken from a separate well (n=4). * no data was 
measured from these samples due to the Laponite surfaces being damaged upon reading (HUVEC network 
was disrupted).   
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Table 6.3. Quantitative analysis of HUVEC network identified by ‘Angiogenesis analyser’ ImageJ plugin of 
VEGF “bound” to 3% Laponite. All values were the total branching length (‘master segments’ and 
‘branches’) in pixels. Each Rep was taken from a separate well (n=6).    

B.2 Dose-response Control Raw Data

This is a summary of three separate studies; study 1 n = 2; study 2 & 3 n = 3. 

All values as fold change from the background at 0 µM (response ratio). 

Table 6.4. Raw data values luciferase activity measured from Wnt reporter cell line (3T3 fibroblasts) when 
exposed to different concentrations of BIO (dose-response control curve). 
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Table 6.5. Normalised % of dose-response luciferase assay response ratio data shown in Table 6.4. 

B.3 Validation of Adsorption of Assay Media

Components by Laponite Hydrogels 

B.3.1 60-Minute Study

Table 6.6. Raw data values luciferase activity measured from Wnt reporter cell line (3T3 fibroblasts) when 
grown in media that had been spiked with 5 µM BIO following incubation with Laponite for 60 minutes. 
Raw values taken from two separate studies (n = 3) All values as fold change from the background at 0 µM 
(response ratio). * time point not tested in this study.    
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Table 6.7. Normalised % of luciferase assay response ratio data shown in Table 6.6.* time point not tested 
in this study.    

 

 

Table 6.8. Average Normalised from Table 6.7 data.  * denotes average 5 μM dose-response control data 
from Table 6.5. 
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B.3.2 7-Day Study 

 

Table 6.9.  Raw data values luciferase activity measured from Wnt reporter cell line (3T3 fibroblasts) when 
grown in recovered media that had been spiked with 5 µM BIO after incubation with Laponite for 7 days. 
Raw values taken from two separate studies (n = 3). All values as fold change from the background at 0 µM 
(response ratio). * time point not tested in this study.   

 

 

Table 6.10. Normalised % of luciferase assay response ratio data shown in Table 6.9. * not tested at this 
time point. 
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Table 6.11. Average Normalised Table A.3.5 data. * denotes average 5 μM dose-response control data from 
Table 6.5.  

B.4 BIO Uptake from Media 

 

Table 6.12. Luciferase assay response ratio data of media that contained 5 µM BIO; media samples were 
taken after incubation with Laponite for up to 60 minutes. n = 3. All values as fold change from the 
background at 0 µM (response ratio).   
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Table 6.13. Normalised data generated from Table 6.12.   

 

 

Table 6.14. Averaged normalised Table 6.13 data. 
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B.5 BIO Released into Media 

B.5.1 60-Minute Study 

 

Table 6.15. Luciferase assay response ratio data of media that had been incubated with Laponite capsules 
that contained 50 μM BIO; media samples were recovered up to 60 minutes. n = 3. All values as fold change 
from the background at 0 µM (response ratio).  
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Table 6.16.  Normalised from Table 6.15 data.   

 

B.5.2 7-Day Study 

 

Table 6.17. Luciferase assay response ratio data of media that had been incubated with Laponite capsules 
that contained 80 μM BIO; media samples were recovered up to 7 days. Summary of raw data values from 
two separate studies (n = 3). All values as fold change from the background at 0 µM (response ratio). * not 
tested at this time point.  
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Table 6.18. Normalised Table 6.17 data. * not tested at this time point. 

B.5.3 Negative Control 

 

Table 6.19. Luciferase assay response ratio data of media that had been incubated with Laponite capsules 
absent of BIO; media samples were recovered up to 7 days. Summary of raw data values from two separate 
studies (n = 3). All values as fold change from the background at 0 µM (response ratio). * not tested at this 
time point.  
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Table 6.20. Normalised from Table 6.19 data. * not tested at this time point. 

B.6 BIO Concentration Calculations 

B.6.1 Interpolation of the Standard Curve 

To interpolate theoretical BIO concentration using the average luciferase activity 

data at 24 hours (12.15 ± 8.68%), GraphPad used this equation: 

 

Equation 1: Y = Bottom + (Top - Bottom) / (1+ (10^logEC50 / X)^HillSlope) 

The values calculated by GraphPad are shown in the table below: 

 

Table 6.21. Standard curve values taken from the of the dose-response control curve. Values calculated by 
GraphPad.  
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B.6.2 Theoretical BIO Concentration Calculation 

(7-Day Study) 

A total of 50 µl x 5 Laponite gel capsule (250 µl total) all containing 40 µM BIO 

was incubated with 500 µl media.  Thus, if all BIO had been released from the 

Laponite capsule into the media: 

 

500 / 250 = 2 dilution factor  

 

80 / 2 = 40 µM BIO would be within media 

 

When assay medium is added to 3T3 cell culture there is a 1.5 dilution factor.  

 

Thus: 

 

40/1.5 = 26.67 

 

Approximately a maximum BIO concentration of 26.67 µM would have been 

available to 3T3 cells if there was 100% released from Laponite capsules. 
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C.1 Rheology Supplementary Data  

C.1.1 Thixotropy of Laponite Gels 

C.1.1.1 Results 

To investigate the thixotropic properties of 3% Laponite gels, rheological analysis 

using a 3-interval-thiotropy test (3-ITT) was performed, whereby gels were 

subjected to three oscillatory intervals. A comparative control gel (crosslinked 

1.1% alginate) was also tested as it is a well-documented biomaterial used in drug 

delivery [277]. These tests were performed at 25°C and 37°C to best represent 

ambient storage and biological conditions respectively.    

 

Laponite gels exhibited good thixotropic recovery at both temperatures with ≥ 

70% viscosity restored after 20 seconds during the test (Figure 6.3 and Figure 

6.4); this equates to ~4 seconds following the removal of a shear force. After 15 

seconds post-shear (31 seconds during the test), the recovery was 95% and 89.6% 

at 25°C and 37°C respectively (Figure 6.4). The dotted blue line in Figure 6.3 

represents the hypothetical viscosity that would have been present if the second 

oscillatory interval had not occurred. It can be used to show to a point at which 

100% recovery had occurred and shows that at 25°C this was successful after 

approximately 1 minute during the test.                 
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Figure 6.3. 3-interval thixotropy test (3-ITT) of 3.0% Laponite gels (vehicle) showed that it 
exhibited good thixotropic recovery at 25°C (A) and 37°C (B).  t1, t2 and t3 denotes the following 
intervals: pre-shear, shear and post-shear respectively; dotted blue line = hypothetical viscosity that would 
have been present in the absence of a shear force (pre-shear viscosity). 

 

Looking more specifically via the data table presented in Figure 6.4, the actual 

time was 61.5 seconds, which was 45.5 seconds following the second high-shear 
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interval. In contrast, at 37°C 100% viscosity recovery was not successfully 

reached, with the maximal recovery being ~94% after 100 seconds post-shear. 

 

 

Figure 6.4. Selected data values from 3-ITT showing specific time points where the viscosity of Laponite gels 
recovered back to 70%-100% of its pre-shear viscosity.  There were minor differences in the recovery of 
viscosity between Laponite gels undergoing high shear at 25°C (A) and 37°C (B). The most important 
difference was that Laponite gels at 37°C did not recover to 100% viscosity after the 116 second duration 
like 25°C gels; however, this recovery was still greater than 90%. Specific % viscosity values of interest have 
been highlighted in the following colours: red = ≥70% recovery, green = first time point when 100% recovery 
was reached (25°C only) and blue = maximal recovery.          
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Alginate gels also exhibited good thixotropic recovery at both temperatures with 

≥70% viscosity restored after 17.5-18.0 seconds during the test (Figure 6.5 and 

Figure 6.6). This equates to ~2 seconds following the removal of a shear force and 

was quicker than the ~4 seconds required by Laponite gels (Figure 6.4)  

 

Figure 6.5. 3-interval thixotropy test (3-ITT) of a control gel (1.1% alginate) gels which showed that it 
exhibited good thixotropic recovery at 25°C (A) and 37°C (B) that was akin to Laponite gels.  t1, t2 and t3 
denotes the following intervals: pre-shear, shear and post-shear respectively; dotted blue line = hypothetical 
viscosity that would have been present in the absence of a shear force (pre-shear viscosity). 
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Unlike Laponite gels, alginate gels at both temperatures did not manage to 

recover back to 100% viscosity within the 100-second time frame post-shear 

(Figure 6.5).  

 

Figure 6.6. 3-ITT data table showing that alginate gel viscosity recovered to ~96% at 25°C (A) and ~79% 
at 37°C (B) by the end of the post-shear interval.  Specific % viscosity values of interest have been highlighted 
in the following colours: red = ≥70% recovery and blue = maximal recovery.  

 

However, alginate gels at 25°C did recover close to the pre-shear viscosity with a 

maximal recovery of 95.7% (Figure 6.6 A). In contrast, alginate gels at 37°C did 
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not reach above 79% of the pre-shear viscosity by the end of the study (Figure 

6.6 B).      

Although the thixotropy of both gels were similar, there were key difference 

between their overall viscosities. Alginate gels had greater overall viscosity than 

Laponite gels at both temperatures as can been seen in Figure 6.7.  

 

Figure 6.7. Alginate gels exhibited much greater viscosity than Laponite gels before and after the shear 
interval at 25°C (A) and 37°C (B).  
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Figure 6.8 shows the differences between pre-shear viscosity of Laponite and 

alginate gels in more detail. It shows that alginate gels were significantly more 

viscous than Laponite gels with a difference in viscosity of 1563333 ± 3471 mPa/s 

(an increase of 486 ± 0.01 %; error = SD; p = <0.0001).  

 

Figure 6.8. The pre-shear viscosity of cross-linked alginate gels was significantly greater than Laponite gels 
at 25°C. (A) Graph showing that alginate gels were significantly more viscous than Laponite gels; **** 
denotes that p = <0.0001. (B) Table statistics generated from a student’s t test of the data from the graph 
in A; it shows that alginate was 486 ± 0.01 % more viscous. 
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C.1.1.2 3-ITT Data Tables 

C.1.1.2.1 25°C Laponite 
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Table 6.22. 3-ITT raw data values for 25°C Laponite gels.  
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C.1.1.2.2 37°C Laponite 
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Table 6.23. 3-ITT raw data values for 37°C Laponite gels. 
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C.1.1.2.3 25°C Alginate 
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Table 6.24. 3-ITT raw data values for 25°C alginate gels. 
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C.1.1.2.4 37°C Alginate 

 

 



Appendix C: Data Tables & Statistics for Chapter 4 

298 

 

 



Appendix C: Data Tables & Statistics for Chapter 4 

299 

 

 

Table 6.25. 3-ITT raw data values for 37°C alginate gels. 

 

C.2 Wound Closure Data Tables Measured in 

Healthy Mice 

 

Table 6.26. Statistics of Wound Closure Rates Treated with Laponite ± VEGF. 
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Table 6.27. Differences Between Laponite-VEGF Treatment Groups.  
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C.3 Weights & Blood Glucose Measurement 

Tables 

C.3.1 Weights 

 

Table 6.28. Statistics of mean C57BL/6 weights overtime.  

 

C.3.2 Blood Glucose 

 

   

Table 6.29. Statistics of mean C57BL/6 weights overtime 
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C.4 Mean Contraction Rates Measured using 

Histological Sections 

 

Table 6.30. Statistics of wound contraction rates treated with Laponite ± VEGF in healthy mice.  

 

 

Table 6.31. Differences between wound contraction rates treated with Laponite ± VEGF in healthy mice. 
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C.5 Mean Re-epithelialisation Rates 

Measured using Histological Sections 

 

Table 6.32. Statistics of wound re-epithelialisation rates treated with Laponite ± VEGF in healthy mice.  

 

 

Table 6.33. Differences between wound re-epithelialisation rates treated with Laponite ± VEGF in healthy 
mice.  
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C.6 Mean Chalkley Counts of Wounds 

Treated with Laponite ±VEGF  

 

Table 6.34. Statistics of Chalkley counts with wounds treated with Laponite ± VEGF in healthy mice.  

 

 

Table 6.35. Differences between Chalkley counts with wounds treated with Laponite ± VEGF in healthy 
mice.  
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C.7 Data Tables of Angiogenic Blinded Scores 

of Harvested Subcutaneous Laponite Gels 

± VEGF in Healthy Mice 

C.7.1 Individual Volunteer Scores 

 

Table 6.36. Statistics of mean individual volunteer angiogenic blinded scores of harvested subcutaneous 
Laponite gels ± VEGF in healthy mice.  
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Table 6.37. Statistics of mean individual volunteer angiogenic blinded scores of harvested subcutaneous 
alginate gels ± VEGF in healthy mice. 

 

C.7.2 Mean Blinded Scores 

 

Table 6.38. Statistics of mean angiogenic blinded scores of harvested subcutaneous Laponite gels ± VEGF 
in healthy mice.   
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Table 6.39. Differences between mean angiogenic blinded scores of harvested subcutaneous Laponite gels ± 
VEGF in healthy mice. 

 

 

Table 6.40. Statistics of mean angiogenic blinded scores of harvested subcutaneous Laponite/alginate gels ± 
VEGF in healthy mice after 21 days.  
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Table 6.41. Differences between mean angiogenic score of harvested subcutaneous Laponite/alginate gels 
after 21 days in healthy mice.  
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C.8 Cellularity Data Tables (Subcutaneous 

Injection Study) 

 

Table 6.42. Statistics of mean cellularity data measured from harvested subcutaneous Laponite/alginate gels 
after 21 days in healthy mice 

 

 

Table 6.43. Differences between mean cellularity data measured from harvested subcutaneous Laponite gels 
after 21 days in healthy mice.   
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C.9 Chalkley Analysis (Subcutaneous 

Injection Study) 

 

Table 6.44. Statistics of mean Chalkley scores of harvested subcutaneous Laponite/alginate gels ± VEGF in 
healthy mice after 21 days.  
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Table 6.45. Differences between mean Chalkley scores of harvested subcutaneous Laponite/alginate gels ± 
VEGF in healthy mice after 21 days.    
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C.10 Data Values of % VEGF Released from 

Laponite/alginate Gels Using an ELISA 

 

Table 6.46. Statistics of mean % of VEGF release from Laponite/alginate gels measured by ELISA analysis.   

 

 

Table 6.47. Differences between mean % of VEGF release from Laponite/alginate gels after 21 days measured 
by ELISA analysis.  
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D.1 Blood Glucose Measurements 

D.1.1 Fasted vs Non-Fasted 

 

Table 6.48. Data table showing the mean values of fasted vs non-fasted blood glucose measurements in db/db 
mice. 

 

 

Table 6.49. Mean and % differences between fasted and non-fasted blood glucose levels in db/db mice.  
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D.1.2 Healthy vs Diabetic Mice Blood Glucose 

Level Data Tables 

 

Table 6.50. Blood glucose levels of healthy (C57BL/6) mice overtime.  

 

 

Table 6.51. Blood glucose levels of db/db mice overtime. 
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Table 6.52. Statistical differences of blood glucose levels between healthy and diabetic mice. 

 

D.2 Weight Measurements 

 

 

Table 6.53. Body weight measurements of healthy (C57BL/6) mice overtime (wound healing study).  
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Table 6.54. Body weight measurements of db/db mice overtime (wound healing study). 

 

 

Table 6.55. Statistical difference between body weight of healthy and diabetic mice during wound studies.  
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D.3 Data Tables of Wound Closure Rates 

 

Table 6.56. Statistics of wound closure treated with Laponite between healthy and diabetic mice.  

 

 

Table 6.57. Differences between healthy & diabetic wound closure (Laponite-treated).  
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Table 6.58. Statistics of wound closure treated with PBS between healthy and diabetic mice after 7 days.   

 

 

Table 6.59. Differences between healthy & diabetic wound closure (Laponite-treated).  

 

 

Table 6.60. Statistics of wound closure at rostral regions in db/db mice.  
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Table 6.61. Statistics of wound closure at caudal regions in db/db mice. 

 

 

Table 6.62. Statistics of wound closure at in db/db mice (rostral & caudal combined means).  
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Table 6.63. Differences of wound closure rates between Laponite, alginate (± VEGF) and PBS treatments 
(rostral wounds).   

 



Appendix D: Data Tables & Statistics for Chapter 5 

325 

 

 

Table 6.64. Differences of wound closure rates between Laponite, alginate (± VEGF) and PBS treatments 
(caudal wounds).  
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D.4 Epithelial Thickness Data Tables 

 

Table 6.65. Statistics of epithelial thickness measured from wounds treated with vehicle Laponite gels/PBS 
in db/db mice (rostral & caudal combined means).  

 

 

Table 6.66. Differences of epithelial thickness between rostral and caudal regions treated with vehicle 
Laponite gels.  
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Table 6.67. Differences of epithelial thickness between rostral and caudal regions treated with Laponite gels.  

 

 

Table 6.68. Differences of epithelial thickness between rostral and caudal regions treated with PBS. 
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Table 6.69. Differences of epithelial thickness between Laponite gels and PBS (rostral & caudal combined 
means) 

 

 

Table 6.70. Statistical differences of epithelial thickness between Laponite gels and PBS (rostral & caudal 
combined means). 
 

D.5 Rates of Re-epithelialisation Data Tables 

 

Table 6.71. Statistics of re-epithelialisation rates at rostral regions in db/db mice.  
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Table 6.72. Statistics of re-epithelialisation rates at caudal regions in db/db mice.   

 

 

Table 6.73. Differences of re-epithelialisation rates between Laponite and PBS treatments (rostral & caudal 
wounds).  
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Table 6.74. Differences of re-epithelialisation rates between Laponite and PBS treatments (rostral & caudal 
combined means).  

 

D.6 Epithelial Thickness in db/db mice 

treated with Laponite ± VEGF 

 

Table 6.75. Statistics of epithelial thickness treated Laponite ± VEGF in db/db mice (rostral & caudal 
combined means).  
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Table 6.76. Statistics of epithelial thickness treated with Laponite-VEGF/alginate-VEGF in db/db mice 
(rostral & caudal combined means).       

 

 

Table 6.77. Epithelial thickness differences between Laponite gels ± VEGF.  
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Table 6.78. Epithelial thickness differences between Laponite-VEGF and alginate-VEGF.  

 

 

Table 6.79. Statistics of re-epithelialisation rates in wounds treated with Laponite gels ± VEGF in db/db 
mice.  
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Table 6.80. Statistics of re-epithelialisation rates in wounds treated with Laponite ± VEGF and alginate ± 
VEGF in db/db mice after 18 days.  

 

 

Table 6.81. Differences of re-epithelialisation rates between Laponite ± VEGF and alginate ± VEGF (rostral 
& caudal combined means) after 18 days.  
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Table 6.82. Differences of re-epithelialisation rates between Laponite ± VEGF (rostral & caudal combined 
means).  

 

D.7 Wound Cellularity Data Tables in db/db 

Mice 

 

Table 6.83. Statistics of mean cellularity data measured from harvested wounds treated with Laponite gels 
± VEGF in db/db mice.  
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Table 6.84. Differences between mean cellularity data measured from harvested wounds treated with 
Laponite gels ± VEGF in db/db mice. 
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E.1 List of Potential Journal Paper 

Publications 

All major findings presented in Chapter 3: Delivery of Bioactive Factors Using 

Laponite Hydrogels: An In Vitro Approach andChapter 3: formed the basis of a 

proposed novel journal paper to be submitted for publication in the ‘Journal of 

Controlled Release’.  

At the time of thesis submission this proposed paper had a working title of 

‘Injectable clay gels for delivering angiogenic microenvironments’. 

E.2 List of Attended Conferences 

Find below in the two subchapters a list of all attended conferences (including 

abstract publications) and poster sessions presenting relevant findings 

documented in this thesis. 

E.2.1 Oral Presentations 

Page DJ, Dawson JI, Mani R, Oreffo ROC, Clarkin CE, Evans ND (2015). Novel 

clay gels as regenerative microenvironments for the treatment of diabetic foot 

ulcers. Advances in Regenerative Medicine: the road to translation: 3rd 

South West Regional Regenerative Medicine Meeting. 22nd & 23rd 

September 2015. Cadbury House - Doubletree by Hilton, Congresbury, Bristol. 

Oral Presentation. 

Page DJ, Dawson JI, Mani R, Clarkin CE, Evans ND (2016). VEGF-associated 

clay gels promotes in vitro angiogenesis: potential tissue engineering application 
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for chronic wounds. Faculty of Medicine Research Conference 2016, 23rd 

June 2016. University Hospital Southampton, Southampton, UK. Oral 

Presentation. 

Page DJ, Dawson JI, Mani R, Clarkin CE, Evans ND. Novel Delivery of 

Proangiogenic VEGF Using Clay Biomaterial to Augment the Recovery of 

Chronic Skin Wounds. Future Investigators of Regenerative Medicine 

(FIRM) Symposium 2016. 27th September 2016. Hotel Cap Roig, Platja d'aro, 

Costa Brava, Spain. Oral Presentation. 

E.2.2 Poster Presentations 

Page DJ, Dawson JI, Gibbs DM, Mani R, Clarkin CE, Oreffo ROC, Evans ND 

(2015). Novel Clay Gels As Regenerative Microenvironments For The Treatment 

of Diabetic Foot Ulcers (DFUs). Institute for Life Sciences Poster Session: 

Life Technologies. 6th March 2015. University of Southampton, 

Southampton, United Kingdom. Poster Presentation. 

Page DJ, Dawson JI, Gibbs DM, Mani R, Clarkin CE, Oreffo ROC, Evans ND 

(2015). Novel Clay Gels As Regenerative Microenvironments For The Treatment 

of Diabetic Foot Ulcers (DFUs). Set For Britain Exhibition. 9th March 

2015. House of Commons, London, United Kingdom. Poster Presentation.   

Page DJ, Dawson JI, Mani R, Oreffo ROC, Clarkin CE, Evans ND (2015). Novel 

clay gels as regenerative microenvironments for the treatment of diabetic foot 

ulcers. Tissue & Cell Engineering Society (TCES) Annual Conference 

2015. 19th July – 21st July 2015. Published: 2015. Grand Harbour Hotel, 

Southampton, United Kingdom. Poster Presentation. Abstract published in eCM 
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Journal Vol 29 Suppl 3, 2015, p87, 

http://www.ecmjournal.org/journal/supplements/vol029supp03/vol029supp03t

m.  

Page DJ, Dawson JI, Mani R, Oreffo ROC, Clarkin CE, Evans ND (2015). Novel 

clay gels as regenerative microenvironments for the treatment of diabetic foot 

ulcers. Post Graduate Faculty of Engineering & The Environment 2015 

Annual Conference. 4th November 2015. Grand Harbour Hotel, 

Southampton, United Kingdom. Poster Presentation. 

Page DJ, Dawson JI, Mani R, Clarkin CE, Evans ND (2016). VEGF-associated 

clay gels promotes in vitro angiogenesis: potential tissue engineering application 

for chronic wounds. European Chapter Meeting of the Tissue Engineering 

and Regenerative Medicine International Society (TERMIS) 2016. 

28th June – 1st July 2016. Uppsala Concert and Congress (UKK), Uppsala, 

Sweden. Poster Presentation. Abstract published in eCM Journal Vol 31 

Suppl 1, 2016, p334, 

http://www.ecmjournal.org/journal/supplements/vol031supp01/vol031supp01_

P.htm.    

Page DJ, Dawson JI, Mani R, Oreffo ROC, Clarkin CE, Evans ND (2016). Novel 

growth factor delivery using clay gels for the treatment of diabetic foot ulcers. 

Tissue & Cell Engineering Society (TCES) Annual Conference 2016. 

4th-6th July 2016. University College London (UCL), London, UK. Poster 

Presentation. Abstract published in eCM Journal Vol 32 Suppl 4, 2016, 

p334, 

http://www.ecmjournal.org/journal/supplements/vol029supp03/vol029supp03tm
http://www.ecmjournal.org/journal/supplements/vol029supp03/vol029supp03tm
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Page DJ, Dawson JI, Mani R, Clarkin CE, Evans ND (2016). Delivery of 

proangiogenic VEGF using clay to promote diabetic foot ulcer healing. Skin 

Deep – 20 Years of Research, British Skin Foundation Research 

Conference. 13th October 2016. Royal College of Physicians, London, UK. 

Poster Presentation.  Abstract published in British Journal of 

Dermatology (2016) 175 (Suppl. S2), p41, 

http://onlinelibrary.wiley.com/doi/10.1111/bjd.14911/epdf.   

Page DJ, Dawson JI, Mani R, Clarkin CE, Evans ND (2017). VEGF-associated 

clay gels promotes angiogenesis in an in vitro and a murine-based model: possible 

treatment for chronic diabetic ulcers. 16th International Clay Conference: 
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Poster Presentation. 
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