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ABSTRACT 

The prevalence of chronic wounds such as diabetic foot ulcers (DFUs) is growing at an 

epidemic rate in the United Kingdom, with a high cost burden for the National Health Service 

and are prone to infections. Mixed bacterial-fungal infections are more complicated than single 

microbe infections with enhanced severity of DFUs. Moreover, recently developed medicated 

dressings target only either bacterial or fungal infection. This study therefore aims to develop 

advanced bioactive calcium alginate-based dressings that will deliver therapeutically relevant 

doses of broad-spectrum antibiotic and antifungal drugs to target mixed infections in DFUs. 

The therapeutic calcium alginate (CA) based dressings were prepared as films and wafers by 

solvent casting and freeze-drying technique respectively, with ciprofloxacin (CIP) and 

fluconazole (FLU) as model antibacterial and antifungal drugs respectively. The dressings were 

physically characterized by scanning electron microscopy (SEM), X-ray diffraction (XRD), 

Fourier transform infrared spectroscopy (FTIR) and texture analysis. Further functional 

characterization for exudate handling properties included porosity, water absorption (Aw), 

equilibrium water content (EWC), swelling index (Is), water vapour transmission rate (WVTR), 

evaporative water loss (EWL) and moisture content, drug dissolution by HPLC, in vitro 

antimicrobial and cell viability (biocompatibility) studies. Further, the exudate handling, 

antimicrobial and cell viability properties of the dressings were compared with commercial 

silver and CA based Algisite Ag® and hydrogel Actiformcool®. The drug loaded films were 

transparent, flexible, uniform, durable and elastic while drug loaded wafers were soft, uniform 

texture and thickness, and pliable in nature. SEM investigation showed differences in surface 

morphology between films (continuous sheets) and wafers (porous matrix). XRD confirmed 

the presence of calcium carbonate in the dressings and FTIR showed that the addition of drug 

caused the shift of peaks towards a higher wavenumber due to hydrogen bonding formation. 

Wafers showed better wound dressing properties than films and the commercial dressings for 

swelling, EWC (91  ̶  95%), Aw (1085  ̶  2377%) and moisture content (9  ̶  17%) due to high 

porosity. The dressings showed initial fast release followed by sustained drug release which 

completely eradicated all causative bacteria (Escherichia coli, Pseudomonas aeruginosa and 

Staphylococcus aureus) and reduced fungal load (Candida albicans) 10 fold within 24 h. 

Moreover, the medicated dressings were found to be highly biocompatible (> 70% cell viability 

over 72 h) with human primary adult keratinocytes and showed maximum wound closure (in 

vitro scratch assay) within 7 days. CA wafers and films appeared to be potential delivery 

systems for delivering antimicrobial agents to mixed infected DFUs.  
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CHAPTER 1:  GENERAL INTRODUCTION AND LITERATURE REVIEW 

1.1 Background and overview 

The prevalence of chronic wounds, including diabetic foot ulcers (DFUs), leg ulcers, 

pressure ulcers and arterial ulcers are increasing rapidly in the United Kingdom (UK). It is 

predicted that in 20 years from 2005 to 2025, the number of patients with chronic wounds will 

be increased by 3.4 million from 60.4 million to 63.8 million (Posnett et al., 2008). DFUs are 

one of the most common causes of morbidity and high risk of lower extremity amputation 

(Singh et al., 2005) in diabetic patients. Globally, an estimated 15% of diabetic patients are 

affected by DFUs in their lifetime and this has a high cost burden for national health providers 

(Ravichandran et al., 2015). For example, in England alone, DFUs and associated amputations 

cost taxpayers approximately £972 million to £1.13 billion in 2014-15, which is equivalent to 

0.72-0.83% of the entire budget of the National Health Service (Kerr, 2017). However, the care 

of all chronic wounds in 2014 was estimated at £2.17 billion and this figure is predicted to rise 

to about £2.38 billion by 2019 (Dowsett et al., 2014). The annual cost of wound dressing and 

other materials in wound care was £420 million in 2014, and will increase by £41 million from 

2014 to 2019 (Dowsett et al., 2014). Therefore, the demand of developing wound dressings is 

increasing day by day. Medicated dressings such as lyophilized wafers and solvent cast films 

can reduce the cost burden because of relatively low manufacturing costs (Morales et al., 2011; 

Nagesh et al., 2016) compared to other advanced dressings such as tissue engineered 

substitutes. 

Traditional wound dressings such as gauze, cotton, wool, plasters, fibres, lint and 

bandages were widely used in the past, and though reduced in frequency of use, they are still 

employed in acute wound care because of certain benefits such as absorbency and cheap cost. 

However, these dressings are unable to absorb adequate amounts of wound fluid and create 

leakage and skin maceration, which leads to inconvenience and poor patient compliance. 

Moreover, these dressings are unable to provide a moist environment for wound healing 

(Boateng and Catanzano, 2015). Therefore, there is increased demand for developing more 

effective advanced dressings. Modern dressings such as films, hydrogels, hydrocolloids, 

lyophilized wafers, and foams can create and maintain a moist environment around the wound 

to facilitate wound healing (Pawar et al., 2014; Boateng et al., 2015a). In addition to 

maintaining a moist environment, these dressings can play major roles in different stages of 

wound healing. For example, lyophilized wafers containing both antibacterial and anti-
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inflammatory / analgesic drugs can eradicate bacterial load and at the same time reduce pain 

(Pawar et al., 2014; Catanzano et al., 2017).  

There are some factors such as oxygenation, wound bioburden and infection, mixed 

infection, biofilm formation and high exudates, which impair healing of chronic ulcers. Some 

other patient related factors including age, physiological stress, diabetes (hyperglycaemia), 

obesity, smoking, alcohol consumption, medications and poor nutrition can impair wound 

healing (Guo and Dipietro, 2010). These inhibiting factors in wound healing can be overcome 

by proper diagnosis and treatment. The treatment of chronic leg and DFUs involves off-loading 

of the foot, revascularization, debridement, applying wound dressings and antimicrobial 

therapy (Burns and Kuen, 2012; Leese et al., 2009). Depending on the severity and condition 

of the patients, advanced therapies such as hyperbaric oxygen therapy (HBOT), negative 

pressure therapies (NPT), electrophysical therapy (EP), pulsed electromagnetic therapy and 

low-level laser therapy may also be required for the treatment of chronic DFUs (Braun et al., 

2014; Boateng and Catanzano, 2015).  

Wound dressing is one of the most widely used therapies in DFUs. These wound 

dressings can be prepared using natural and synthetic polymers through solvent casting and 

freeze-drying method in the form of films and wafers respectively (Pawar et al., 2014; Kianfar 

et al., 2013a; Boateng et al., 2013a; Pawar et al., 2013). Film dressings have been widely used 

in the past for the management of wounds and are currently used in health care centres. Films 

can be used as a primary or secondary dressing and can also be combined with other types of 

dressings including hydrogels, hydrocolloids and foams (Mayet et al., 2014). The ideal film 

should be transparent, flexible and pliable, with transparency allowing visual examination of 

the wound bed without removal whilst flexibility permits ease of application around the knees 

ankles and other difficult areas of the body. The semi-permeable properties allow gaseous and 

water vapour exchange but impermeable to liquid and bacterial contamination. However, these 

dressings are not suitable for highly exuding wounds such as DFUs and venous leg ulcers 

(VLUs) because of inability to absorb high amounts of exudates. Inappropriate use of films can 

cause exudate accumulation, skin maceration and fluid tapping (Fonder et al., 2008). The 

problem of maceration of exudates can be overcome by lyophilized wafers, which are highly 

porous in nature and have greater fluid handling capacities than films. Therefore, it can 

accumulate large volumes of exudate within its polymeric matrix and able to maintain moist 

environment without damaging newly formed tissue (Matthews et al., 2006).  
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The prevalence of mixed infections in DFUs is now becoming a challenge in healing of 

these chronic wounds and investigations of mixed infection in DFUs suggests that the treatment 

outcomes are very poor. Current studies target either only bacterial infection or fungal infection. 

Systemic antibiotics are mainly prescribed in this regard (Leese et al., 2009), however, poor 

blood circulation at the lower extremities of diabetic patients makes oral and intravenous (IV) 

administered antibiotics ineffective. Systemic antibiotics therapies are also associated with 

several systemic side effects such as nausea, vomiting, dizziness, erythema, tenderness, 

thrombocytopenia, headache and allergic reactions (Sarheed et al., 2016).  

Ciprofloxacin (CIP) and fluconazole (FLU) are used as model drugs in this project. It is 

reported (Leese et al., 2009) that oral or IV dosage forms of CIP have been used in moderate 

to severe diabetic foot infection (DFI). The therapy recommended is 400 mg CIP parenterally 

three times a day or 500-700 mg CIP orally two times a day for moderate DFI. For severe 

infection, IV CIP 400 mg two times a day or oral CIP 500-750 mg two times a day along with 

other drugs such as metronidazole is recommended. Due to this high dose, severe side effects 

were reported in the clinical study (Peterson et al., 1989). In other clinical study (Chellan et al., 

2012), FLU combined with standard care for fungal infection in DFUs has been shown to be 

superior to standard care alone. In this study, 150 mg FLU tablet was given to the patients daily 

and mild gastrointestinal symptoms were reported. Therefore, direct application of these 

therapies to the wound site appears to be a more effective alternative to systemic drug 

administration. In addition, medicated wound dressings require lower amounts of drug to kill 

or inhibit causative organisms and these act directly on the wound site thus able to avoid 

systemic side effects. In addition to preventing infection, the drug loaded dressings can play 

multiple roles at the same time such as absorbing exudate, promoting angiogenesis and cell 

proliferation, whereas, systemic treatments only target infections. Therefore, multifunctional 

wound dressings are required to tackle the complications in chronic DFUs.    

This chapter describes different types of chronic wounds and reviews DFUs in more 

detail. Different stages of wound healing and complications at each stage have been illustrated 

(Figure 1.1). Factors associated with impaired healing of chronic leg, DFUs are also discussed 

and the prevalence of polymicrobial and mixed infections is elucidated. Wound management 

protocols of DFUs are clarified along with describing possible therapies. Different types of 

wound dressings available for DFUs, their advantages and drawbacks, and ideal characteristics 

of these dressings are critically discussed. Commercially available dressings for treating DFUs 

are summarised to get an idea about the choice of dressings. Advantages of medicated wound 



4 
 

dressings are compared with systemic antibiotic treatment in order to understand the need for 

developing antimicrobial dressings. The chemistry and roles of calcium alginate, (CA), CIP and 

FLU in wound healing are discussed to clarify the reason behind choosing the polymer and 

drugs. The effects of plasticizer on the dressings are also reviewed while formulation processes 

and techniques are described to inform the preparation of the dosage forms. 

1.2 Wound healing process 

Wound healing is generally considered to be a complex but much arranged process, 

which involves a series of interdependent and overlapping biochemical, physiological and 

molecular phases. These are described as haemostasis/coagulation, inflammation, proliferation 

(granulation tissue formation) and re-epithelialization/remodelling shown in Figure 1.1 

(Falanga, 2005). Each phase is regulated by specific biological markers and has a well-defined 

period during the normal healing process. The cell to cell and cell to extracellular matrix 

interactions are required in every phase of wound healing. These interactions are mediated by 

several growth factors, proteases and cytokines. Alterations in one or more of these components 

could account for impaired healing of chronic wounds. Each cytokine has a vital role at different 

phases of wound healing and their effects are not restricted in one phase of wound healing 

(Jurjus et al., 2007). The transition between wound healing phases depends on the 

differentiation and maturation of different types of essential cells such as keratinocytes, 

fibroblast, mast cells and macrophages (Guo and Dipietro, 2010). The wound healing stages 

summarized below need to be well understood to develop formulations (dressings) and novel 

technologies. 
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Figure 1.1 Differences in healing process of normal and diabetic wounds (adapted from 

Moura et al., 2013). [Platelet derived growth factor (PDGF), transforming growth factor beta 

(TGF-β), monocytes chemoattractant protein 1 (MCP-1), epidermal growth factor (EGF), 

vascular endothelial growth factors (VEGF) and basic fibroblast growth factor (bFGF)]. 
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1.2.1 Haemostasis/coagulation 

Immediately after injury, bleeding occurs to flush out bacteria and/or antigens from the 

wound site and triggers haemostasis which is initiated by formation of a fibrin plug 

(coagulation) consisting of platelets and provides an instant protection from the external 

environment and primary coverage of wound (Falanga, 2005).  Aggregated platelets secrete 

cytokines (including leukotriene B4, platelet factor IV) and several growth factors such as 

PDGF, TGF-β, MCP-1), IGF-1 and EGF that recruit neutrophils and monocytes to the wound 

area which are extremely important for the first phase of new tissue formation process (Enoch 

and Price, 2004). 

1.2.2 Inflammation 

The inflammatory phase is initiated simultaneously with haemostasis, sometimes from 

a few minutes after injury up to 24 h and continues for about 3 days (Boateng et al., 2008). 

Once haemostasis has been achieved, the blood vessels dilate (vasodilation) to allow pro-

inflammatory substances (growth factors) such as PDGF, TGF-β, MCP-1, IGF-1 and EGF 

which attract the migration of leukocytes, macrophages and lymphocytes into the wound site 

(Demidova-Rice et al., 2012). This leads to a rise in exudation of fluid into the extravascular 

space, therefore there may be a chance of maceration to surrounding healthy skins. Leukocytes 

as phagocytic cells secrete reactive oxygen species (ROS) which are antimicrobial and protease 

that remove bacteria, foreign bodies and damaged tissue from the wound site.  The resolution 

of inflammatory phase is accompanied by anti-inflammatory cytokines such as TGF A1 and 

interleukin 1 followed by bioactive lipids such as cyclopentenone prostaglandin, lipoxins and 

resolvins (Grinnell, 1994). This process is completed by prevalence of macrophages which are 

the most important cells in the late inflammatory phase (48-72 h) that further release cytokines 

and growth factors such as TGF-β, PDGF and MCP-1 into the wound site, recruiting fibroblasts, 

keratinocytes and endothelial cells to repair the damaged blood vessels. Finally, the 

lymphocytes entering the wound during inflammatory phage (> 72 h after injury) may 

subsequently be involved in collagen and extracellular matrix (ECM) remodelling (Enoch and 

Price, 2004) during the next phase.      
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1.2.3 Proliferation 

The proliferative phase occurs just after 72 h and lasts for 2-4 weeks after injury. The 

phase is characterized by fibroblast migration, collagen synthesis, angiogenesis and granulation 

tissue formation (Enoch and Price, 2004). The migration of fibroblasts activated by TGF-β and 

PDGF produces the matrix proteins fibronectin, hyaluronan and later collagen and 

proteoglycans; subsequently rebuilding the ECM to determine the synthesis and remodelling of 

the tissue (Grinnell, 1994). The synthesis of collagen plays a central role in wound repair 

because of fibroblasts migration. After injury, the collagen is exposed to blood that promotes 

and activates platelet aggregation and chemotactic factors. Later, synthesis of collagen becomes 

the foundation for ECM deposition in response to the injury (Brett, 2008). The process of 

forming new blood vessels usually happens simultaneously during all stages of the healing 

process and is called angiogenesis. The angiogenic factors such as VEGF, bFGF, PDGF, 

tumour necrosis factor (TNF-α) and TNF-β induce angiogenesis by macrophages (Schreml et 

al., 2010). In addition, protease expression and activity are essential for the angiogenesis 

process (Singer and Clark, 1999). When the wound site is filled with new blood vessels, the 

demand for oxygen increases and oxygen binds to hypoxia-inducible factors (HIF), blocking 

its activity and stopping angiogenesis. The newly formed blood vessels will contribute to 

formation of granulation tissue (composed of collagen and ECM). Disturbance of this dynamic 

process may prolong the healing process and leads to chronic wounds (Lauer et al., 2000).  

1.2.4 Reepithelization/remodelling 

 The last phase of wound healing is reepithelization or remodelling, also known as 

maturation. It occurs simultaneously with the development of granulation tissue and continues 

for several months up to 2 years after wound closure (Boateng et al., 2008). Regeneration 

(remodelling) of the tissue is characterized by continuous collagen synthesis and its breakdown 

as ECM. This molecular event is maintained by matrix metallo-proteinase (MMPs) and tissue 

inhibitors of matrix metallo-proteinase TIMMPs (Enoch and Price, 2004). The three major 

types of MMPs such as MMP-1 (collagenase), MMP-2 and MMP-9 (gelatinase) are produced 

by macrophages, fibroblasts and endothelia cells that facilitate formation and strengthening of 

collagen fibre resulting in rigid, thicker and scar tissue (Mannello and Raffetto, 2011; Schultz 

et al., 2005). As remodelling in the wounded area establishes, the MMPs activity increases and 

TIMPs activity decreases (Enoch and Price, 2004).  
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1.2.5 Impaired wound healing 

Although acute wounds usually heal linearly through the different wound healing 

phases, in the case of chronic wounds such as DFUs, the normal healing process is disrupted in 

one or more of the above-mentioned healing stages (Falanga, 2005).  In the case of DFUs, the 

healing impairment is caused by extrinsic factors [(neuropathy, ischemia, infections) and 

intrinsic factors (altered bioavailability of growth factors, excess exudates, and abnormalities 

of ECM and tissue protease activity) (Jeffcoate et al., 2004)]. In addition, healing of DFUs may 

be impeded by the accumulation of necrotic and unhealthy tissue, slough and failure of 

reepithelization.   

1.3 Types of wounds 

According to the Wound Healing Society, a wound can be defined as the breakdown or 

disruption of normal anatomical structure of skin and a disturbance to its function to the immune 

system leading to serious morbidity and mortality (Boateng et al., 2008).  Depending on the 

healing process and the clinical perspective, wounds can be broadly classified as acute and 

chronic.  

1.3.1 Acute wounds 

 This kind of wound caused by mechanical injuries is superficial involving both the 

epidermis and superficial dermis comprising the subcutaneous layer. Mechanical injuries are 

associated with surgical incisions, abrasions, tears and lacerations. Acute wounds heal within 

the expected time, usually 8-12 weeks (Boateng and Catanzano, 2015) due to sufficient blood 

supply to the infected area. This wound progresses through an orderly sequential trajectory of 

haemostasis, proliferation, maturation and remodelling. Haemostasis is initiated by platelet 

aggregation and fibrin clot formation. The release of macrophages and neutrophils prevent 

bacterial infection and initiates wound healing (Dreifke et al., 2015). As healing progresses, 

new healthy tissues as well as collagen are synthesized and hence promoting wound closure 

(Nicks et al., 2010).  

1.3.2 Chronic wounds 

Chronic wounds arise from tissue destruction of all layers in the skin including 

epidermis, dermis and subcutaneous fat tissue that causes prolonged healing times beyond 12 

weeks and may linger for months or years. They are associated with predisposing factors such 
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as diabetes, shock, chronic renal and hepatic failure that might disturb the balance between 

wound bioburden and the patient’s immune system or hinder the wound healing cycle (Sarheed 

et al., 2016; Nawazz, 2011). In addition, prevalence of polymicrobial and mixed infections, and 

poor initial treatment also contribute towards retardation in healing of chronic wounds 

(Roudbary et al., 2014; Dowd et al., 2011). The incidence of chronic wounds including DFUs, 

leg ulcers, pressure ulcers, venous ulcers, arterial ulcers and trauma, is increasing dramatically 

due to obesity, aging population, alcoholism, smoking, stress, poor nutrition, ischemia, venous 

stasis disease, or prolonged pressure (Guo and Dipietro, 2010). Different types of chronic 

wound are illustrated (Figure 1.2) and discussed in detail. 

 

Figure 1.2 Different types of chronic wounds such as arterial ulcer (A), venous ulcer (B), 

diabetic foot ulcer (C) and pressure ulcer (D) (Reproduced from Fonder et al., 2008).  
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1.3.2.1 Diabetic foot ulcers (DFUs) 

Diabetic patients are susceptible to infections of foot ulcers due to peripheral neuropathy 

followed by ischemia from peripheral vascular disease (PVD) resulting in poor circulation and 

weakened neutrophil function (Alavi et al., 2014). Neuropathy in diabetic patients plays a major 

role in impairing sensations and motor functions and disturbances in autonomic components of 

the nervous system leading to ulceration. The loss of sensation produces anatomic foot 

deformities which gradually cause skin breakdown and exacerbates the development of 

ulceration (Pendse, 2010). Therefore, the underlying tissues are susceptible to bacterial and 

fungal colonization leading to foot infection. Further, autonomic neuropathy is associated with 

diminishing sweat and moisturizing factors, leading to dry skin which is increasingly vulnerable 

to fissures and a subsequent development of infection (Mousley, 2007). The PVD is due to 

atherosclerosis in which blood vessels become narrowed which limits the flow of blood and 

oxygen resulting in ischemia. The severity of PVD depends upon several factors such as 

severity of diabetes and dyslipidemia, obesity, smoking, hypertension and a family history of 

atherosclerosis (Kevin et al., 2013). 

Many of the other issues related to the occurrence of DFUs are progressive atrophy of 

skin connective tissue, reduced pro-collagen synthesis, proliferative capacity and number of 

fibroblasts and a high level of tissue degrading MMPs. Furthermore, hyperglycaemia and 

oxidative stress contribute to nerve dysfunction and ischemia concerning abnormal glycation 

of nerve proteins and inappropriate activation of protein kinase C (Farzamfar et al., 2013). ECM 

deposition is another complication of DFUs. ECM is an essential cellular component, which 

initiate biochemical and biomechanical cues required for tissue morphogenesis, differentiation 

and homeostasis. In addition to ECM dysfunction, the excess of MMPs and lack of TIMMPs 

cause impaired keratinocyte migration and leukocyte function leading to inadequate repair of 

tissue during wound closure resulting in subsequent development of foot infection (Dreifke et 

al., 2015). Classification of DFUs is needed to better describe the condition of a foot ulcer to 

facilitate the choice of appropriate dressing for improving wound healing. Various 

classifications have been used to describe diabetic foot lesions, but none of them has been 

recognised universally. Amongst all these systems, the Wagner-Meggitt is the most accepted 

method and described by Meggitt (1976) and Wagner (1982) as shown in Table 1.1 (Jain, 2012; 

Ahmad J, 2015). 
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Table 1.1. Classification of DFUs by Wagner-Meggitt method 

Grade Characteristics  

Grade 0 No breakdown of skin (foot 

symptoms like pain only) 

 

Grade 1 Superficial ulcers 

 

Grade 2 Deep ulcer to tendon, bone or 

joint 

 

Grade 3 Ulcers with bone or 

osteomyelitis  

 

Grade 4 Forefoot gangrene 

 

Grade 5 Entire foot gangrene  

 

 



12 
 

The University of Texas, US further developed an advanced classification based on stages using 

the traditional grading system. This system is now broadly used in many diabetic foot centres 

and clinical trials as illustrated in Table 1.2 below (Jain, 2012). 

Table 1.2. University of Texas grades for DFUs classification 

Stage Grade 

 Grade 0 Grade 1 Grade 2 Grade 3 

Stage A Pre-ulcerative 

site or healed 

ulcers 

(completely 

epithelized 

Superficial 

ulcers 

(including 

epidermis and 

dermis, but not 

to tendon, 

capsule or bone) 

Ulcers 

penetrating to 

capsule or 

tendon 

Ulcers 

penetrating to 

bone or joint.  

Stage B Infection 

present 

Infection 

present  

Infection 

present 

Infection 

present 

Stage C Ischemia 

present  

Ischemia 

present 

Ischemia 

present 

Ischemia 

present 

Stage D Infection and 

ischemia 

present 

Infection and 

ischemia 

present 

Infection and 

ischemia 

present 

Infection and 

ischemia 

present 

  

1.3.2.2 Pressure ulcers 

Pressure ulcers are caused by constant pressure occurring in the lower regions of the 

body such as sacrum, coccyx or hip areas and on the lower extremities. The prevalence of 

pressure ulcers in bony prominence of the body such on the heel is increasing day by day. About 

70% of all pressure ulcers occur in elderly people between 70-80 years of age (Agale, 2013). 

However, around 10% of pressure ulcers are caused by multiple medical devices such as 

feeding tubes, endotracheal tubes, tracheostomy tubes, cervical collars and positive pressure 

airway masks. The development of pressure ulcers depends on multiple factors such as 
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sustained compression of soft tissue, localized pressure, interface pressure, shear, moisture and 

friction (Monfre, 2016). Once pressure ulcers have been identified, the ulcers are categorized 

into different stages to determine the treatment plan. The National Pressure Ulcer Advisory 

Panel (NPUAP) has defined the different stages of pressure ulcers (NPUAP, 2016) and these 

are summarised and illustrated in Table 1.3 and Figure 1.3 respectively. 

Table 1.3. Classification of pressure ulcers by NPUAP. 

Stage Characteristics 

Stage 1 Non-blanchable erythema in which skin 

breakdown does not occur but it may appear 

as darkly pigmented with slight pain. 

Stage 2 Partial thickness of skin loss from epidermis 

or dermis presenting as shallow open ulcers 

with red pink wound bed but without slough. 

Stage 3 Further destruction of skin in which adipose 

(fat) is visible in the ulcers categorized by full 

thickness skin loss. 

Stage 4 Full thickness tissue loss with exposed bone, 

tendon and muscle. 
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Figure 1.3 Stages of pressure ulcers (adapted from http://www.webmd.com/skin-problems-

and-treatments/four-stages-of-pressure-sores). 

1.3.2.3 Venous leg ulcers 

Venous leg ulcers (VLUs) are open skin lesions that occur between the ankle and the 

knee because of chronic venous insufficiency (Kerin, 2013). The prevalence of VLUs is more 

common in women and older (60-80 years) people. In the UK, the prevalence of VLUs is about 

1-2% of the general population and it costs £400-600 million per year (Kerin, 2013). In the 

United States (US) approximately 1 million people develop VLUs and the treatment budget is 

about 2.5 billion dollars annually (Agale, 2013; Cerman et al., 2016). Venous insufficiency is 

the most common cause of lower extremity ulceration and responsible for 80% of all leg ulcers 

(Agale, 2013). VLUs are also associated with venous hypertension, in which venous pressure 

in deep veins, is reduced below normal pressure during ambulation and raised in orthostatic 

position. The venous hypertension is attributed to leakage of fluid out of the stretched vein into 

the tissue, leading to accumulation of brownish/red pigment in the gaiter area of the leg. Other 

risk factors of VLUs include age, sex, race obesity, family history, lifestyle, phlebitis, 

congenital vein dysfunctions, varicose veins, calf muscle pump failure and number of 

pregnancies (Agale, 2013). VLUs are explained by three major theories such as fibrin cuff 

theory, leukocyte entrapment theory and microangiopathy theory (Irving and Hargreaves, 

http://www.webmd.com/skin-problems-and-treatments/four-stages-of-pressure-sores
http://www.webmd.com/skin-problems-and-treatments/four-stages-of-pressure-sores
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2009). Chronic VLUs take a long time to heal, which is attributed to physical and psychological 

imbalance and negatively affect patient’s social status (Faria et al., 2011).  

1.3.2.4 Arterial ulcers 

 Arterial ulcers are the result of reduced blood supply to the lower limb due to arterial 

insufficiency. The ulcers can develop when arteries become narrowed or blocked and therefore 

the skin becomes starved of oxygen and nutrients. This hypoxic condition is called ischaemia 

which might lead to ulceration (Agale, 2013). The most common cause of ischaemic leg ulcers 

is atherosclerosis of medium and large sized arteries. Some other risk factors of atherosclerosis 

include diabetes, tobacco use, dyslipidaemia, hypertension, thromboangitis, vascilities, 

pyoderma gangrenosum, thalassaemia and sickle cell disease (Grey et al., 2006). Further 

damage to arterial system occurs with thrombotic and atheroembolic episodes which may be 

attributed to tissue necrosis and ulcer formation. Unlike VLUs, which arise generally between 

the legs and ankle, arterial ulcers are often seen over toes, heels and bony parts of the foot. The 

ulcerations are often painful, unless the patient has lost sensation. Arterial ulcers can be 

improved by restoration of arterial functions through revascularization and failure of 

revascularization leads to limb amputation in patients with arterial ulcers. However, stem cell 

therapies are now under investigation for treating arterial ulcers (Demidova-Rice et al., 2012).  

1.4 Factors affecting healing of chronic leg and DFUs  

Multiple factors that impair chronic wound healing can be classified as local and 

systemic factors. Local factors such as oxygenation, infections (poly-microbial and mixed 

infections), foreign bodies and venous insufficiency directly influence the repair of wounds, 

while systemic factors such as age, gender, sex hormones, stress, ischaemia, diabetes, obesity, 

medications, alcoholism and smoking and nutrition affect the individual’s ability for wound 

healing (Gua and Dipietro, 2010). Both factors are correlated and can act synergistically to 

impair wound healing. 

1.4.1 Oxygenation 

Oxygen is an important element, which plays a vital role in every stage of wound healing 

by stimulating angiogenesis, keratinocyte differentiation, migration and reepithelization, 

increasing fibroblast proliferation and collagen synthesis, and promoting wound closure 

(Rodriguez et al., 2008). The basic role of oxygen is to produce adenosine triphosphate (ATP) 

by oxidative phosphorylation and the ATP provides energy, which is essential for proper 
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regulation of cellular functions (Semenza, 2000). After tissue injury, the blood vessels cannot 

provide oxygen and the wound becomes hypoxic. In normal wound healing, oxygen promotes 

production of cytokines and growth factors from macrophages, keratinocytes and fibroblasts 

(Sarheed et al., 2016). In chronic ulcers, the transcutaneous oxygen tension is very low ranging 

from 15-27 mm Hg as compared to control levels of 45-52 mm Hg (Mani et al., 1986). This 

hypoxic condition in chronic DFUs is associated with systemic factors such as age and 

hyperglycaemia, which induce poor oxygenation through impaired vascular flow and retard the 

healing process. Aged skins are less mobile to fibroblasts, which reduce turnover of 

keratinocytes to the epidermis and promote low response to simulation from growth factors. 

Therefore, the impaired cellular activity results in shrinking granulation tissue formation and 

reepithelization, hence preventing wound healing (Enoch and Price, 2004).  

1.4.2 Wound bioburden 

Wound bioburden refers to the microbial load, microbial diversity and prevalence of 

pathogenic organisms in the wound (Gardner and Frantz, 2008). Wound bioburden is very 

common in chronic leg and diabetic foot ulcers due to loss in integrity of tissue structure, which 

become susceptible to microbial colonization. It has been reported that a microbial load greater 

than 105 colony forming units (CFU) per gram (g) of host tissue represents increased bioburden 

or critical colonization (Spichler et al., 2015). This microbial load may be higher in DFUs and 

other chronic wounds. According to wound care guideline, the microbial load in chronic 

wounds such as VLUs, DFUs, pressure and arterial ulcers is greater than 106 CFU/g of tissue 

(Chronic Wound Care Guidelines (web), 2006). Increased bioburden may engulf the host 

defence ability without triggering a generalized immunological reaction and may lead to 

infection (Richard et al., 2012). However, prevalence of multiple species of pathogenic 

organisms in chronic wounds could be more crucial than microbial load in promoting infection. 

It has been reported that chronic wounds may contain several species of microbial organisms 

in a single wound bed and that induces poor healing rate (Bowler, 2003; Trengove et al., 1996). 

According to experts and clinical studies, foot ulcerations are highly prone to colonization by 

various pathogenic organisms including Staphylococcus aureus (S. aureus), Streptococcus spp, 

Enterococcus spp, Clostridium perfringens (C. perfringens), Enterobacteriaceae spp, 

Pseudomonas aeruginosa (P. aeruginosa) and Stenotrophomonas maltophilia (S. maltophilia) 

that may cause delayed wound healing and infection (Bowler et al., 2001; Edmonds, 2009).  
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Figure 1.4 The prevalence of causative microorganisms in DFUs (adapted from Frykberg 

et al., 2006). 

1.4.3 Wound Infection 

Human skin can resist 105 colonies of microflora without any clinical problems (Kerr, 

2012). However, further increments in the number of microbial colonies overwhelm host 

resistance, resulting in invasion and multiplication of the organisms. Depending on the state of 

infection and replication of microorganisms, wounds can be classified as contaminated, 

colonized, local /critical colonized and invasive infected (Guo and Dipietro, 2010). 

Contaminated wound refers to the presence of microorganisms on the wound surface without 

any replication, while colonized wound is the multiplication of microorganisms on the wound 

surface without invading underlying tissue. Local infection/critical colonization is defined as 

the multiplication of microorganisms on the wound surface and initiation of local tissue 

response, while invasive infection is the prevalence of replicating microorganisms within a 

wound which leads to inflammatory responses with tissue damage (Guo and Dipietro, 2010; 

Gardner and Frantz, 2008).  

In the case of chronic leg ulcers, microorganisms start replicating rapidly and infection 

will arise once tissue is damaged. This high microbial load will prolong inflammation due to 
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prolonged elevation of pro-inflammatory cytokines such as interleukin-1 and TNF-α, which 

causes delay in wound healing beyond 12 weeks (Menke et al., 2007). The prolonged 

inflammation is also associated with inhibiting ECM formation by upregulating MMPs. The 

degradation of ECM subsequently retards proliferation and cell migration, which impairs 

wound healing. From a microbiological perspective, the healing of chronic ulcers is 

overwhelmed by both bacteria and endotoxins, and exhibits signs and symptoms of infection. 

There are several risk factors associated with increased incidence of infection in DFUs 

compared to other chronic wounds. It has been reported that the role of stress and compressive 

force leads to overgrowth of bacteria and therefore results in reduced function of macrophages 

and neutrophils (Falanga, 2005). In addition, hyperglycaemia and other metabolic factors 

favour hypoxic conditions in the wound, which adversely affects neutrophil and macrophage 

function (Sharma et al., 2006).  

1.4.3.1 Bacterial and polymicrobial infection 

Chronic leg and DFUs are usually highly exuding wounds with protein rich wound bed, 

which is highly susceptible to bacterial growth. The most predominant bacterial species in 

DFUs are S. aureus, together with other aerobes including S. epidermidis, Streptococcus spp, 

P. aeruginosa, Enterococcus spp (Gardner and Frantz, 2008). Several clinical studies have 

reported that S. aureus is the most prevalent bacteria in DFUs. Sharma and co as well as 

Abdulrazak and co-workers reported that S. aureus was isolated from DFI in about 38.4% of 

cases, whilst P. aeruginosa and Proteus mirabillis (P. mirabillis) were about 17.5% and 18% 

respectively (Sharma et al., 2006; Abdulrazak et al., 2005). In another study, Sotto et al 

investigated DFUs infected only by S. aureus and they identified five virulence genes isolated 

from S. aureus strain by polymerase chain reaction (PCR) method. The virulence genes were 

capsular type 8 (cap8), Staphylococcus enterotoxin A, Staphylococcus enterotoxin I, LukDE 

leukocidin (lukD/lukE) and ɤhemolysin V. Finally, they concluded that amongst the five genes, 

LukDE was the most favourable outcome for infection resolution or healing of uninfected DFUs 

(Sotto et al., 2008).  

The prevalence of methicillin-resistant S. aureus (MRSA) is significantly higher in 

DFUs (Tentolouris et al., 2006). In a study, 84 patients with infected DFUs were investigated 

and it was found that the prevalence of S. aureus was the most common and approximately 50% 

of the isolates were resistant to methicillin (Chita et al., 2013). MRSA infections can be 

acquired by prolonged and repeated hospitalizations, community, pre-broad-spectrum 

antibiotic therapy and the presence of surgical wounds and are associated with worse outcomes 
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in patients with DFUs (Lipsky et al., 2004). Another severe infective bacterium is P. 

aeruginosa, which causes extensive tissue damage in DFUs, including osteomyelitis, septic 

arthritis and bacteremia (Edmonds, 2009).   

Polymicrobial infection is another factor that impairs chronic wound healing and DFUs 

are usually associated with this type of infection. It is reported that polymicrobial infection is 

responsible for approximately 85% of the amputations among patients with DFI.  This can be 

explained by the prevalence of both Gram-positive and Gram-negative bacteria present together 

in the wound bed. Several risk factors such as hyperglycaemia, loss in immunogenic response, 

neuropathy and peripheral arterial disease leads to limb-threatening DFI (Frykberg et al., 2006).  

In a recent microbiology study of 427 positive cultures, it was found that about 84% of the 

infections were polymicrobial (Imirzalioglu et al., 2014). Polymicrobial infection can be 

induced by microbial interference where one microorganism suppresses and/or outbreeds the 

growth of other microorganisms (Imirzalioglu et al., 2014). 

  

1.4.3.2 Mixed infections 

Mixed infection refers to the presence of both bacteria and fungi in the wound bed. 

Mixed bacterial and fungal infections have been reported in 21.4% of patients and fungal 

infections alone in 5.8% of patients with diabetic foot wounds (Chellan et al., 2010). In another 

study, mixed (fungal-bacterial) infections were found in about 68.2% (of 22 patients) of cases 

and fungal infection alone was 31.8% (Missoni et al., 2005). In another clinical study, fungal 

and mixed foot ulcer infections were reported in about 14.9% of diabetic patients (Missoni el 

al., 2006). This study identified 15 yeast species from genera Candida, Cryptococcus, 

Trichosporon and Rhodotorula. They revealed that Candida parapsilosis (in 61.5% of patients), 

and Candida albicans (C. albicans) and C. tropicalis (in 10.8% of patients each) were the most 

causative agents of fungal and mixed infections. Fungal infection alone has now become severe 

in inducing onychomycosis in the toes and nails of diabetic patients, as well as the association 

of these infections with the development of severe and deep inflammatory process in the feet 

(Winston and Miller, 2006; Mohamed, 2013). In a survey, it was found that onychomycosis 

was associated with 82% of dermatophytes (primarily Trichophyton rubrum) and 7% C. 

albicans isolates (Kemna and Elewski, 1996).  

The non-treatment of fungal infection may lead to secondary bacterial infection creating 

mixed infection and subsequently cause foot ulceration, paronychias, cellulitis, gangrene, 

osteomyelitis and lower limb amputation (Chadwick, 2013). The mixed infection can be 



20 
 

developed through initial fungal infection, leading to fissures in the epidermis, facilitating 

bacterial entry and may work synergistically to create a deep-seated infection (Chadwick, 

2013). The complication of mixed infection in DFUs can be severe, with the patients being 

unware of fungal infection due to loss of sensation (neuropathy). Moreover, peripheral arterial 

disease and vascular insufficiency can supress tissue viability and subsequently stop wound 

healing. As shown by epidemiologic data, 85% of the amputations among the patients with 

DFUs have been attributed to mixed infections (Chadwick, 2013). It is reported that bacteria 

and fungi can communicate among themselves by physical interaction and induce biosynthesis 

genes (Schroeckh et al., 2009). For example, the interaction between C. albicans and P. 

aeruginosa in the respiratory tract can increase the risk of ventilator-associated pneumonia and 

candidaemia (Peleg et al., 2010). 

1.4.4 Biofilm 

According to Donlan and Costerton, a biofilm is defined as “a microbially derived 

sessile community, characterized by cells that are irreversibly attached to a substratum, an 

interface or to each other. These cells are encased in a matrix of extracellular polymeric 

substances (EPS) which they have produced and exhibit an altered phenotype with respect to 

growth rate and gene transcription” (Donlan and Costerton, 2002). The first step of biofilm 

development is the attachment of pioneering bacteria in which a solid surface (composed of 

protein and polysaccharide) and blood or water provides a suitable environment for bacterial 

attachment and growth. After that, the bacterial cells initiate approach to and adherence onto 

the surface by van der Waals forces. The cells then start proliferating and produce small 

aggregates or micro-colonies within the biofilm under construction (Sarheed et al., 2016). In 

the next step, bacterial cells start communicating to each other, which is essential for biofilm 

formation, including EPS production, synergistic or antagonistic interactions between cells and 

alteration in bacterial phenotypic characteristics. This communication by auto-inducers is 

known as quorum sensing, which is responsible for the regulation of gene expression and in 

response to fluctuations in cell density (Richard et al., 2012). Finally, bacteria are embedded in 

EPS polymeric matrix and form three-dimensional mushroom like architecture called mature 

biofilm. At this stage biofilm shows maximum resistance to antibiotics.  

Biofilm formation is a very common complication in the healing of DFUs. It was found 

in 38% (of 82 patients) patients with DFUs and 20% of this was caused by S. aureus (Banu et 

al., 2015). There are also several organisms associated with biofilm formation in DFUs such as 
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C. albicans, C. parapsilosis, and C. parapsilosis, S. aureus, P. aeruginosa, E. coli, Klebsiella 

pneumoniae, Klebsiella Oxytoca, Proteus vulgaris (Guo and Dipietro, 2010; Roudbary et al., 

2012; Zubair et al., 2011a; Malik et al., 2013). Current antibiotic therapies are struggling to 

overcome biofilms, as it requires about 100 to 1000 times’ higher doses than the minimum 

inhibitory concentration and minimum bactericidal concentration of antibiotics (Hoiby et al., 

2010). Several mechanisms are involved in the development of resistance of antibiotics to 

biofilms including: 

i) Biofilm forms rigid physico-chemical layer prevents antibiotics from passing through the 

resulting barrier (Richard et al., 2012);  

ii) Due to high density of bacteria into biofilm, there is increased horizontal gene transmission 

and therefore transfer of resistance genes;  

iii) Bacterial cells simultaneously release endotoxins that may degrade antibiotics (Hoiby et al, 

2010);  

iv) Change in microenvironment may alter the potency of antibiotics;  

v) The presence of persister cells in biofilms may account for resistance (Stewart, 2002). 

However, biofilm protects the bacteria from host defences by wrapping themselves in 

glycocalyx while bacteria secrete products within the film that makes phagocytic penetration 

poor (Sarheed et al., 2016). 

1.4.5 High exudates (wound fluid) 

Exudate is a high protein rich fluid which is derived from serum by extravasation in the 

inflammatory phase (Speak, 2014). It plays an essential role in wound healing process by 

maintaining a moist environment, promoting migration of tissue repairing cells, facilitating 

diffusion of nutrients, growth factors and assisting with autolysis (Romanelli et al., 2010; 

Chadwick and McCardle, 2014). However, in case of DFUs, overproduction of exudate can 

slow down cell proliferation, interfere with growth factor availability as well as may contain 

high levels of both inflammatory mediators and MMPs. Therefore, it can damage peri-wound 

skin, cause skin weakening and maceration, and increases risk of tissue damage (excoriation) 

and enlargement of the wound which slows down healing of DFUs (Speak, 2014). Furthermore, 

excess exudate is also attributed to risk of infection, amputation and poor quality of life of 

patients with DFUs.  
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Both excessive and very low exudate volumes can hinder the wound healing process. It 

is reported that third degree burns, donor sites and unspecified granulating wounds release 

exudates between 3.4 to 5.1 g/10 cm2/ 24 h (Thomas (web), 2007). It was further reported that 

patients with chronic leg ulcers generate about 5 g/10 cm2 exudate in a day (Thomas (web), 

2007). High viscous exudate indicates high protein contents due to infection, inflammation and 

presence of necrotic tissue, while low exudate is also associated with ischemic ulcers and 

dehydration (Grey et al., 2006; White and Cutting, 2006). The management of high exudate 

may create high burden for health care provision by extending the healing time and increasing 

frequency of dressing changes that impact heavily on clinical time and use of resources. The 

colour of exudate may indicate type of tissue and type of bacteria present in the wound bed. 

Table 1.4 below shows different types and colour of exudate and their significance to healing. 

The healing of chronic leg and DFUs also depends on the pH of the wound fluid. The 

pH of exudate in chronic wounds is about 7.5 and reducing the pH of wound bed (weakly acidic 

environment) promotes wound healing. MMPs are inactivated at lower pH and therefore, 

suppress the inflammatory processes and promoting increased rate of epithelialization 

(McArdle et al., 2014). It is also reported that oxyhemaglobin releases more oxygen in an acidic 

environment, facilitating angiogenesis, keratinocyte differentiation, migration and 

reepithelization (Leveen et al., 1973). Furthermore, in acidic wound bed, the rate of bacterial 

replication is low and hence enhancing efficacy of antibiotics (Percival et al., 2014).      
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Table 1.4. Colour, types of exudate and its significance (Nicholas, 2016). 

Type Consistency Colour Significance 

Serous Thin, watery Clear, straw-

coloured 

Normal, but increase in volume 

may indicate infections associated 

with S. aureus, P. aeruginosa, 

Streptococci Spp. 

Fibrinous Thin, watery Cloudy Fibrin protein strands present 

which may indicate a response to 

inflammation 

Serosanguineous Thin, slightly 

thicker than 

water 

Clear, pink Indicates presence of red blood 

cells and indicate capillary damage 

Sanguineous Thin, watery Reddish Low protein content due to trauma 

to blood vessels  

Purulent Thick, sticky Yellow, milky, 

creamy 

Bacterial infection associated with 

P. aeruginosa, may contain 

inflammatory cells 

Haemopurulent Viscous, sticky Reddish, milky Presence of dead bacterial cells, 

neutrophils and inflammatory cells. 

Consequent damage to dermal 

capillaries leads to blood leakage.     

Haemorrhagic Thick Dark red Infection, Trauma, Spontaneous 

bleeding due to fragile dermal 

capillaries 

 

1.4.6 Other factors 

Age could be a major risk factor for wound healing due to altered inflammatory response 

such as delayed T-cell infiltration into the wound area, reduced capacity of macrophage 
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phagocytosis and reduced secretion of growth factors (Guo and Dipietro, 2010). Moreover, 

some other complications in aged people such as delayed re-epithelization, collagen synthesis, 

and angiogenesis influence can impair wound healing (Gosain and DiPietro, 2004).  

Sex hormones and gender differences: Sex hormones play an important role in 

processing and functioning physiological system and has an impact on delaying wound healing 

especially in geriatric patients (Oh and Phillips, 2006).  Female sex hormones such as 

oestrogens appear to have significant effects on wound healing (Gilliver et al, 2007) process 

including neoangiogenesis, reepithelialization and cell proliferation (Khaksar et al., 2010). In 

aged women, the oestogen production is decreased which reduces collagen synthesis and 

therefore, delays wound healing (Oh and Phillips, 2006). It has been reported in clinical studies 

on both animals and humans that topical application of oestrogens promoted wound healing 

significantly (Khaksar et al., 2011; Ashcroft et al., 1999). Androgens are present mainly in the 

male testes but also present in female ovaries and adrenal glands. Androgens play a vital role 

in regulating immune response and studies have revealed that it reduced the inflammatory phase 

in cutaneous wound healing of male mice and increased ECM deposition (Oh and Phillips, 

2006, Ashcroft et al., 2002). Moreover, gender has also influences on healing DFUs. In many 

clinical studies, it has been reported that the incidence of lower extremity amputation is higher 

in men than women (Armstrong et al., 1997; Gonsalves et al., 2007; Otiniano et al., 2003). The 

reasons behind this observation is that men are more likely to have peripheral neuropathy, 

sensory neuropathy, reduced joint mobility and higher foot pressure (Peek, 2011). However, 

the mortality rate after lower extremity amputation is higher in diabetic women than men 

(Lavery et al., 1997a; Helaine et al., 2004) due to atherosclerotic complications (Pyorala et al., 

1987) and congestive heart failure (Hambleton et al., 2009).     

Psychological stress is also associated with impaired wound healing. Stress upregulates 

the secretion of glucocorticoid and cortisol hormones from hypothalamic-pituitary-adrenal 

gland, which results in deregulation of the immune system. The release of epinephrine and 

norepinephrine from sympathetic-adrenal medullary is also increased resulting in 

hyperglycaemia, which causes a significant delay in the healing process (Guo and Dipietro, 

2010).  

Diabetes is the major factor for non-healing DFUs and diabetic feet are normally 

hypoxic. The prolonged hypoxia can amplify the early inflammatory response, thereby leading 

to insufficient perfusion and insufficient angiogenesis causing impaired wound healing. 
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Hyperglycaemia upregulates the production of reactive oxygen species (ROS) and advanced 

glycation end products (AGEs) which are responsible for impaired wound healing. Neuropathy, 

high levels of MMPs, keratinocytes and fibroblasts dysfunction in diabetes influence delayed 

wound healing (Guo and Dipietro, 2010).  

  Medications such as corticosteroids, nitrofurantoin, neomycin sulphate, povidone 

iodine, chlorhexidine 2% and hydrogen peroxide interfere with platelet aggregation, 

inflammatory responses and cell proliferation, thereby affecting wound healing (Damir, 2011). 

Systemic corticosteroids heal the wounds by supressing cellular responses including collagen 

synthesis and fibroblast proliferation but might have the risk of wound infections (Guo and 

Dipietro, 2010). Though systemic administration of ibuprofen (non-steroidal anti-inflammatory 

drug) reduces pain and inflammation, it has negative effects on wound healing, including 

reduced number of fibroblast synthesis, weakened breaking strength, delayed epithelialization 

and therefore poor wound contraction (Krischak et al., 2007). Chemotherapeutic drugs such as 

adriamycin and bevacizumab have been reported as risk factors for impaired wound healing 

(Gulcelik et al., 2006; Gordon et al., 2009). Adriamycin weakens the immune function of the 

patients and delays inflammatory phase of healing and increases risk of infections.  In addition, 

this agent delays cell migration into the wound site, lowers fibrin deposition and collagen 

production and therefore, inhibits wound constructions (Anderson et al., 2014). Another 

chemotherapeutic drug, bevacizmab acts an angiogenesis inhibitor and VEGF neutralizers that 

limit the nutrients, oxygen and cells’ supply to the wound site, resulting in wound dehiscence 

and infection (Guo and Dipietro, 2010; Lemmens et al., 2008).  

Obesity is closely connected to oxygenation that influences impair wound healing. It 

increases the workload of the heart resulting in reduced oxygen supply into the blood and 

therefore creates hypoxic condition to the body tissue (oxygenation). The hypoxic tissues near 

the wound site are unable to form fibroblasts from collagen and retard oxygen-dependant 

cellular repair (Goldman, 2009). Obese patients have the high risk of infections due to 

avascularity of the surrounding adipose tissue that decrease the body’s ability to defend against 

infection. This is because, the lack of oxygen numbs the neutrophils ability to phagocytise the 

invading microorganisms leading to high microbial load in the wounds (Goldman, 2009; 

Kranke et al., 2012).    

Socio-environmental risk factors such as smoking, alcohol consumption, improper 

diabetes education, poverty, racial distribution and poor personal hygiene and nutrition 
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contribute to impair healing of DFUs (Farzamfar et al., 2013). Alcohol consumption in diabetic 

patients increases insulin resistance, blood sugar levels and the risk of protein energy 

malnutrition (Markuson et al., 2009) due to poor eating habits. Therefore, the inflammatory and 

immune responses are altered including decreased neutrophil chemokines with reduced 

neutrophil infiltration, decreased interleukin-8 (IL-8), TNF-α production and monocytes 

functions and reduced macrophage function to microbes (Anderson et al., 2014). The above 

phenomena cause impaired wound healing by perturbing angiogenesis, collagen production and 

fibroblasts migration, increasing rate of infection and weakening scar tissue during remodelling 

(Anderson et al., 2014).  

Smoking has been reported (Manassa et al., 2003) as one of the highest risk factors in 

wound healing complications. Tobacco products contain some poisonous substances such as 

nicotine, carbon monoxide and hydrogen cyanide. Nicotine interferes with the oxygen supply 

into the blood and decreases the blood flow to the tissue by narrowing blood vessels 

(vasoconstriction), inducing tissue ischaemia (Ahn et al., 2008; Sorensen et al., 2009). It 

increases the release of epinephrine by stimulating the sympathetic nervous system, resulting 

in peripheral vasoconstriction. Carbon monoxide present in tobacco is also responsible for 

tissue hypoxia. It induces deoxygenated haemoglobin into the bloodstream because it has higher 

binding affinity with haemoglobin than oxygen. In addition, hydrogen cyanide has the negative 

effect on oxygen metabolism that promotes the risk of atherosclerosis (Guo and Dipietro, 2010). 

In the inflammatory phase, these substances retard white cell migration, resulting in reduced 

number of monocytes and neutrophils that lowers host’s defence against microorganisms. 

Therefore, it increases the risk of infection and impairs wound healing. In the proliferative stage 

of wound healing, these effects perturb epithelialization, fibroblasts migration, ECM deposition 

and hinder wound contraction (Ahn et al., 2008). 

1.5 Wound management in chronic leg and DFUs 

The basic aim of wound management is wound closure by offloading, revascularization, 

debridement, infection control and advanced wound care therapies (e.g. NPT, HBOT and EP 

methods (Chadwick et al., 2014; Burns and Kuen, 2012). It is very important to start treatment 

in the early stage of wound healing to aid prompt healing. In addition, it is also essential to 

identify whether the DFUs is neuropathic, ischaemic or neuroischaemic to inform the choice of 

appropriate treatment (Chadwick et al., 2014). Other extrinsic factors such as hyperglycaemia, 
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hypertension, hyperlipidaemia and proper nutrition need to be controlled alongside using 

advanced dressings.     

1.5.1 Off-loading 

Off-loading means removal of pressure or pressure modulation and is one of the most 

important techniques to manage neuropathic ulcers in diabetic patients (Yazdanpanah et al., 

2015). Wheelchairs or crutches can be useful offloading devices to heal foot ulceration (Kruse 

and Edelman, 2006). There are also several other off-loading approaches such as total contact 

cast (TCC), removal cast walkers (RCW), scotch cast boots, windowed casts and custom 

splints.  Among all these approaches, TCC is the gold standard and most effective off-loading 

technique for the healing of neuropathic DFUs (Burns and Kuen, 2012; Yazdanpanah et al., 

2015). However, Achilles tendon lengthening with TCC showed more potential than TCC alone 

(Speak, 2014). TCC also has adverse effects such as skin irritation, intolerable in hot weather, 

difficulty in taking baths, disturbance during sleep, and high cost, which have resulted in a 

decline in its use (Chadwick et al., 2014). 

1.5.2 Revascularization 

DFUs are associated with peripheral arterial disease (PAD) which is characterized by 

both micro- and macrovascular complications (Burns and Kuen, 2012). Microvascular 

complications are very common in diabetic patients because of the thickening of capillary 

basement membrane due to inhibition of leukocyte migration, while macrovascular 

dysfunctions attributed to atherosclerosis in peripheral, coronary and cerebral arteries cause 

80% mortality and 75% hospitalization in diabetic patients (Faries et al., 2004; Zibaeenezhad 

et al., 2012). Reestablishment of pulsatile arterial flow to the infected foot can be achieved by 

surgical revascularization which subsequently heals ischemic and neuroischemic ulcers (Burns 

and Kuen, 2012). However, surgical revascularization has been reported to be unfavourable for 

diabetic patients because of some co-morbidities such as hypertension, dyslipidaemia, systolic 

and diastolic heart failure, autonomic dysfunction, PAD, cerebrovascular disease, 

microvascular disease and nephropathy (Smith et al., 2002).  
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1.5.3 Debridement and cleansing 

Debridement is an essential approach to heal DFUs promptly. It is the removal of dead 

tissue, peri-wound callus and foreign bodies, which creates a healthier wound bed and allows 

better visualization of the wound site. Debridement of tissue also significantly reduces the 

microbial load and stimulates release of growth factors (Burns and Kuen, 2012). There are 

several debridement methods applied in wound care including: surgical sharp debridement, 

enzymatic debridement, larval therapy and autolytic removal by rehydration of necrotic tissue. 

Leaper stated that “debridement, surgical debridement involving continuous tissue removal 

using sharp scalpel was the gold standard” (Leaper, 2002). A Cochrane review also noted that 

autolytic debridement with hydrogels was most effective in DFUs management based on 

differences in healing rates as compared to gauze or standard care (Edwards and Stapley, 2010). 

Maggot therapy is an enzymatic therapy in which the necrotic tissues are dissolved by 

proteolytic enzymes such as collagenase, serine proteases (trypsin-like and chymotrypsin-like 

enzymes), metalloproteinase and aspartyl proteinase secreted by the maggots (Lucilia sericata) 

(Gottrup and Jorgensen, 2011). These enzymes dissolve the necrotic tissue and allow absorption 

in semi-liquid form gradually over time (Boateng et al., 2008). The larvae of Lucilia sericata 

do not digest living human tissue as it spares the healthy tissues necessary for wound healing 

(Gottrup and Jorgensen, 2011). The healthy tissues of the host are unaffected, because ECM 

components (such as collagen and fibronectin) of living cells are resistant to those proteolytic 

enzymes secreted by Lucilia sericata thus preventing healthy tissue degradation (Chambers et 

al., 2003). Maggot therapy has been reported to be more effective in healing of chronic leg and 

DFUs than conventional surgical therapy (Sherman, 2003). The better healing properties of 

maggot may be due to its ability to stimulate granulation tissue production as well as to kill 

bacteria (Prete, 1997; Nigam et al., 2006). However, in a recent review, Hinchliffe et al noted 

that, larvae therapy did not significantly improve healing time, and can lead to risk of 

amputation in patients with DFUs (Hinchliffe et al., 2008).  

After debridement, the wound bed needs to be irrigated with saline and cleansing agents 

such as povidone iodine, ionized silver, acetic acid, chlorhexidine, hydrogen peroxide, 

polyhexanide/betaine, alcohol, sodium hypochlorite and N-chlorotaurine (Winston and Miller, 

2006), and an ideal dressing should be applied to absorb blood and exudates that will help 

accelerate initial stages of wound healing. A detailed discussion of the different types of 

dressings is found in the following sections. 
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1.5.4 Wound dressings 

Wound dressings play a key role in the management of chronic DFUs. The choice of 

wound dressings depends on several factors that affect wound healing such as heavy exudate, 

microbial load, biofilms, severity of pain and infection. Generally, dressings should possess 

certain ideal characteristics as follows. 

i. Dressings should maintain a moist wound environment that can facilitate 

proliferation and migration of fibroblast and keratinocytes, transport enzymes, 

growth factors and hormones, promote collagen synthesis and decrease scar 

formation (Sarheed et al., 2016).  

ii. Dressings should permit the observation of wounds and allow mechanical 

protection to the periwound area, comfortability to the patients and 

conformability to the wound shape (Hilton et al., 2004).  

iii. It must absorb excess exudates and allow drainage to prevent maceration (Hilton 

et al., 2004).  

iv. It should allow gaseous exchange between wounded tissue and the environment 

(Dhivya et al., 2015).  

v. It should be non-adherent to the wound and can be changed frequently and easily 

without causing trauma to the healing wound (Jones et al., 2006).  

vi. It must be sterile, non-toxic, non-allergic, and inexpensive and have long shelf 

life (Dhivya et al., 2015).  

vii. It should be able to inhibit microbial colonization and must be impermeable to 

bacteria by creating an effective barrier (Sood et al., 2014). 

viii. It should maintain optimal temperature and pH in the wound (Sood et al., 2014).   

However, no single dressing can fulfil all the requirements of healing due to complexities of 

DFUs. The classification of dressings is discussed below.  

1.5.4.1 Traditional dressings 

Traditional wound dressings include gauze, lint silk, cotton wool, plasters and bandages. 

The dressings are commonly made of natural, synthetic or semisynthetic materials and may be 

used as passive or secondary dressings for protecting the wound from contaminants (Dhivya et 

al., 2015). These dressings are used in low exuding wounds and are limited to simple, clean, 

superficial and minor burn wounds. Therefore, these dressings have been largely replaced by 
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more modern and advanced dressings because of the need for healing of chronic wounds such 

as DFUs. However, these dressings are still used sometimes because of ready accessibility in 

most of the surgical centres and clinics, they are cheaper and can provide some bacterial 

protection (Boateng and Catanzano, 2015). For example, gauze dressings made of woven or 

nonwoven fibres of cotton, rayon polyester or a combination of both are used in the packing of 

open surgical and cavity wounds (Boateng et al., 2008). Sterile gauze pads are also used as 

packing for open wounds to absorb exudates and fluids. It is reported to be used as a standard 

treatment for DFUs in conjunction with antibiotic treatments (Hilton et al., 2004). The use of 

these dressings is limited when the outer surface becomes moistened by heavy exudate and 

external fluids thus resulting in maceration to the wound sites. In addition, it is painful during 

changing of the dressings when dry thus causing patients discomfort (Chang et al., 1998; 

Boateng et al., 2008). The removal of this dressing can promote cross-contamination of the 

wounds by dispersion of bacteria into the air.  

Gauze and bandage dressings can be therapeutically improved by incorporating 

antimicrobials such as povidone iodine (PVP-I), chlorine releasing solutions (Dakin’s and 

sodium hypochlorite solutions), hydrogen peroxide, silver releasing agents, honey, 

chlorhexidine and acetic acid (Boateng and Catanzano, 2015). In addition, incorporation of 

zinc, petroleum, bismuth and iodine can make these dressings non-adherent and moderately 

occlusive (Sood et al., 2014). However, bandages made of natural cotton wool are used for 

retention of light dressings, whilst high and short stretch compression bandages facilitate 

prolonged compression in case of venous ulcers (Dhivya et al, 2015). Using creams and gels as 

wound dressing has major limitations due to their inability to maintain effective drug 

concentration for a prolonged period at the moist wound surface because of short residence 

time. These semi solid formulations (creams and gels) absorb fluid rapidly and therefore, 

become mobile due to loss of rheological properties (Boateng et al., 2008).  

1.5.4.2 Modern and advanced medicated dressings 

Modern dressings in the form of hydrogels, hydrocolloids, foams, films and wafers, 

have been developed to overcome the limitations of traditional dressings described above. 

These modern dressings provide the ideal characteristics of wound dressings such as 

maintaining moist environment in the wound, which helps in proliferation and migration of 

fibroblasts and keratinocytes to promote wound healing. Moreover, the addition of antibiotics 

and antiseptics into the modern dressings make them advanced medicated wound dressings 
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(Pawar et al., 2014; Boateng et al., 2015a). These advanced medicated wound dressings can 

kill or inhibit bacteria, fungi and protozoa. In addition, these dressings can drain exudate and 

also have the ability to release drugs effectively onto the target site without damaging host 

tissues (Phoudee and Wattanakaroon, 2015; Cutting, 2010). Finally, the dressings reduce 

malodour and are cost effective (Cutting, 2010). 

1.5.4.2.1 Hydrogels 

Hydrogel dressings are three-dimensional networks of insoluble synthetic or 

semisynthetic polymers or an appropriate combination, which possess hydrophilic and 

swellable properties (Lloyd et al., 1998; Skorkowska et al., 2013). To maintain three-

dimensional networks, the hydrophilic polymer chains are crosslinked either by covalent bonds 

or non-covalently by electrostatic, hydrophobic or van der Waals interactions (Moura et al., 

2013). The synthetic and semisynthetic polymers include poly(hydroxyethyl  methacrylate), 

polyethylene glycol and derivatives, poly(vinyl alcohol), polyvinylpyrrolidone, 

polyacrylamide, polyacrylate and polyurethane (Gibas and Janik, 2010). Hydrogels contain up 

to 96% water, which enables them to release water molecules to the wound surface and provides 

a moist environment inside the wound thus stimulating the growth of new tissue and the 

migration of epithelial cells (Jones et al., 2006; Skorkowska et al., 2013). As a result of high 

water content, the dressings cannot absorb much exudate from highly exuding wounds, which 

can lead to skin maceration and bacterial proliferation and therefore produce bad odour in the 

infected wounds. Therefore, their use in DFUs should be as an adjunct to sharp debridement of 

necrotic scare tissue.  

However, a Cochrane Review (Dumville et al., 2013a) reported that hydrogels are more 

effective for healing DFUs than basic wound contact dressing. Hydrogels are easily permeable 

to moisture vapour, oxygen and metabolites, which can facilitate healing of ischemic DFUs. In 

addition, it enhances autolytic debridement of slough and necrotic tissue. Hydrogels are also 

prescribed for chronic leg, pressure, and vascular ulcers because it can easily be 

applied/removed without interfering with the wound beds as well as by promoting rapid 

epithelialization (Moura et al., 2013; Sood et al., 2014). Morgan reported that hydrogel 

dressings are suitable for use in all four stages of wound healing with the exception of infected 

and heavy drainage wounds (Morgan, 2002). Hydrogels can be applied as amorphous gels 

(thick, viscous gels) or as elastic, sloid sheet or film.  
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1.5.4.2.2 Hydrocolloids 

Hydrocolloid dressings consist of an external layer (e.g. semi-permeable films, foams 

or non-woven polyester fibres) and a hydrophilic internal layer that may contain biocompatible 

colloidal gels made of proteins (e.g. collagen, gelatine) or polysaccharides (e.g. cellulose and 

its derivatives) (Moura et al., 2013). The semipermeable external layer protects the wound bed 

against debris and microbial penetration but permeable to water vapour and oxygen. The active 

internal layer contains hydrophilic colloidal particles that absorb exudates and swell into a gel-

like mass over the wound and therefore provides a moist environment (Skorkowska et al., 

2013). However, due to possible hypoxic condition and excessively moist environment, it could 

facilitate necrotic tissue autolysis and subsequently increase the risk of maceration and infection 

at the wound site (Hilton et al, 2004).  

It has been reported that hydrocolloid dressings are useful in the treatment of venous 

leg ulcers where compression therapy alone doesn’t work (Koksal and Bozkurt, 2003). It is also 

noted that hydrocolloid dressing is the second most popular choice for the treatment of DFUs 

in a study of British diabetic specialist nurse chiropodists (Boateng et al., 2015). These 

dressings can release drug in a sustained manner over than 7 days in DFUs. They are also 

indicated for pressure ulcers, necrotic wounds and minor burns (Sood et al., 2014). The 

microbial load of chronic ulcers can be managed by hydrocolloid dressings due to its acidic 

properties. These dressings make the wound bed acidic, which inhibits bacterial growth and 

maintain optimum stable temperature and moisture level (Sood et al., 2014). Therefore, it 

promotes the successive phases of wound healing such as clearing, proliferation, angiogenesis 

and epidermisation. The acidic pH also reduces the production of prostaglandin E2 and acts as 

an analgesic by decreasing pain (Skorkowska et al., 2013). These dressings can be used in 

paediatric wound care management because of easy removal without any pain (Dhivya et al., 

2015).  

1.5.4.2.3 Foam dressings 

Foam dressings are hydrophilic materials, usually composed of polyurethane or 

polymethylsiloxane and retain a porous structure (Skorkowska et al., 2013). Foam dressings 

can be used as an alternative to hydrocolloid dressings for DFUs treatment due to its high 

absorbency of exudates, thereby preventing maceration, facilitating removal of slough, thermal 

insulation, easy to cut to shape, cushioning, protective and conformable to body surfaces. Their 

wound exudate absorbance capacity depends on the polymers employed in the formulation of 
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foam and on the foam thickness. Due to its protective and absorbency properties, this type of 

dressings can be left on the wound for up to 7 days which is very effective in DFUs treatment 

(Moura et al., 2013; Kavitha et al., 2014). Examples of foam dressings indicated for chronic 

leg and DFUs are listed in Table A1.1 (Chapter 8).  

There are very few clinical studies on foam dressings for use in DFUs. A Cochrane 

Review (Dumville et al., 2013b) of foam dressings for healing DFUs suggests that any type of 

foam and other dressings such as hydrocolloid and alginate dressings have no statistically 

significant difference in efficacy. However, their absorbency, comfortability, high moisture 

vapour permeability, angiogenesis and autolysis ability would theoretically make them a 

suitable choice for healing chronic wounds (Hilton et al., 2004). The outer layer (hydrophobic) 

protects the wound from external liquid and further damage but allows gaseous and water 

vapour exchange (Dhivya et al., 2015).  The inner (hydrophilic) layer facilitates formation of 

moisture absorbing capillaries that keep the wound at optimum moisture level thus promoting 

wound healing (Skorkowska et al., 2013).  

1.5.4.2.4 Semipermeable adhesive films 

Films are semipermeable thin, flexible sheets of clear polyurethane incorporating an 

adhesive coating to one side to allow adherence to the skin. The adhesive reacts with wound 

fluid to prevent adhesion to the wound bed while allowing the dressing to stick to the dry 

periwound skin. Film dressings are made of natural synthetic or semi synthetic polymers such 

as chitosan, collagen, gelatine, polyvinyl alcohol, polyethyleneoxide and polyethyleneglycol 

(Mayet et al., 2014). They are highly elastic, conform to any contour of the body and are suitable 

for use as primary or secondary dressings. The transparent nature of film dressings allows useful 

visualization of the wound bed as it is healing without the need for its removal. These dressings 

are permeable to water vapour, oxygen and carbon dioxide but impermeable to bacteria and 

water. This means that oxygen is allowed into the wound to promote healing while, the water 

vapour and carbon dioxide produced can escape (Sood et al., 2014). The dressing also acts an 

effective barrier to external water and bacteria. The semipermeable nature of film dressings 

helps to achieve lower overall infection rate than traditional dressings.  

Film dressings are suitable for superficial, lightly exuding or epithelializing wounds but 

they are not suitable for wounds with heavy drainage or patients with frail skin (Sood et al., 

2014). They are avoided for heavily exuding wounds because excess fluids tend to accumulate 

beneath the dressings and therefore lead to skin maceration, bacterial proliferation and 
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infection. This shortcoming tends to result in frequent dressing changes, which is a compliance 

challenge for the patients (Boateng et al., 2008). In a clinical study, it was reported that films 

promote rapid wound healing, decrease pain, less scaring, visual wound assessment and 

facilitate patient mobility and hygiene (Rubio, 1991). 

1.5.4.2.5 Lyophilized wafers 

Lyopilized wafers are reported as one of the most advanced wound drug delivery 

dressings (Pawar et al., 2014; Boateng et al., 2015; Labovitiadi et al., 2012). They are prepared 

by freeze-drying technique in which polymer solutions or gels are freeze dried to give solid 

porous structures that can easily be applied to highly exuding wound surface (Pawar et al., 

2014). Due to its highly porous nature, it can absorb large amounts of heavy exudate whilst 

maintaining a moist environment without damaging newly formed tissue that improves wound 

healing (Pawar et al., 2014). In addition, the porosity of the wafers also allows gaseous (water 

vapor) exchange which enables evaporation of wound exudates through the polymeric matrix 

to the surrounding environment, thus preventing fluid accumulation under the dressing and 

subsequently reducing the risk of skin maceration and controlling infections (Ng and Jumaat, 

2014).  

It has been reported that wafers have excellent physico-chemical properties in terms of 

swelling, adhesion, diffusion, drug stability and drug loading capacity (Pawar et al., 2014; 

Boateng et al., 2015a, 2010; Matthews et al., 2008). However, the adequate water uptake 

capacity can prevent cellular dehydration and therefore, promote collagen synthesis and 

angiogenesis to accelerate wound healing (Elsner and Zilberman, 2010). It can be loaded with 

multiple drugs simultaneously, which imparts multifunctional effects (Boateng and Catanzano, 

2015; Kianfar et al., 2013a, Pawar et al., 2014). Furthermore, wafers are a compatible delivery 

system to carry both insoluble and soluble antimicrobial drugs to achieve better antimicrobial 

activity (Labovitiadi et al., 2012). Lyophilized formulations generally possess better drug 

stability compared with a semi-solid hydrogel dosage forms as the size, shape and form of 

encompassed compounds are preserved by preventing crystal ripening and agglomeration 

(Matthews et al., 2008; Ayensu et al., 2012b). Furthermore, the unique characteristics of wafers 

make them suitable for long-standing chronic suppurating wounds such as third degree burn 

wounds, DFUs and oral mucosal inflammation (Morgan, 2002).  
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Some recently developed polymeric based film and wafer dressings reported in literature 

are summarized in Table 1.5. 

Table 1.5 Recently developed film and wafer dressings to aid chronic wound healing. 

Dressing type Polymer Reference 

Film Polyox and carrageenan Boateng et al., 2013 

Film Sodium alginate Momoh et al., 2015 

Film Polyox, 

hydroxypropylmethyl 

cellulose (HPMC), 

carrageenan, sodium alginate 

and chitosan 

Pawar et al., 2013 

Film Chitosan and gelatin TVL et al., 2010 

Film Poly(2-hydroxyethyl 

methacrylate) 

Tsou et al., 2005 

Film Gelatin, 

sodium carboxymethyl 

cellulose (Na‑CMC) 

Okoye and Okolie, 2015 

Film polyvinyl alcohol and 

sodium alginate 

Kim et al., 2008 

Wafer Sodium alginate and gelatine Boateng et al., 2015 

Wafer  Polyox, carrageenan and 

sodium alginate 

Pawar et al., 2014 

Wafer Polysaccharide Labovitiadi et al., 2012 
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1.5.4.2.6 Biological dressings 

Biological dressings are made from biomaterials such as collagen, hyaluronic acid, 

chitosan, alginates and elastin that play an important role in the healing process and new tissue 

formation (Boateng et al., 2008). These types of dressings are also referred as bioactive 

dressings because of their biocompatibility and biodegradability and ability to take active part 

in the wound healing process thus making them attractive choices as dressings in wound care. 

Sometimes these dressings are incorporated with biological agents such as growth factors, 

nucleic acids and stem cells for delivery to the wound site (Boateng and Catanzano, 2015). 

Moreover, impregnation of naturally derived agents such as aloe vera, honey, silver, iodine and 

other antimicrobials into the biomaterials make them advanced therapeutic dressings for healing 

chronic wounds effectively (Boateng and Catanzano, 2015).  

Collagen plays an active role in cell signalling that regulates cell anchorage, migration, 

proliferation, differentiation and survival (Moura et al., 2013). Collagen is enzymatically 

biodegradable via collagenase, gelatinase and metalloproteinase (Parenteau et al., 2010). Its 

degradability and water uptake capacity can be further improved by freeze-dried technique 

(Kondo et al., 2012). This polymeric matrix can be medicated by incorporating antimicrobials 

thus serving as a reservoir for drug delivery (Ruszczak et al., 2003). It also acts as a tissue 

engineered skin substitute that accelerate DFUs healing by actively secreting growth factors 

during repair process (Yazdanpanah et al., 2015). Gelatine is a collagen derivative, which has 

been reported for use by the incorporation of growth factors into its polymer matrix, which 

accelerated wound healing capacity in genetically healing impaired diabetic mice model (Kawai 

et al., 2005).  

Hyaluronic acid (HA) is glycosaminoglycan, which is a major component of ECM of 

the connective tissue with hydrophilic, biodegradable, biocompatible properties and possesses 

viscoelastic nature (Boateng et al., 2008). The wound healing properties of HA are associated 

with promoting mesenchymal and epithelial cell migration and differentiation, thus enhancing 

collagen deposition and angiogenesis (Moura et al., 2013). HA is also reported as an essential 

component, which contributes to all phases of chronic wound healing including inflammation, 

granulation tissue formation, and reepithelialisation and remodelling (Anisha et al., 2013). 

Chitosan-HA composite sponge dressing containing silver has been reported to be effective for 

healing of DFUs (Anisha et al., 2013).  In a clinical study, HA impregnated gauze pad showed 

better efficacy in venous leg ulcers than neutral gauze pad (Humbert et al., 2013).  
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Chitosan is a cationic biopolymer composed of glucosamine and N-acetyl glucosamine. 

It is biodegradable, biocompatible, non-antigenic, non-toxic, bioadhesive and antimicrobial 

with haemostatic properties (Moura et al., 2013). Chitosan based dressings have been reported 

as effective in healing DFUs in many clinical studies (Wang et al., 2008; Ben-shalom et al., 

2008; Zhang et al., 2011; Lee et al., 2012).  

Alginate dressings are made from the sodium and calcium salts of alginic acid found in 

a family of brown seaweed (Phaeophyceae) (Jones et al., 2006). These dressings accelerate 

wound healing by activating macrophages to produce TNF-α which induces angiogenesis 

(Dhivya et al., 2015). It has good physicochemical properties in terms of mucoadhesivity, 

absorbency and biocompatibility (Moura et al., 2013). Therefore, the dressings can be used in 

highly exuding wounds such as DFUs. In the wound bed it exchanges ions (sodium ions) present 

in the exudates and form hydrophilic gels, which cover the ulcers and provides moist 

environment, and promotes granulation and epithelialization. The dressings also facilitate 

haemostasis by exchanging calcium ions with sodium ions present in the fluid (Skorkowska et 

al., 2013). These dressings have some antimicrobial activity against pathogenic 

microorganisms present in DFUs such as S. aureus, P. aeruginosa, S. pyogenes and Bacteroides 

fragilis (Hilton et al., 2004).  

1.5.5 Systemic antibiotic therapies 

It has been reported that about 40-60% of diabetic patients treated for foot ulcers receive 

antibiotic therapy (Lipsky, 2007). The therapy only targets infection of chronic wounds 

especially in DFI. Selection of appropriate antibiotics depends on the following factors (Bader 

and Alavi, 2014; Lipsky, 2007): 

i. Clinical severity and extent of the infection 

ii. The risk factors for resistant organisms  

iii. The recent use of antibiotic and its outcome 

iv. Susceptibility test of isolated organisms 

v. Vascular condition at infected site 

vi. Drug allergy of patients and drug interactions 

vii. Physiological conditions such as kidney and liver disease, and gastrointestinal 

absorption impairment 

viii. Frequency of administration and cost  

ix. Patient preferences 
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x. Published efficacy data   

The route of administration and duration of treatment also depend on the above factors. 

Systemic antibiotics are used to reduce wound bioburden and the treatment regimens of DFI 

by systemic antibiotics are summarized in Table A1.2 (Chapter 8). 

1.5.6 Advanced physical therapies 

1.5.6.1 Oxygen associated therapies 

Oxygenation is a major factor that affects wound healing especially in DFUs, because 

of poor blood circulation that prevents oxygen transportation to the healing cells. Systemic 

hyperbaric oxygen therapy (HBOT) is a prominent advanced therapy in the treatment of non-

healing DFUs that increases oxygen saturation of plasma thus improving wound tissue hypoxia, 

enhances perfusion, reduces oedema by promoting fluid absorption into the venous system, 

down regulates inflammatory cytokines, and promotes fibroblast proliferation, collagen 

synthesis and angiogenesis (Boateng et al., 2008; Yazdanpanah et al., 2015). This therapy 

reduces the major risk of amputation in DFUs and promotes long-term wound improvement 

(OʼLoughlin et al., 2010). HBOT is used in Wanger Grade 3 diabetic wounds if the standard 

treatment fails within 30 days (Farzamfar et al., 2013).  

Topical wound oxygen therapy is an alternative way of inducing oxygen, where 100 % 

humidified; pressurized oxygen is directly applied to the ischemic ulcers and has been shown 

to be effective for wound healing (Blackman et al., 2010). However, the HBOT is practiced in 

only a small number of patients because of high cost and is also time consuming. In recent 

years, the oxygen is incorporated into the dressings, which makes the therapy more portable, 

cost effective and effective in rapid healing. OxyzymeTM (Crawford healthcare Ltd, Knutsford 

UK) is an oxygen loaded double layered hydrogel dressing that allows oxygen transportation 

to the wound bed by acting as a form of molecular pump (Brimson and Nigam, 2012). In a 

multinational case study, 100 patients with different chronic ulcers: VLUs (39), arterial (14), 

DFUs (13), pressure (13) and mixed (21) were treated with OxyzymeTM. The study revealed 

that, 10% wounds healed completely (VLUs: 7%, mixed: 3%), 63% improved (VLUs: 22%, 

mixed: 11%, arterial ulcers: 11%, DFUs: 10%  and pressure ulcers: 9%,) 16% remained static 

(VLUs: 6%, mixed: 4%, arterial ulcers: 1%, DFUs: 2%  and pressure ulcers: 3%),  whilst 11% 

(VLUs: 4%, mixed: 3%, arterial ulcers: 2%, DFUs: 1%  and pressure ulcers: 1%) deteriorated 

(-h et al., 2009). OxyBand® (OxyBand Technologies Inc, St Louis Missouri, US) and 
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Oxygenesys® (Halyard Health Inc, Alpharreta Georgia) are also oxygen loaded hydrocolloid 

and foam dressings respectively (Boateng and Catanzano, 2015).  

1.5.6.2 Negative pressure therapies 

Negative pressure therapy (NPT) is widely used in treating about 300 million acute 

wounds annually (Boateng and Catanzano, 2015). The system uses a controlled, localized 

negative pressure through a latex-free and sterile polyurethane or polyvinyl alcohol foam 

dressing. The negative pressure takes out fluid from wound bed and enhances blood circulation 

to the infected area. Therefore, it decreases microbial load, increases new blood vessel 

formation and cellular proliferation, and promotes oxygenation (Yazdanpanah et al., 2015). 

NPT is used in Wanger Grade 3 DFUs without ischemia, to prevent amputation or re-

amputation and to promote healing by secondary intention (Kevin et al., 2013). It has been 

reported that the rate of secondary amputation was lower in DFUs after NPT (4.1%) as 

compared to moist wound care (10.2%) (Pendse, 2010). However, treatment costs and further 

clinical evidence is required to authenticate the use of NPT in regular clinical practice. 

1.5.6.3 Electrophysical therapies 

Electrophysical (EP) therapies include electrical stimulation (ES), pulsed 

electromagnetic field (PEMF) and low-level laser (LLL) therapy (Boateng and Catanzano, 

2015).  

Inducing ES promotes wound healing by initiating cell migration including 

keratinocytes, macrophages, neutrophils and fibroblasts through various signalling mechanisms 

(Kevin et al., 2013). ES also improves blood flow and reduces the risk of infection in DFUs. In 

a clinical trial, it was reported that the healing rate of DFUs was higher in the ES group 

(52.68%) who received direct-current cathodal stimulation to the wound compared to placebo 

group (38.39%) who received zero-intensity electrical stimulation (Asadi et al., 2015). It could 

be a potential advanced therapy for the treatment of DFUs in terms of cost, safety and portability 

(Yazdanpanah et al., 2015). In review studies, PEMF has been reported effective in healing of 

venous leg ulcers (Aziz et al., 2013; Ravaghi et al., 2006). Clinical and animal studies have 

been undertaken on healing chronic wounds (diabetic stump wounds and DFUs) and it is 

reported effective therapy in wound healing by promoting angiogenesis, preventing tissue 

necrosis and accelerating wound closure (Isakov et al., 1996; Callaghan et al., 2008).  In a pilot 

study it was demonstrated that PEMF therapy is successful in healing DFUs by decreasing 
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wound size by 18% in the active PEMF group compared with a 10% decrease in the control 

group. It also demonstrated the increment of cutaneous capillary blood velocity (by 28%) and 

capillary diameter (by 14%) to promote wound healing and improve microcirculation (Kwan et 

al., 2015). LLL therapy is not an established therapy in treating DFUs. However, many in vivo, 

animal and cell studies suggest that it could be a promising treatment option for DFUs (Minatel 

et al., 2009; Kaviani et al., 2011; Jagar et al., 2012; Landau et al., 2011). LLL therapy works 

through stimulating molecules and atoms of the body cells by applying light energy to the 

treatment area from a certain distance (Karu, 1989). Different wavelengths with different depths 

of penetration are used in this therapy. Red (685 nm) laser has the highest depth of penetration 

and yellow has the lower depth of penetration than green, blue (405 nm) and violet (Beckmann 

et al., 2014). However, infrared and near infrared light (over 700-1000 nm) have shown deeper 

penetration than red light (Litscher et al., 2004). Blue light has a bactericidal effect on the tissue 

surface. Cell studies on human keratinocytes, fibroblasts and endothelial cells have been 

demonstrated to be effective for wound healing with near infrared light (Houreld and 

Abrahamse, 2010; Danno et al., 2001). In these studies, it was revealed that after treatment with 

laser therapy (with near infrared radiation) the production of TGF-β1 and MMPs-2 (gelatinase) 

was increased which accelerates wound closure. In chronic wounds, MMPs-2 play a 

surveillance role in the skin such as control of collagen homeostasis in the tissue resulting in 

remodelling of scare tissue (Agren, 1994). Morever, MMPs can degrade damaged ECM 

components which clear wound bed and hence, facilitating interaction between new-born 

collagen and healthy ECM at the wound edge thus promotes migration of immune cells through 

uninjured tissue into the wound bed (Rohl and Murray, 2013).  

1.6 Need for developing antimicrobial dressings in place of systemic treatment 

The delivery of antibiotics through dressings directly to the wound sites may be preferred 

to the systemic administration because dressings require lower antibiotic dose. Therefore, it has 

great advantages of avoiding systemic side effects, interference with wound healing and 

inducing drug resistance (Lipsky et al., 2008). Zubair et al. performed an interesting clinical 

study on bacteria isolated from DFUs patients and their resistance to different classes of drugs. 

They reported that penicillin group exhibited the highest drug resistance (73.5%) followed by 

cephalosporin group (54%), quinolones and fluroquinolones (52.8%), aminoglycosides group 

(38.5%), beta lactam inhibitors (32.2%) and carbapenems (18.4%) (Zubair et al., 2011b). 

Serious adverse effects of systemically administered antibiotics have been reported in many 

clinical studies of DFI as summarized in Table 1.6.  
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Table 1.6 List of antibiotics reported in clinical studies of DFI. 

Drugs Route of 

administration 

Adverse effects Reference 

Clindamycin Oral  Erythema, pain/tenderness 

and purulent drainage and 

mild diarrhoea   

Lipsky et al., 

1990 

Linezolid IV and oral Thrombocytopenia, rash, 

anaphylaxis and phlebitis   

Lipsky et al., 

2004b 

Cefoxitin IV Mild eosinophilia, 

eosinophiluria, hematuria, 

leukocyturia, rashes and 

amputations  

File and Tan, 

1983; Fierer et 

al., 1979 

Cephalexin Oral Mild nausea and diarrhoea  Lipsky et al., 

1990 

Ciprofloxacin Oral and iv  Nausea, vomiting and 

required amputation therapy  

Peterson et al., 

1989 

Ofloxacin  Oral and iv headache, dizziness, 

anxiety, insomnia, 

heartburn, nausea and/or 

vomiting, gastroenteritis, 

dyspepsia, constipation, 

tender sinuses and fever 

Lipsky et al., 

1997 

Amphicillin/sulbactam 

Amoxicillin/clavulanate 

Oral and iv Headache, anxiety, mood 

swings, nausea, vomiting, 

diarrhoea, rash, phlebitis, 

thrush and pruritus 

Lipsky et al., 

1997; Grayson et 

al., 1994 

Daptomycin IV Nausea, vomiting, 

vaginosis, arrhythmia, 

diarrhoea, dermatitis, 

increased creatinine and 

creatine 

Lipsky and 

Stoutenburgh, 

2005 
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In addition, poor blood circulation at the extremities in DFUs makes systemic antibiotic therapy 

ineffective.  A final concern is manufacturing cost, with the manufacturing cost of IV or oral 

products being higher than dressings. The above limitations of systemic antibiotic therapy have 

resulted in the need for developing antimicrobial dressings for improving wound healing in 

infected DFUs.   

1.7 Materials and drugs used in this study 

1.7.1 Calcium alginate 

Calcium alginate (CA), a calcium salt of alginic acid, consists of alternating sequences 

of β-(1-4) D-mannuronic acid (M-blocks) and α-(1-4) L-guluronic acid (G-blocks) (Figure 

1.5). The proportional distribution of the blocks depends on the origin and the part of the 

seaweed used (Malafaya et al., 2007) with the mannuronic and guluronic acid residues adopting 

different conformational structures. It has been found by conformational analysis that the di-

equatorial mannuronic acid residues in M-block exhibit flat ribbon-like chain conformation 

whilst the di-axially linked guluronic acid residues in G-block show rigid structures (Daemi 

and Barikani, 2012).  

 

Figure 1.5 “Egg box” model of calcium alginate (adapted from Sharma et al, 2016). 

Calcium alginate has been widely used in highly exuding wounds such as DFUs, pressure ulcers 

and leg ulcers due to its haemostatic properties. It exchanges calcium ions with sodium ions 

present in the blood (wound exudate) and this stimulates growth factors including platelet-
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derived growth factors and cytokines, which play a vital role in cell recruitment and 

extracellular matrix deposition (Taskin et al., 2013). It has been reported as biocompatible, 

bioadhesive, high water absorption capacity, potential carrier for controlled drug release and 

non-toxic to cells (Shilpa et al., 2003; Lloyd et al., 1989). In vitro wound healing capacity test 

of calcium alginate based nano fiber bandage in rat model confirmed it as an excellent dressing 

material (Tarun and Gobi, 2012). 

1.7.2 Plasticizer 

According to the council of the International Union of Pure and Applied Chemistry 

(IUPAC) plasticizer is defined as “a substance or material incorporated in a material (usually a 

plastic or elastomer) to increase its flexibility, workability, or distensibility” (Vieira et al., 

2011). The functional property of plasticizer is to facilitate the flexibility and processability of 

polymers by reducing the glass transition temperature (Tg). This is because, reduction of Tg of 

polymer increases mobility of the polymeric chain. Therefore, intermolecular force between the 

polymer chains is decreased resulting in polymer matrix flexibility. Plasticizers are normally 

non-volatile, high boiling, low molecular weight compounds added to polymers to reduce 

deformation tension, hardness, density, viscosity and electrostatic charge as well as to increase 

flexibility of polymer chain, resistance to fracture and dielectric constant (Vieira et al., 2011). 

The purpose of adding plasticizers into the polymeric gel is to get improved mechanical 

properties of films by reducing tensile strength and Young’s modulus (Elastic modulus) and 

increasing elongation, toughness and resistance to cracking (Lim and Hoag, 2013). Other 

physicochemical properties of polymeric films, such as crystallinity, opacity, biological 

degradability, swelling capacity and adhesion, are also affected by plasticizer (Vieira et al., 

2011). However, the above physicochemical properties of films depend on the concentration of 

plasticizer and its biocompatibility with the polymer. A low concentration of plasticizer results 

in increasing rigidity of the polymer instead of softening effect whilst high amounts of 

plasticizer affects the biocompatibility of polymer resulting in phase separation with leaching 

effect (Vieira et al., 2011; Chamarthy and Pinal, 2008).    
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Figure 1.6 Chemical structure of glycerol. 

Glycerol (GLY) is noted as a good plasticizer for polymeric films in several studies as it 

produces transparent, flexible, uniform, durable and elastic films (Momoh et al., 2015; Boateng 

et al., 2009; Puoci et al., 2012). GLY is a hydrophilic compound that contains three hydroxyl 

groups (Figure 1.6) which increases solubility in water and moisture content. The hydrophilic 

nature increases permeability, sorption capacity and the mobility of the polymers, which 

prevent the recrystallization and increase the film flexibility. GLY has been shown compatible 

with many polymers such as carrageenan, amylose, chitosan, carboxymethyl cellulose (CMC), 

hydroxypropyl methycellulose (HPMC), alginates and polyox (Momoh et al., 2015; Boateng et 

al., 2009; Vieira et al., 2011) 

1.7.3 Model drugs 

1.7.3.1 Ciprofloxacin 

Ciprofloxacin (CIP), a second-generation fluoroquinolone derivative, has been shown 

to be highly effective against both Gram positive and Gram negative bacteria both of which are 

commonly found in infected wounds. The chemical structure of CIP (Figure 1.7) is 1-

cyclopropyl-6-fluoro-4-oxo-7-(piperazin-1-yl)-1,4-dihydroquinoline-3-carboxylic acid with 

the 6-fluoro substituent being responsible for antibacterial activity. In addition, 7-piperazino 

group found to be responsible for inhibiting Pseudomonas where the cyclopropyl substituent 

contributes the CIP’s high antibacterial activity.  

 

Figure 1.7 Chemical structure of ciprofloxacin. 
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The bactericidal effect of CIP is associated with the inhibition of topoisomerase II (DNA 

gyrase) and topoisomerase IV, which are responsible for ATP-dependent negative supercoiling 

of bacterial DNA replication, transcription, repair and recombination (LeBel, 1988). It is now 

widely used in the treatment of chronic wounds because of its low minimum inhibitory 

concentration (MIC) (Jannesari et al., 2011; Okoye and Okolie, 2015; Puoci et al., 2012). The 

MIC for CIP is reported in the literature for E. coli, S. aureus and P. aeruginosa as 0.015 µg/ml, 

0.5 µg/ml and 0.25 µg/ml respectively (Andrews, 2001).  

1.7.3.2 Fluconazole 

Fluconazole (FLU) is a synthetic triazole derivative antifungal agent that is effective 

against a wide range of systemic and superficial fungal infections. The structural formula of 

FLU is 2-(2,4-Difluorophenyl)-1,3-bis(1H-1,2,4-triazol-1-yl) propan-2-ol (Figure 1.8) 

(Oliveira et al., 2015). FLU acts by inhibiting 14-α demethylase, a cytochrome P-450 enzyme 

which catalyses the conversion of ergosterol from lanosterol. However, ergosterol is an 

essential component of the fungal cell membrane and depletion of its synthesis results in 

increased cellular permeability causing leakage of cellular contents (Ghannoum and Rice, 

1999). FLU is highly effective against Candida spp. such as C. albicans, C. parapsilosis, and 

C. Tropicana, which are the main causative agents for DFUs (Cordeiro et al., 2013; Missoni et 

al., 2006). FLU has desirable pharmacological properties including a relatively long half-life 

of 30 h, renal excretion of over 80% of the unchanged drug, 12% binding plasma protein, ability 

to be administered either orally or parenterally, and over 90% oral bioavailability (Oliveira et 

al., 2015).  

 

Figure 1.8 Chemical structure of fluconazole. 
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1.8 Hypothesis, aims and objectives 

 As discussed above, mixed infection is one of the major risk factors, which impairs 

healing of chronic DFUs. Management of mixed infections in DFUs is not well studied. Current 

treatment is mostly based on the systemic delivery of antibacterial and antifungal drugs. 

However, recently developed dressings target only either bacterial or fungal infection. The 

hypothesis for this research project is that CA based films and wafers can simultaneously 

deliver antibacterial (CIP) and and antifungal (FLU) drugs for effective healing of mixed 

infected DFUs. 

 Therefore, the project aims to develop, formulate, characterize and optimize advanced 

therapeutic (medicated) dressings containing broad spectrum antibacterial and antifungal drugs 

to target mixed infections in DFUs. The dressings will be manufactured by solvent cast and 

freeze-drying technique. The optimum amount of antibacterial and antifungal drug will be 

incorporated into the formulations separately and combined to eradicate bacterial and fungal 

load, and mixed infections in a diabetic foot.     

The key objectives are as follows: 

1. Pre-formulation and physicochemical studies of model antibacterial and 

antifungal drug, and polymer: This will be undertaken to identify and characterize 

physico-chemical compatibility of the two model drugs with CA polymeric 

excipient. Further studies will be performed to develop stable and biodegradable CA 

based films and wafers to deliver CIP and FLU simultaneously for healing of 

chronic DFUs. 

 

2.  Formulation development: CA based dressings will be prepared with different 

amounts of GLY as plasticizer to optimize films by solvent casting method while 

unplasticized gels will be freeze-dried to obtain wafer. 

 

3. Characterization of the formulations: The dressings will be physically 

characterized by SEM, XRD, FTIR and texture analysis (for mechanical properties 

and in-vitro adhesion). The dressings will be further characterized for functional 

properties for porosity, water absorption (Aw), equilibrium water content (EWC), 

swelling index, water vapour transmission rate (WVTR), evaporative water loss 

(EWL), moisture content and in vitro drug release studies. 
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4. Biological testing the optimized formulations targeting chronic diabetic foot 

ulcer: Initially, in vitro antibacterial and antifungal inhibition assays will be carried 

out separately to test the release of the drugs from the proposed dressings and in 

enough quantities to inhibit or kill both common wound bacteria and fungi. In 

antibacterial assay the dressings will be tested against causative microbes commonly 

found in infected chronic wounds i.e. E. coli, S. aureus and P. aeruginosa followed 

by C. albicans in antifungal assay. After that, C. albicans will be cultured with either 

E. coli, and/or P. aeruginosa and/or S. aureus to represent mixed infection and there 

after the optimized dressings will be tested. 

- In vitro cell viability (MTT assay) and migration study (wound healing scratch 

assay) of the final optimized dressings will be investigated to elucidate the wound 

healing action.  

5. The fluid (exudate) handling and biological properties (antimicrobial, cell viability 

and migration) of the dressings will be compared with commercial CA based 

antimicrobial dressings currently available on the market. 
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CHAPTER 2: FORMULATION DEVELOPMENT AND PHYSICO-

CHEMICAL CHARACTERIZATION OF CALCIUM 

ALGINATE BASED DRESSINGS 

2.1 Introduction 

Chronic wounds arise from tissue injuries or disruption to anatomical structures that do not 

heal within 12 weeks. They are associated with predisposing factors that might disturb the 

balance between wound bioburden and the patient’s immune system or hinder the wound 

healing cycle (Sarheed et al., 2016). The incidence of chronic wounds including diabetic foot 

ulcers (DFUs), leg ulcers, pressure ulcers, venous ulcers, arterial ulcers and trauma, has 

increased dramatically in recent years and the development of more effective therapies have 

lagged behind this increase. The estimated prevalence of diabetes in the United Kingdom for 

2015 was 4.5 million and estimated to rise to 5 million by 2025 (Diabetes UK, 2016) with about 

12 to 25% of diabetic patients affected by DFUs during their lifetime (Ravichandra and Chitti, 

2015). DFUs are caused by ischaemia, neuropathy and infection and are one of the most 

common causes of morbidity with high risk of lower extremity amputation (Singh et al., 2005).  

 Natural and synthetic polymers are widely used in chronic leg and DFUs (Moura et al., 

2013) and play multiple roles in wound healing (Moura et al., 2013; Sood et al., 2014). Alginate 

based dressing is one of the most studied and applied in DFUs. Alginate is highly 

biocompatible, with low toxicity and good mucoadhesive characteristics (Lee and Mooney, 

2012). Calcium alginate (CA) is highly efficient to absorb wound exudates, hence facilitating 

debridement and promoting wound healing in DFUs (Tarun and Gobi, 2012).  

 Wound dressings are one of the most practical ways of treating DFUs. There are several 

types of dressings available on the market for the treatment of DFUs. However, films and 

wafers are one of the most commonly used therapeutic dressings amongst all due to some 

distinct advantages in terms of physico-chemical and wound healing properties as well as 

relatively cheaper costs. Solvent casting and lyophilisation techniques have been used to 

prepare films and wafers respectively (Boateng et al., 2010). Though films can also be prepared 

by hot melt extrusion method, this technique is limited due to high temperature required which 

can cause thermal degradation of labile film ingredients (Morales and McConville, 2011). 

Lyophilized wafers have the unique advantage of being highly porous which enables them to 

absorb more exudate from highly exuding wound and high drug loading as compared to films 

(Sarheed et al., 2016; Boateng et al., 2009). 
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 In this research, ciprofloxacin (CIP), has been used a model antibacterial drug. CIP is a 

second-generation fluoroquinolone derivative, which has been shown to be highly effective 

against Gram positive and Gram negative bacteria both of which are commonly found in 

infected wounds. Due to its low minimum inhibitory concentration (MIC), it has become a 

promising drug to incorporate into polymeric dressings for the potential treatment of chronic 

wounds (Puoci et al., 2012; Jannesari et al., 2011; Okoye and Okolie, 2015; Kataria et al., 2014; 

Ozturk et al., 2006; Roy et al., 2015; TVL et al., 2010; Shi et al., 2015). Antibiotic loaded 

dressings have the advantages of avoiding systemic side effects and interference with wound 

healing as well as reducing incidents of drug resistance (Lipsky et al., 2008). Serious adverse 

effects of systemically administered CIP have been reported (Beberok et al., 2011), which 

creates the need to develop CIP loaded dressings as an alternative way for healing of DFUs. 

Furthermore fluconazole (FLU) has been used as a model antifungal drug to evaluate the 

efficacy of the delivery systems. FLU has advantages of retaining extended half-life, low 

molecular weight and protein binding, and high level of penetration ability (Karthikeyan et al., 

2015). FLU is reported to be effective against Candida infection in DFUs (Missoni et al., 2005). 

FLU was also prescribed (300 mg once a week for 6 month) in the treatment of onychomycosis 

in diabetes (Winston and Miller, 2006). However, FLU loaded dressings have not been well 

established in chronic wound healing. In a study FLU loaded Eudragit nanofiber dressing 

demonstrated effectiveness in inhibiting fungal growth (Karthikeyan et al., 2015). Therefore, 

in this study FLU loaded dressings have been developed for effecting healing of DFUs.    

 This chapter describes the formulation development and evaluation of the physico-

chemical characteristics of therapeutic CA based solvent cast films and lyophilized wafers that 

will deliver therapeutically relevant doses of broad-spectrum antibiotic (CIP) and antifungal 

(FLU) drugs directly to the wound site of infected DFUs. The films were initially plasticized 

with different amount of glycerol (GLY) to achieve ideal physical properties for drug loading. 

Further, the formulated films and wafers were physically characterized by scanning electron 

microscopy (SEM), X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR) 

and texture analysis (for mechanical properties and in-vitro adhesion). The purpose of these 

physico-chemical studies was to understand the drug polymer interaction and compatibility.  
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2.2 Materials  

 Calcium alginate (mannurronic acid: guluronic acid (59:41), molecular weight: 398.32 

g/mol) [CA, (lot number: BCBM8132V)], Ciprofloxacin (lot number: LRAA6508), 

Fluconazole (lot number: LRAA6502) and tris(hydroxymethyl)aminomethane (lot number: 

SLBH9329V) were purchased from Sigma-Aldrich (Gillingham, UK). Sodium carbonate (lot 

number: 1546575), sodium chloride (lot number: 1560652), bovine serum albumin [BSA, (lot 

number: 1158022)], hydrochloric acid [HCl, (lot number: 1480980)], ethanol (batch number: 

0933421) and glycerol [batch number: 1340773] were ordered from Fisher Scientific 

(Loughborough, UK). 

 

2.3  Methods 

 

2.3.1 Preliminary formulation development of blank plasticized and unplasticized films 

 

CA was used as a starting material due to its haemostatic effect. It exchanges calcium 

ions with sodium ions present in the blood (wound exudate) and this stimulates growth factors 

including platelet-derived growth factors and cytokines, which play a vital role in cell 

recruitment and extracellular matrix deposition (Taskin et al., 2013). Morever, antibacterial 

activity of CA (Shilpa et al., 2003; Tarun and Gobi, 2012; Hilton et al., 2004) make it an ideal 

choice for formulating an advanced medicated dressing for treating DFUs. CA is water 

insoluble but dissolved in sodium carbonate solution (Tarun and Gobi, 2012). The chemistry 

behind this is that CA forms a gel via ion exchange method. During formulation, calcium ions 

present in β-D mannuronic acid (M block) of CA exchange with the sodium ions of the sodium 

carbonate thus form sodium alginate and calcium carbonate as a biproduct. The advantage of 

this method is that the residual calcium carbonate also has haemostatic effect in the early stage 

of wound healing (Lansdown, 2002). Calcium ions act as a clotting factor (factor IV) which 

induces synthesis and release of other clotting factors (VII, IX and X) and catalyse the 

conversion of prothrombin to thrombin resulting in platelet formation (Lansdown, 2002). 

Moreover, influx of calcium ions into the cells regulate inflammatory cell filtration, fibroblast 

proliferation and keratinocyte migration (Kawai et al., 2011). Furthermore, antibacterial 

activity of calcium carbonate has also been reported (Ataee et al., 2011). Therefore, the 

presence of some amount of residual calcium carbonate will be expected to play a partial role 

in closure of DFUs.  
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Initially, different (0.5-2.5% w/w) aqueous gels of CA were prepared to determine 

suitable concentration of gels for further formulation development. Selection of suitable gel 

concentration of CA was based on the gel uniformity, transparency, lump formation of 

undissolved polymer, ease of pouring and air entrapment (Boateng et al., 2009). The gels were 

prepared by adding the CA powder slowly and stirring on a magnetic stirrer at 50 ºC to assist 

complete dissolution. 20 g of the resulting gels were poured into Petri dish (86 mm diameter) 

as a casting container and dried in a fan oven at 30 ºC for18 h to obtain films. These films were 

checked visually for morphological defects. 

 Based on initial observations, different 1% w/w gels were prepared by dissolving CA 

in different concentrations (0.005-0.028 M) of sodium carbonate solutions. Furthermore, 

different amounts of GLY based on the total polymer weight (w/w) were added to the 1% 

w/w gels to prepare plasticized film dressings as summarized in Table 2.1. 

Table 2.1 Composition of CA and GLY (amounts based on total dry weight) in gels used 

for plasticized film dressings.  

CA (g) GLY (g) Total weight (g) GLY content in final film (%) 

1.00 0.00 1.00 0.00 

1.00 0.10 1.10 9.09 

1.00 0.25 1.25 20.00 

1.00 0.50 1.50 33.33 

1.00 0.75 1.75 42.86 

1.00 1.00 2.00 50.00 

 

2.3.2 Preparation of drug loaded (DL) films 

Based on preliminary observation of the films prepared in Table 2.1, drugs were loaded 

into the optimized film containing 33.33% (w/w) GLY. CIP was dissolved in 0.014 M sodium 

carbonate solution at a concentration of 0.25 mg/ml (w/v) and FLU was dissolved in ethanol at 

the concentration of 50 mg/ml (w/v) as stock solutions respectively. Different volumes of the 

stock drug solutions were added to the plasticized gels (CA-33.33% GLY) to achieve drug 
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concentrations of 0.005, 0.010 and 0.025% w/v for CIP and 0.05, 0.10 and 0.20% w/v for FLU 

respectively in the gels. To prepare combined DL (CIP and FLU) films, the drugs were mixed 

at the ratio of 1:10 and 1:20 (CIP: FLU). To obtain the plasticized DL films, GLY was dissolved 

in sodium carbonate solution by stirring at 50 ºC for 10 min and then solutions of the drug were 

added to the hot solution with continuous stirring. After that, CA powder was added in tiny 

amounts to avoid lump formation with continuous stirring at 50 ºC for 3 h. Finally, 20 g of 

resulting gels were poured into Petri dish and oven dried at 30 ºC for 18 h. Figure 2.1 illustrates 

the preparation of BLK and DL films by solvent cast method. All dried films were wrapped 

with parafilm and kept in a desiccator until required. 

 

 

Figure 2.1 Schematic representation of preparation of solvent cast polymeric films (BLK 

and DL).   

 

2.3.3 Preparation of polymer gels for lyophilized wafers 

The blank (BLK) polymeric gels comprising of CA (0.5 - 2% w/w) were prepared by 

adding the polymer powder in tiny amounts into the vortex of a vigorously stirred 0.014 M 

sodium carbonate solution at 50 ºC to avoid lump formation. In the case of CIP loaded gels, 

stock solution of CIP was initially prepared at the concentration of 20 mg/ml in 0.1 N 

hydrochloric (HCl) solution. The stock solution was further diluted with 0.014 M sodium 

carbonate to achieve working stock solution at a concentration of 1 mg/ml.  On the other hand, 

same stock solution of FLU as previously prepared for films was used for the FLU loaded 

wafers. Different volumes of working stock of CIP were added to the BLK gels (1% w/w) to 
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achieve drug concentrations of 0.0001-0.0400% w/v in the gel. For FLU loaded wafers, the 

drug concentrations of 0.05-0.40% w/v were obtained in the gel. Wafers formulated with 

combined drugs were prepared by adding both drugs (CIP and FLU) at the ratio of 1:10, 1:20 

and 1:30 (CIP: FLU) into the BLK gels. 

 

2.3.4  Preparation of lyophilized wafers 

The lyophilized wafers were prepared by the freeze-drying technique illustrated in 

Figure 2.2 (a). Each of formulated gel (1 g per well) was poured into 24 well plates (diameter 

15.6 mm) (Corning® Costar® cell culture plates; Sigma-Aldrich) and freeze-dried using a Virtis 

Advantage XL 70 freeze dryer (Biopharma Process Systems, Winchester, UK) in automatic 

mode.  Previously reported lyophilisation cycle with slight modification was adapted to prepare 

wafers (Pawar et al., 2014) (illustrated in Figure 2.2 b). In brief, the samples were cooled to -

5 ºC from room temperature for 1 h, and further frozen at -50 ºC for 8 h (at 200 mTorr). The 

frozen samples were then primary dried to -25 ºC (at 50 mTorr) in a sequence of thermal ramps 

for 24 h, followed by secondary drying at 20 ºC (at 10 mTorr) for 7 h. 

 

Figure 2.2 (a) Illustration of the preparation of lyophilized wafers (BLK and DL). 
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Figure 2.2 (b) Graphical representation of freeze drying cycle used for the preparation of BLK 

and DL wafers.  

2.3.5  Scanning electron microscopy (SEM) 

 

SEM was used to analyse the surface morphology of the dressings (films and wafers) 

using a Hitachi SU 8030 (Hitachi High-Technologies, Germany) scanning electron microscope 

at low accelerating voltage (10 KV). The dressings were cut into small pieces and attached to 

aluminium stubs (15 mm diameter), with the help of double-sided adhesive carbon tape (Agar 

Scientific G3357N). After that, samples were either chromium or gold sputter coated before 

visualization in the microscope. The images of films and wafers were captured at working 

distances between 8.1 mm to 21.4 mm at a magnification of x200 and x6000 respectively using 

i-scan 2000 software. 

2.3.6 X-ray diffraction (XRD) 

XRD was used to investigate the physical form (amorphous or crystalline) of the pure 

drugs, polymer and the BLK and DL dressings. The films were cut into the appropriate shape 

to cover the round tiles of the holder and tightly attached to the sample cells with the help of 

transparent plastic cling film. In case of wafers, samples were compressed with a glass slide 

before attaching to the sample cells. The experiment was performed using a D8 Advance X-ray 

diffractometer (Bruker, Germany) instrument in transmission mode. The instrument was set at 
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a voltage and current of 40 KV and 40 mA respectively with a primary solar slit of 4o and a 

secondary solar slit of 2.5º whereas the exit slit was 0.6mm. Lynx Eye silicon strip position 

sensitive detector was set with an opening of 3º and the Lynx Iris was set at 6.5mm. The samples 

were scanned between 5-50º 2 theta at a rotation speed of 15 rpm. The step size was 0.02º and 

counting time was 0.1 s per step. The percentage crystallinity of the dressings was computed 

by EVA software in which a background was selected which represented air and incoherent 

scatter. The curvature value was adjusted without cutting into the crystalline peaks and 

appended to get only crystalline contribution to the scatter. After that, an area region was 

selected which covered all the crystalline peaks. The percent crystallinity was calculated from 

the ratio beween the values of intensities of amorphus and cryatalline contribution, and the 

value of intesities of crystalline only contribution respectively.  

2.3.7 Attenuated total reflectance Fourier transform infrared spectroscopy (ATR-

FTIR) 

FTIR spectra of pure drugs, polymer and BLK and DL dressings were obtained by a 

Spectrum Two Perkin Elmer spectrophotometer (Perkin Elmer, USA) equipped with a crystal 

diamond universal attenuated total reflectance (UATR) sampling accessory. The ATR crystal, 

plate and the metal tip were carefully cleaned using tissue paper and isopropanol before each 

run. The background spectrum was recorded for calibration before starting the experiments. 

The samples were placed onto the plate to just cover the crystal, followed by turning the metal 

tip close to the plate. With the metal tip touching the samples, the force gauge was adjusted to 

reduce the noise of the peaks. The spectra were recorded at a resolution of 4 cm-1 with 4 scans 

per spectrum using a wavenumber range of 650-4000 cm-1.  

2.3.8 Texture analysis 

2.3.8.1 Mechanical (tensile) properties of films 

Tensile strength, Young’s modulus and percent elongation at break of solvent cast films 

were measured with a TA HD Texture analyser (Stable Microsystem Ltd., Surrey, UK) fitted 

with a 5 kg load cell and Texture Exponent 32 software program to plot and display data. The 

films (n = 3), free of any physical defects (cracks, tears, stickiness and patches) were cut in the 

shape of a dumb-bell (80 mm long, 30 mm gauge length and 3.5 mm width) and average 

thickness was measured prior to testing. The mechanical analysis was performed by stretching 

between two tensile grips at a test speed (stretching rate) of 0.10 mm/sec with a maximum 

trigger force 0.05 N to determine the maximum tensile strength for each matrix. The pre-test 
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and post-test speeds were set at 1.00 mm/sec and 10.00 mm/sec respectively. The texture 

analyser was run in tension mode with maximum extension of 50 mm. Initially, the test was 

carried out on the BLK films (non-DL) containing different percentages of plasticizer (CA-

9.09% GLY, CA-20.00% GLY, CA-33.33% GLY, CA-42.86% GLY and CA-50.00% GLY) to 

define the optimum mechanical properties for drug loading (Boateng et al., 2013a). Later, DL 

films were tested to determine the effect of drug loading on the films. The tensile strength, 

Young’s modulus and elongation at break were calculated using equations 1.1, 1.2 and 1.3 

(Momoh et al., 2015)  

Tensile strength (N mm2⁄ ) =
Force at break (N)

Initial cross sectional area  (mm2)
        (Equation 1.1) 

Young′s modulus (MPa) =
Slope

Film thickness (mm) x cross−head speed (mm s⁄ ) 
   (Equation 1.2) 

Elongation at break (%) =
Increase in length (mm) at break

Initial film length (mm)
 x 100           (Equation 1.3) 

 

2.3.8.2   Mechanical hardness of wafers 

The hardness (resistance to compressive deformation and ease of recovery) of the wafers 

was investigated using the same texture analyser and software program mentioned above. The 

average thickness (5-6 mm) of the wafers measured by a digital Vernier calliper electronic 

micrometre gauge (one in the middle and four edges) were entered into the software before 

compression. The instrument was set to compression mode and height of the 6 mm diameter 

(p/6) cylindrical stainless-steel probe above the stage calibrated prior to compression. Three 

different wafers of each formulation (n = 3) were compressed by the probe at three different 

locations, on both sides of the wafers using a trigger force of 0.001 N, to a depth of 2 mm, at a 

speed of 1 mm/sec, with a 10 mm return distance (Pawar et al., 2014). The BLK and DL wafers 

were evaluated to determine the effect of increasing drug content on flexibility to select 

optimum drug loading.   
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2.3.8.3  In-vitro adhesion studies 

 In-vitro adhesion of the films and wafers were investigated using the same texture 

analyser and software program mentioned above. In this test, a 35 mm diameter (p/35) 

cylindrical stainless-steel probe was attached to the dressings using double-sided adhesive tape. 

To represent chronic wound surface, 500 µl of simulated wound fluid (SWF) containing either 

2% (w/w) bovine serum albumin (BSA) or 5% (w/w) BSA was spread onto set gelatine (6.67% 

w/w) gel. The dressing fitted with the probe was lowered until it made contact with the surface 

of the gelatine gel. The texture analyser was set to run in tensile mode; followed by 60 s contact 

time with applied force of 1 N and detached at pre-test and test speeds of 0.5 mm/s and post-

test speed of 1 mm/s, 0.05 N trigger force and 10 mm return distance. The maximum force 

required to separate dressings from the surface of gelatine gel, the area under the curve of force 

versus distance plot and the total distance (in mm) travelled by dressings till complete 

separation were recorded to represent stickiness (peak adhesive force), total work of adhesion 

(WOA) and cohesiveness respectively. Each formulation was tested in triplicate (n = 3). 

2.3.9 Statistical analysis 

Measurements of each mechanical property were in triplicates for tensile strength, elastic 

modulus, elongation and adhesion. One-way ANOVA (analysis of variance) test was carried 

out to detect mean differences. Results are statistically significant when P values less than 0.05. 

2.4 Results and discussion 

2.4.1 Preliminary formulation development of films and wafers 

 CA gels were prepared by the exchange of calcium ions with the monovalent sodium 

ions of the surrounding medium thus forming arranged structures (Shilpa et al., 2003). The 

resultant structure is referred to as an egg-box model (Lee and Mooney, 2012). In the gels, 

calcium carbonate was formed by reaction between CA and sodium carbonate in which positive 

calcium ions of CA react with negative carbonate ions of sodium carbonate. The gels were 

prepared by vortex hydration with heat (Boateng et al., 2009) which helps to quickly hydrate 

the undissolved polymer preventing lump formation. Heat also helps to reduce the viscosity of 

the gels resulting in ease of pouring into the casting surface and to remove air bubbles entrapped 

during stirring (Boateng et al., 2009). Due to gel uniformity (homogeneity), viscosity, absence 

of lump formation and ease of pouring, 1% w/w polymer gels were selected and further 

investigated to improve the transparency and flexibility of the resulting films. The films 
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obtained from gels at concentrations greater than 1% w/w were very hard, brittle, deformed, 

opaque and inflexible, whereas, films obtained from 0.5% w/w gel were too thin and weak to 

handle and easily torn. This shows that higher amount of polymer made the films hard and leads 

to compact structure (Boateng et al., 2010).  

  

CA 0.5% w/w    CA 1.0% w/w   CA 1.5% w/w 

  

CA 2.0% w/w   CA 2.5% w/w 

Figure 2.3 CA based films prepared from different percentage concentrations of gels based 

on total polymer weight. 

 However, films obtained from CA- 0.5% w/w gels were more transparent but with 

visible calcium carbonate precipitation (see XRD discussion below). This could be due to low 

amount of polymer resulting in a film with very low thickness and reduced density that made 

them more transparent. Film obtained from 1% w/w gel was less brittle and lower precipitation 

of calcium carbonate as compared to all other films, however, they were less transparent 

(translucent) as shown in Figure 2.3. This could be because the amount of CA and sodium 

carbonate was optimum for ionic cross-linking resulting in stable rigid structure and less 

calcium carbonate precipitation on the film’s surface. Moreover, they were less transparent than 

the film obtained from 0.5% w/w gel due to higher thickness (Santana and Kieckbusch, 2013). 
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Further investigation was carried out by dissolving CA in different concentrations of sodium 

carbonate solution to reduce calcium carbonate precipitation on the films’ surface.  Figure 2.4 

shows films obtained from CA gels prepared using 0.005-0.011 M sodium carbonate solution 

were fragile, brittle, deformed, cracked and even CA precipitation. This could be due to the fact 

that there was not enough sodium ions present. Therefore, the gels were less viscous and 

evaporated quickly during drying. CA dissolved in 0.028 M sodium carbonate resulted in the 

least brittle film but precipitation of calcium carbonate was high when observed visually. CA 

dissolved in 0.014 M sodium carbonate gave uniform, homogenous and adequate viscous gel, 

permitting ease of pouring into the Petri dish and resulting in the least precipitation of calcium 

carbonate among all films. This could be because the ratio between CA and sodium carbonate 

was optimum for ionic cross-linking, leaving less calcium carbonate residues.   

    

CA- 0.005 M sodium carbonate      CA- 0.007 M sodium carbonate     CA- 0.009 M sodium carbonate 

   

CA- 0.011 M sodium carbonate         CA- 0.014 M sodium carbonate CA- 0.028 M sodium carbonate 

Figure 2.4 Films obtained from 1% w/w gels by dissolving CA in different concentrations 

of sodium carbonate solution.  

 All the unplasticized films did not show the ideal mechanical properties of film i.e. 

durable, soft, flexible, pliable and elastic (Boateng et al., 2013a). To achieve that, the films 



60 
 

obtained by dissolving CA in 0.014 M sodium carbonate, were plasticized with different 

amounts of GLY and digital photographic images are illustrated in Figure 2.5. 

    

CA-9.09% GLY   CA-20.00% GLY  CA-33.33% GLY 

  

 CA-42.86% GLY  CA-50.00% GLY 

Figure 2.5 Films prepared from plasticized gels of different concentration based on total 

dry weight. 

 Addition of GLY made them more flexible and pliable. The films plasticized with GLY 

greater than 33.33% w/w were difficult to remove from the Petri dish owing to strong adhesion 

as the films became sticky due to the migration of GLY toward the surface, through a leaching 

phenomenon (Lin et al., 1991). However, all plasticized films were appeared to be transparent 

which will allow the inspection of wound bed without removal of the dressings. However, the 

tranperency of the films need to be confirmed by imaging against appropriate background such 

as printed block letters under the films. It was observed that films containing GLY at 33.33% 

w/w (based on total dry weight) were more flexible and tougher than any other plasticized films. 

The flexibility of the films is important to ensure ease of application to the wound area whilst 

toughness is important to allow handling as well as resisting the external pressure exerted during 
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body movements around the wound area. Therefore, the plasticized film containing 33.33% 

w/w GLY was selected for drug loading.  

The common problem of DL films is the precipitation of drug by recrystallization during 

film drying process as water evaporates from the gel (Boateng et al., 2013b) especially at high 

drug loading. Figure 2.6 illustrates the CIP loaded films with ideal optical appearance 

representing no drug recrystallization visible. However, visible drug precipitation was observed 

on the surface of FLU loaded films indicating recrystallization of drug during film formationas 

solvent evaporated from the gel (Boateng et al., 2013b). 

   

CA-CIP 0.005%   CA-CIP 0.010%   CA-CIP 0.025% 

    

 CA-FLU 0.05%   CA-FLU 0.10%   CA-FLU 0.20% 

  

CA-CIP:FLU (1:10)   CA-CIP:FLU (1:20) 

Figure 2.6 Digital images of DL films.  
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Incorporation of FLU resulted in high viscous gels followed by loss of plasticizing effects of 

GLY. Therefore, the flexibility of the formulations was restricted by increased intermolecular 

interactions between the polymer chains with resultant decrease in chain mobility, which 

reduced drug entrapment within the polymeric matrix. Moreover, high amount of FLU might 

be poorly soluble in highly basic CA gel, resulted in precipitation of undissolved drug particles 

on the film surface through recrystallization. Crystallization of the FLU loaded films was also 

confirmed by SEM and XRD observation. Less precipitation of the drug was observed in the 

film loaded with 0.05% FLU indicating low FLU loading capacity of CA film. Interestingly, 

films loaded with both CIP and FLU appeared more transparent than the films containing only 

FLU (Figure 2.6). Such phenomena could be due to the presence of CIP which increased the 

drugs-polymer miscibility resulting in uniform distribution of the drugs with no visible crystal 

aggregates on the film’s surface. The DL plasticized films, BLK plasticized films and BLK 

unplasticized films were further tested by texture analyser for tensile strength, elasticity, rigidity 

and adhesion properties to understand the effects of drug loading and plasticizer in the 

polymeric matrix.  

2.4.2  Formulation development of wafers 

 Figure 2.7 shows the digital images of CA based wafers prepared by freeze-drying 

different gel concentrations (% w/w). Interestingly, wafers were not transparent compared to 

the films, which is one of the disadvantage of wafer dressings. Transperency depends on the 

passing of light through the matrix and in the case of wafers, light scatters outward incoherently 

and does not pass through to a noticible extent due to its interconnected pores through out the 

matrix.  However, after freeze-drying, all wafers appeared to be of uniform texture and 

thickness except wafer prepared from of 0.5% w/w gel. After that, hardness of all formulated 

wafers was tested to select optimum gel concentration for drug loading. Wafers prepared from 

1% w/w gels were flexible to handle (see hardness data below) whereas wafers prepared from 

1.5% and 2% w/w gels were very brittle and inflexible.  On the other hand, wafers prepared 

from 0.5% w/w gel did not retain uniform structure because of low viscosity of the gel and 

subsequently low polymer network density. Subsequently, lyophilization of less viscous gel 

promoted premature ice crystallization during freezing and sublimation phases which resulted 

in flaky wafers. Therefore, the drugs were loaded into 1% w/w gels to obtain DL wafers. 
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Figure 2.7 Digital images of CA wafers prepared from gels of different concentrations based 

on total polymer weight. 

2.4.3 Scanning electron microscopy (SEM) 

  From Figure 2.8, it can be observed that the surface of the films is not smooth possibly 

due to crystallization from calcium carbonate precipitation in the formulations and confirmed 

by XRD (Figure 2.11 b).  

       

 CA-0.00% GLY      CA-0.09% GLY      CA-20.00% GLY 

         

CA-33.33% GLY      CA-42.86% GLY       CA-50.00% GLY 

Figure 2.8 SEM images of unplasticized and plasticized (non-DL) films captured at x6000 

magnification. 

The plasticized films appeared less rough and were smoother than unplasticized films. This 

indicates that addition of GLY largely improves the homogeneity of the CA films by masking 

calcium carbonate precipitation. As the amount of GLY increased, the crystallinity visible on 

5 µm 5 µm 5 µm 

5 µm 5 µm 5 µm 

0.5% 1% 1.5% 2% 
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the surface was decreased. This is because the hydroxyl groups in GLY penetrated the 

polymeric matrix and formed hydrogen bonds with hydroxyl groups of CA thus creating larger 

spaces between the polymeric chains, resulting in reduced crystallinity (Gao et al., 2017).  

However, presence of calcium carbonate did not affect the homogeneous distribution of the 

drug throughout the films confirmed by drug content uniformity test (Chapter 3). 

The surface of the plasticized films (CA-33.33% GLY) became smoother after loading 

CIP shown in Figure 2.9. This could be explained by the fact that, after adding the drug, the 

number of hydroxyl groups increased, thus enhancing interaction between CIP molecules and 

CA resulted in lower precipitation of calcium carbonate on the film’s surface.  

                                                                     

CA-CIP 0.005%               CA-CIP 0.010%   CA-CIP 0.025% 

   

 CA-FLU 0.05%   CA-FLU 0.10%   CA-FLU 0.20% 

  

 CA-CIP:FLU (1:10)   CA-CIP:FLU (1:20) 

Figure 2.9 SEM images of plasticized DL films captured at x6000 magnification. 
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5 µm 5 µm 5 µm 

5 µm 5 µm 



65 
 

On the other hand, FLU loaded films exhibited spherulitic crystallization, which 

appeared as monoclinic unit cells. A very close observation revealed that the spherulitic 

crystallization increased with increasing concentration of FLU into the films. The crystalline 

nature of FLU was also confirmed by XRD (Figure 2.11) Moreover, the roughness of the film’s 

surface (Figure 2.6) indicates recrystallization of drug on the film’s surface. Such differences 

in distribution of the drug particles on the film surface can influence fluid handling properties 

and drug dissolution. Spherulitic crystallization was also observed in combined (CIP and FLU) 

DL films but to a lesser extent than the FLU only loaded films. In the combined DL films, CIP 

might have interacted with FLU via hydrogen bonding and increased miscibility between the 

drugs within the polymeric matrix. Therefore, the combined DL films showed comparatively 

smoother and more homogenous surface (Figure 2.6) than FLU loaded films. It also confirms 

that hydrogen bonding between two drugs is responsible for lowering spherulitic crystallization 

of combined DL films. 
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SEM images of wafers revealed that the BLK wafers were highly porous in morphology 

with large, uniform and circular shaped pores surrounded by a network of polymeric strands as 

shown in Figure 2.10 (A).  

   
CA-BLK   CA-CIP 0.0001%  CA-CIP 0.0005% 

        
CA-CIP 0.0010%   CA-CIP 0.0025%  CA-CIP 0.005% 

 

         
CA-CIP 0.010%   CA-CIP 0.025%   CA-CIP 0.040% 

Figure 2.10 (A) SEM images of BLK and CIP loaded wafers captured at x200 

magnification. 

It is reported that gels made from high α-L-guluronic acid alginates exhibit the highest 

porosity (Gombotz and Wee, 1998). However, incorporation of CIP changed the uniformity of 

the pores in wafers. Increasing amount of CIP resulted in denser pores due to possible 

crosslinking between the drug and polymer during the freeze-drying process. The morphology 

of the FLU loaded wafers shown in Figure 2.10 (B) also revealed large and uniform pores when 

the wafers contained up to 0.15% w/v FLU. The uniformity of the pores was disturbed in FLU 

loaded wafers when the drug content exceeded 0.15% w/v in the original gel. It can also be 

observed that wafers containing high concentrations of FLU (0.30 and 0.40% w/v) in the 

200 µm 200 µm 200 µm 

200 µm 200 µm 200 µm 

200 µm 200 µm 200 µm 



67 
 

original gel possessed a rough surface texture. In addition to their roughness, visible drug 

particle precipitation was observed on the walls of the pores, which was deemed non-ideal. 

Wafers containing combined CIP and FLU in the ratios of 1:10 and 1:20 retained large circular 

and uniform pore size distributions as shown in Figure 2.10 (B).  

   

 CA-FLU 0.05%   CA-FLU 0.10%   CA-FLU 0.15% 

   

 CA-FLU 0.30%   CA-FLU 0.40%   CA-CIP:FLU (1:10) 

   

CA-CIP:FLU (1:20)  CA-CIP:FLU (1:30)   

Figure 2.10 (B) SEM images of FLU loaded and combined DL wafers captured at x200 

magnification. 
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Wafers incorporated with both CIP and FLU in the ratio of 1: 30 showed non-uniform pores 

with reduced pore size. This could be attributed to the higher content of FLU in the wafer’s 

matrix resulting in denser cores. The changes in surface characteristics have impact on other 

physico-chemical properties such as hardness, swelling, adhesion, EWC, water absorption and 

WVTR (Pawar et al., 2014; Kim et al., 2007). Figure 2.10 (C) shows the surface morphology 

of the top and bottom sides of the wafer. The bottom part of the wafer looks more porous than 

the top part resulting in varied hardness between the different parts. 

        

    Top    Bottom     

Figure 2.10 (C) Representative SEM images of top and bottom surface of typical wafer 

captured at x200 magnification. 

  

200 µm 200 µm 
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2.4.4 X-ray diffraction (XRD) 

Figure 2.11 shows XRD transmission diffractograms of (a) pure CA, (b) CIP, FLU and CaCO3. 

The diffractogram of CA showed the characteristic of an amorphous sample as no sharp peak 

appeared, whereas the diffractogram of CIP showed three distinct sharp peaks at around 2θ = 

14.43º, 20.67º and 25.50º due to some crystalline character of the drug. FLU also exhibited a 

highly crystalline nature, with several characteristic sharp peaks at 2θ = 9.16º, 15.09º, 16.14º 

and 20.03º. 

   

  

Figure 2.11  X-ray diffractograms of (a) pure CA, and (b) pure CIP, FLU and CaCO3. 

0

100

200

300

400

500

600

700

800

5 10 15 20 25 30 35 40 45 50

L
in

 (
co

u
n
ts

)

2 Theta-scale

Pure CA

(a)

0

5000

10000

15000

20000

25000

30000

5 10 15 20 25 30 35 40 45 50

L
in

 (
co

u
n
ts

)

2 Theta-scale

FLU CIP CaCO3

(b)



70 
 

CA dressings showed eight common peaks at 2θ of 22.81º, 29.58º, 31.76º, 36.07º, 

39.42º, 43.16º, 47.64º and 48.5º (Figure 2.12 & Figure 2.13) all attributed to the presence of 

calcium carbonate formed during gel preparation. After loading drugs in CA-33.33% GLY film, 

crystalline nature of the drugs was altered due to interaction and entrapment of drug molecules 

into the polymeric matrix. It was observed that the three distinct characteristic peaks of CIP 

disappeared in the diffractogram of CIP loaded film dressings indicating molecular dispersion 

of the drug within the polymeric matrix. 

 

 

Figure 2.12  XRD patterns of (a) unplasticized BLK, plasticized-BLK and (b) plasticized-DL 

films. 

On the other hand, the two strongest peaks of FLU (at 2θ = 16.14º and 20.03º) appeared 

in the diffractograms of combined DL and only FLU loaded films (Figure 2.12b). This 
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indicates that FLU was partially dispersed through the polymeric matrix. That means films have 

low FLU loading capacity. The XRD patterns of the films (Figure 2.12 b) containing both CIP 

and FLU were all identical to the films containing only FLU. This could be attributed to the 

higher amount of FLU compared to CIP within the polymeric matrix. It was also noted that the 

peaks of all DL films were slightly shifted to higher diffraction angles indicating the interaction 

of drug with the polymer.  

The percentage crystallinity of the films was also estimated (Table 2.2) with the 

unplascized BLK film showing 90.25% crystallinity whilst the crystallinity decreased to 

51.59% after adding the maximum amount of GLY (50% w/w) (Figure 2.12 a). This is because, 

GLY decreased the spaces between the crystal lattice and made the polymeric chain flexible. 

The plasticized BLK (CA-BLK) film containing 33.33% GLY showed 69.02% crystallinity and 

the crystallinity was further decreased to 48.62% after loading 0.025% w/v CIP.  

Table 2.2 The estimated percentage crystallinity of CaCO3 retained in the films.  

Films Crystalinity (%) 

CA-0.00% GLY 90.25 

CA-9.09% GLY 86.98 

CA-20.00% GLY 76.42 

CA-33.33% GLY 69.02 

CA-42.86% GLY 60.62 

CA-50.00% GLY 51.59 

CA-CIP 0.005% 68.23 

CA-CIP 0.010% 56.22 

CA-CIP 0.025% 48.62 

CA-FLU 0.05% 56.60 

CA-FLU 0.10% 63.95 

CA-FLU 0.20% 68.96 

CA-CIP:FLU (1:10) 52.33 

CA-CIP:FLU (1:20) 62.58 

 

FLU loaded films showed more crystalline nature (about 68.96%) than CIP loaded films. This 

was in agreement with the digital images (Figure 2.6) and SEM morphological (Figure 2.8) 

observations. The crystallinity of combined DL films was lower than FLU only films but higher 
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than CIP loaded films. Generally, drug concentration dependent crystallinity was also observed 

in the DL films. The crystallinity of CIP loading films was reduced from 67.12% to 48.62% 

after loading 0.005-0.025% w/v CIP but the crystallinity of FLU loaded films was increased 

from 56.60% to 68.96% after loading 0.05-0.20% w/v FLU. In case of combined drug loaded 

films, the crystallinity increased from 62.58% to 52.33% when amount of FLU was increased. 

Overall, the above observations revealed that generally addition of CIP decreased whilst the 

addition of FLU increased crystallinity of the films and confirmed the previous results from 

visual and SEM observations. 

 

 

Figure 2.13  XRD transmission diffractograms of (a) CIP loaded wafers and (b) FLU loaded 

and combined DL wafers. 

Figure 2.13 shows the XRD diffractograms of BLK and DL wafers. XRD pattern of all 

DL wafers also demonstrated the existence of calcium carbonate as in the film dressings. 
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Disappearance and / or decrease in intensity of the characteristic peaks of CIP (2θ = 14.43º, 

20.67º and 25.50º) and FLU (2θ = 9.16º, 15.09º, 16.14º and 20.03º) in the wafer dressings 

suggests that the drugs were molecularly dispersed within the polymeric micro-matrix and this 

is expected to impact upon the rate of hydration and drug release. Here, it is also important to 

note that the characteristic peaks of the dressings were slightly shifted to higher diffraction 

angle that indicated the interaction of drug with the polymer. Interestingly, the wafers appeared 

more crystalline than the films. This could be because the presence of plasticizer in the film 

dressings reduced the glass transition temperature with increasing free molecular mobility by 

reducing order of crystal lattice (Panda et al., 2014). Moreover, GLY could mask the crystalline 

calcium carbonate precipitate in the film and hence reduced crystallinity. The lyophilization 

process and absence of plasticizer could have resulted in higher calcium carbonate precipitation 

thus making the wafers more crystalline than film dressings. Drug concentration dependent 

crystallinity was also observed in the DL wafers with higher amount of drugs, resulting in 

higher crystallinity of the dressings (Table 2.3).  

Table 2.3 The estimated percentage crystallinity of CaCO3 retained in the wafers.  

Wafers Crystalinity (%) 

CA-BLK 85.61 

CA-CIP 0.005% 77.55 

CA-CIP 0.010% 77.63 

CA-CIP 0.025% 82.29 

CA-FLU 0.05% 77.21 

CA-FLU 0.10% 82.10 

CA-FLU 0.15% 83.24 

CA-FLU 0.30% 84.41 

CA-FLU 0.40% 85.00 

CA-CIP:FLU (1:10) 78.50 

CA-CIP:FLU (1:20) 82.88 

CA-CIP:FLU (1:30) 84.17 
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2.4.5 Fourier transform infrared spectroscopy (FTIR) 

FTIR spectra of FLU, CIP, CA, plasticized films, BLK and DL dressings were studied 

to analyse the nature and extent of interaction between the drugs, polymer and plasticizer 

(films). The FTIR spectrum (Figure 2.14) of pure CA showed broad peak of OH stretching at 

3204 cm-1 and two other peaks were detected at 1591 cm-1 and 1411 cm-1 respectively 

representing the asymmetric and symmetric stretching of carboxylate ion. Further, another peak 

was observed at 1025 cm-1, due to C-O-C antisymmetric stretching vibration of pyranosyl ring. 

An absorption band at 947 cm-1 was also associated with C-O stretching vibration of uronic 

acid and C-C-H and C-O-H deformation, whereas the absorption band at 874 cm-1 was 

attributed to β-C1-H deformation vibration. The spectrum (Figure 2.14) of CIP also revealed 

prominent characteristic band between 3600 and 3045 cm-1 of OH stretching and intermolecular 

hydrogen bonding. In addition, the band at 3000-2845 cm-1 represented alkene and C-H 

stretching. The peak between 1675 to 1660 cm-1, was assigned to carbonyl C=O stretching 

whilst the bands from 1650-1600 cm-1 represented quinolones and that at 1450-1400 cm-1 was 

attributed to carbonyl group (C-O) vibration. The peak between 1300 and 1250 cm-1 is 

associated with bending vibration of O-H group and a strong characteristic peak between 1050 

cm-1 to 1000 cm-1 was assigned to aryl fluoride (C-F) stretching vibration (Kataria et al., 2014). 

In the FTIR spectra of pure FLU (Figure 2.14), the peak at 3650 cm-1 was assigned to OH 

stretching and another characteristic peak at 2981 cm-1 was related to C-H stretching of the 

triazole ring. The peak at 1618 cm-1 was related to C=C stretching of 2,4-difluorobenzyl group 

and the band at 1500 cm-1 was attributed to C-C stretching of aromatic ring. A band at 1408 

cm-1 indicated C-H2 scissor of propane backbone and the characteristic strong peak at 1270 cm-

1 signified C-F stretch of 2,4-difluorobenzyl group. A medium sharp band at 1210 cm-1 was 

related to β-CH triazole ring. Two characteristic sharp peaks at 1135 and 1115 cm-1 

corresponded to ring breathing of triazole group and C-C stretch of propane backbone 

respectively. The peaks corresponding to CH deformation of 2,4-difluorobenzyl group and C-

(OH) stretching of propane backbone were observed at 1075 cm-1 and 1011 cm-1 respectively. 

The three strongest peaks in the spectrum of FLU appeared at 960, 845 and 673 cm-1 

representing the ring bending of triazole group, γ-CH triazole ring and deformation of aromatic 

ring respectively (Caira et al., 2004; Bourichi et al., 2012; Alkhamis et al., 2002). 

 



75 
 

 

Figure 2.14  FTIR spectra of different starting components (FLU, CIP and CA). 
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As shown in Figure. 2.15, the broad peak of OH stretching at 3204 cm-1 of CA was shifted to 

higher wavenumber (3237-3272 cm-1) after plasticizing the films. All other peaks were also 

shifted to higher wavenumber with addition of GLY. The shift of peaks towards a higher 

wavenumber was due to multiple –OH groups present in GLY that penetrated the polymeric 

matrix. Therefore, hydrogen bonding between water and CA was replaced by the hydrogen 

bonds between GLY and CA (Gao et al., 2017). The intensity of the bands also increased with 

GLY content because of the increasing –OH groups supplied by GLY.   

 

Figure 2.15  FTIR spectra of unplasticized BLK and plasticized-BLK films. 

50

75

100

125

150

175

200

225

250

275

300

325

350

375

400

650 1150 1650 2150 2650 3150 3650

T
ra

n
sm

it
ta

n
ce

 (
%

)

Wavenumber (cm-1)

CA-0.00% GLY CA-9.09% GLY CA-20.00% GLY

CA-33.33% GLY CA-42.86% GLY CA-50.00% GLY



77 
 

The peak of OH stretching of CIP loaded films remained within the range of plasticized 

films. Some of the characteristic peaks from CIP such as aryl fluoride (at 1050 cm-1), carbonyl 

group (at 1450 cm-1) and quinolones (at 1650 cm-1) were invisible in the spectra of CIP loaded 

films (Figure 2.16).  

Figure 2.16  FTIR spectra of plasticized-DL films. 

This might be due to the fact that the relatively low amounts of CIP incorporated were 

suppressed by the higher amounts of polymer and plasticizer that prevented them from being 

visible in the spectra. This also suggests the possible molecular dispersion of drug into the 

polymeric matrix. The broad peak of OH stretching at 3204 cm-1 of pure CA became broader 

(band between 3045 and 3600 cm-1) after loading CIP due to intermolecular hydrogen bonding. 
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Most of the peaks of CA-BLK (CA-33.33% GLY) and CIP loaded films were similar to the 

pure polymer but different in intensity.It can be observed from the spectra (Figure 2.16) of 

FLU loaded films that the distinct peaks of both polymer and drug appeared with slight 

variations. The characteristic asymmetric and symmetric stretching of carboxylate ion (COO- 

(C=O) of pure CA was seen at 1598 and 1404 cm-1 respectively, C-O stretching of uronic acid 

at 968 cm-1, β-C1-H deformation vibration at 873 and prominent peak corresponding to C-O-C 

antisymetric stretching of pyranosyl ring was observed at 1027 cm-1. Strong characteristic peaks 

of FLU appeared as weak bands in the spectrum of the FLU loaded films. These include C-C 

stretching of aromatic ring at 1504 cm-1, C-F stretching at 1275 cm-1, ring breathing of triazole 

group at 1138 cm-1, C-C stretching of propane backbone at 1116 cm-1, ring bending of triazole 

group at 968 cm-1, γ-CH triazole ring at 873 and  815 cm-1(seen as doublet peak) and aromatic 

ring deformation at 674 cm-1. The strong peak at 2981 cm-1 corresponding to C-H stretch of 

triazole ring were observed at same position as the pure FLU. However, some of the 

characteristic peaks from FLU such as C=C stretching of 2,4-difluorobenzyl group (at 1618 cm-

1), C-H2 scissor of propane backbone (at 1408 cm-1), CH deformation of 2,4-difluorobenzyl 

group (at 1075 cm-1) and C-(OH) stretching of propane backbone (at 1011 cm-1) of FLU were 

absent in the spectrum of the FLU loaded films. This could be due to the secondary interactions 

of FLU with the polymer and/or overlapped in FLU loaded films due to relative similarity and 

shifting. These observations suggest that FLU loading capacity of CA film was low due to its 

incompatibility with GLY. However, most of the peaks of FLU were seen in the spectrum of 

the film containing 0.20% w/v FLU and the film containing CIP and FLU in the ratio of 1:20 

(Figure 2.16). It could be the fact that once the saturation point is reached, excess FLU 

crystalizes out of the polymer matrix during film drying. Therefore, it had impact on drug 

content uniformity and drug release. The FTIR spectrum of the film containing both CIP and 

FLU in the ratio of 1:10 was identical to the spectrum of pure CA and CIP loaded films indicated 

that low amount of FLU offered homogeneous mixture of the drugs.    

In CIP loaded wafers shown in Figure 2.17, the OH peak became broader and less 

intense as the amount of drug increased. This could be explained by the fact that the higher the 

concentrations of the drug, the shorter the distance between CIP molecules and the hydroxyl 

group of CA, resulting in hydrogen bond formation by interaction of fluorine, carbonyl, and 

amino (-NH) groups of the CIP with hydrogen atom of CA. Moreover, after drug incorporation, 

a sharp peak appeared at 2981 cm-1 due to aromatic C-H stretching of CIP.  
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Figure 2.17  FTIR spectra of CIP loaded wafers. 
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The band of asymmetric carboxylate salt at 1595 cm-1 was the same for 0.0001-0.010% 

CIP loaded wafers while this band was shifted to lower wavenumbers at 1587 cm-1 and 1578 

cm-1 respectively for 0.025 and 0.04% CIP loaded wafers. On the other hand, the peak for 

symmetric carboxylate salt at 1411 cm-1 for 0.025 and 0.040% CIP loaded wafers was visible 

at 1395 cm-1 and 1383 cm-1 respectively. It was also observed that the C-O-C antisymmetric 

vibration of pyranosyl ring, C-O stretching vibration of uronic acid and β-C1-H deformation 

vibration remained the same with their bands appearing at approximately 1025 cm-1, 947 cm-1 

and 874 cm-1 for all the CIP loaded wafers except the wafer with 0.040% CIP. In the case of 

CA-CIP 0.040% wafer, these bands were shifted to 1073 cm-1, 956 cm-1 and 880 cm-1 

respectively. The peaks of –NH stretching and O-H group bending vibration occurred at 3600 

cm-1 and 1252 cm-1 respectively from CIP was observed in 0.040% DL wafer. It can be observed 

that most of the peaks of CIP were overlapped in CA-CIP wafers due to relative similarity and 

shifting. This indicates that CIP was homogeneously mixed and molecularly dispersed in the 

polymeric matrix. However, molecularly dispersed drug in the polymer network helps to 

achieve rapid release of drug from the dressing (Pawar et al., 2014). All the characteristic peaks 

of CA were present in the FLU only loaded wafers and combined DL wafers indicating 

integration of the drugs within the CA chains (Figure 2.18). However, the intensities of the 

peaks were higher in the  wafers than pure CA indicating chemical interactions between the 

drug(s) and polymer during formulation.  
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Figure 2.18  FTIR spectra of only FLU loaded and combined DL wafers. 2.4.6 Texture 

analysis 
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2.4.6 Texture analysis 

2.4.6.1 Mechanical (tensile) properties of films 

The ideal film dressing should be flexible, durable, soft, elastic, pliable and stress 

resistant against different parts of the body during application. Texture analysis was used to 

investigate whether the formulated film dressings possessed these ideal mechanical properties. 

A clear correlation between GLY content and the tensile properties of films were observed with 

unplasticized films being too brittle (Figure 2.3: CA-1.0% w/w) and failed during texture 

analysis. Figure 2.19 shows the tensile strength of the plasticized films increased with addition 

of GLY up to 33.33%. The values ranged from 5 ± 1 N/mm2 to 15 ± 2 N/mm2. However, 

addition of higher amounts of GLY (42.86% and 50.00 %) resulted in a lowering of tensile 

strength (9 ± 1 N/mm2 and 7 ± 1 N/mm2). The decrease in tensile strength at higher GLY content 

might be due to leaching phenomena with significant reduction of intermolecular and 

intramolecular bonding between the polymer chains and promoting hydrogen bond formation 

between the plasticizers and CA molecules. Such disruption of CA molecular chains reduced 

rigidity with increasing molecular chain mobility and subsequently decreased tensile strength 

of the films (Santana and Kieckbusch, 2013). Therefore, such higher amount of GLY in the 

films can lead to accumulation of exudate in highly exuding wounds such as DFUs because, 

films rich in moisture will not allow further absorption of exudales. The accumulation of 

exudate underneath dressings is not ideal due to the risk of skin maceration. 

  

Figure 2.19 Effect of GLY on mechanical properties of films without drug represents tensile 

strength, Young’s modulus and elongation (n = 3 ± SD). 
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Further, investigations were undertaken by measuring Young’s (elastic) modulus and 

elongation at break to optimize GLY content for DL films. Young’s modulus was estimated 

from the slope of the initial linier portion of stress-strain curve. Figure 2.19 shows that the 

Young’s modulus increased gradually with increasing GLY and after certain GLY content it 

drops as was the case with tensile strength of the films. The maximum Young’s modulus (78 ± 

9 MPa) was achieved at a GLY concentration of 33.33% w/w. Figure 2.19 also illustrates the 

effect of GLY on the films elongation, which increased with increasing GLY content. This is 

because addition of GLY increased the number of –OH groups resulting in weak hydrogen 

bonding within CA. The intermolecular force decreased resulting in increased mobility caused 

by increased and enlarged spaces between polymeric chains and subsequently increased in 

percentage elongation at break. A sharp rise in elongation can be observed in Figure 2.19 when 

the concentration of GLY was above 33.33% w/w in the gel. The significant (p = 0.002) 

increase in elongation is corresponding to a decrease in Young’s modulus. 

 By considering the above mechanical properties, film containing 33.33% w/w of GLY 

was selected for drug loading. Figure 2.20 shows the mechanical properties of BLK (CA-

33.33% GLY) and DL films. It could be observed from the figure that there were no significant 

differences (p = 0.26) in tensile strength between BLK and DL films.  However, incorporation 

of drugs had impact on Young’s modulus. The result showed that Young’s modulus was 

significantly (p = 0.01) decreased after loading CIP.  In case of the films containing FLU alone, 

the Young’s modulus was significantly (p = 0.02) increased when the films loaded with more 

that 0.05% w/v FLU.  
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Figure 2.20 Tensile strength, Young’s modulus and elongation of BLK and DL films (n = 3 

± SD). 

 There were no significant differences (p = 0.57) in Young’s modulus of the films 

containing both CIP and FLU compared to BLK. This indicates that addition of CIP suppressed 
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Wiranidchapong  et al., 2015). The plasticizing effects of CIP might have lowered the glass 

transition temperature of the polymer, thereby allowing the chain segments to move or rotate 

freely and ultimately reduction in rigidity. On the other hand, FLU might have the opposite 

effect and inducing intrinsic mobility of the polymer chains, resulting in an increase in rigidity 

of the films (Aguirre et al., 2013). However, the mechanism and cause of antiplasticization have 
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FLU were not too brittle, and this was confirmed during handling of the films. A close 
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observation at Figure 2.20 revealed that the tensile strength and Young’s modulus of the FLU 

loaded films increased with increasing amount of the drug, coupled with reduced elasticity. 

Combined DL films exhibited similar mechanical properties as like BLK. Moreover, the 

mechanical properties of CA films depend on the source and extraction treatment, and ratio of 

guluronic and mannuronic acid of the polymer (Gao et al., 2017). The mechanical properties of 

CA films can be improved by combining the polymer with either natural or synthetic polymers 

as reported by Boateng and co-workers (Boateng et al., 2009, 2013a; Pawar et al., 2013).  

2.4.6.2 Mechanical hardness of wafers 

The wafers (n = 3) were compressed at three different positions on the top and bottom 

sides to investigate the hardness (resistance to compressive deformation), and to check the 

brittleness and uniformity of texture. Hardness of all formulated wafers was tested to select 

optimum gel concentration for drug loading. Wafers prepared from 1% w/w gels showed 

excellent resistance to compression whereas wafers prepared from 1.5% and 2% w/w gels 

appeared very hard and brittle. On the other hand, wafers obtained from 0.5% w/w gel appeared 

to be very soft and flaky in nature, which made them very difficult to handle. Therefore, the 

drugs were loaded into 1% w/w gels to obtain medicated wafers. 

 Figure 2.21 and Figure 2.22 demonstrate the differences in hardness between the top 

and bottom sides of the wafers. The hardness of the top part of the wafers appeared higher than 

the lower part. This could be due to the higher polymer density on the upper part of the wafers 

than the bottom part. This is possible because in the shelf type freeze dryer used, the condenser 

is present in the lower part of the instrument and freezing starts from bottom of the gel upwards. 

The higher polymer density leads to a more compact structure on the top surface of the wafer, 

which causes higher resistance to probe penetration. The difference in hardness between the 

sides of the wafers could also be attributed to differences in porosity (Boateng et al., 2010). As 

porosity increases, there is less force required to reach the required depth of penetration. 

Therefore, the lower surface of the wafers will be an ideal application site for applying to the 

wound bed as it will quickly absorb wound fluid due to higher porosity. Further, lower hardness 

will reduce the likelihood of damaging sensitive newly formed skin cells on a healing wound. 

However, to maintain hardness consistency of the wafers from container to container on a 

commercial scale, the containers must be flat bottom, with a wider diameter so that the gel and 

final wafer height (thickness) after freezing is not too big. Further, same amount of free-flowing 

gel need to be poured in each well of the container. This way, the heat distribution within the 

frozen gel during primary drying will be more uniform between the top and bottom sides. This 
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will yield thinner flat sheets similar to foam dressings and help produce consistent thickness 

and polymer density and subsequently will give consistent hardness. The advantage of wafer 

dressing is that it can be produced in different sizes and shapes depending on the casting 

container and it can be delivered to the patients to suit the specific application area.    

The BLK wafers showed significantly (p = 0.0001) higher hardness than the DL wafers 

(Figure 2.21 and Figure 2.22). The hardness of CIP incorporated wafers (Figure 2.21) 

decreased gradually with increasing drug content. This could be explained by the fact that after 

loading CIP, the availability of free polymer was reduced throughout the matrix, therefore the 

rigidity of polymeric matrix decreased, and these results support the SEM observation (Figure 

2.10 A). Moreover, the plasticizing effects of CIP might cause the loss of structural integrity of 

the wafers, which resulted in reduced hardness.  In the case of FLU loaded wafers (Figure 

2.22), the hardness increased gradually with increasing amount of the drug. The crosslinking 

between FLU and CA resulted in denser pores and subsequently reduced porosity perhaps 

resulted in an increase in resistance to compressive deformation.  

 

Figure 2.21 Hardness profiles of BLK and CIP loaded wafers (n = 3 ± SD) prepared from 1% 

w/w gels, compressed at three different places on both sides of the dressing showing effect of 

drug loading.  
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This could be due to the formulation containing this CIP and FLU ratio exhibiting uniform pore 

size distribution (also confirmed by SEM observation, Figure 2.10 B) resulting in high 

mechanical strength. Adequate hardness of the wafers is required for physical and mechanical 

stability during handling as well as avoiding potential contact irritation during application 

(Rezvanian et al., 2016). In addition, hardness has impact on physicochemical properties such 

as swelling, mucoadhesion, EWC, WVTR and drug release (Ahmed et al., 2017; Catanzano et 

al., 2017).  

 

 

Figure 2.22 Hardness profiles of FLU and combined DL wafers (n = 3 ± SD) prepared from 

1% w/w gels, compressed at three different places on both sides of the dressing showing effect 

of drug loading. 
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gelatine surface. The test was performed using gelatine layer, to simulate adhesion of the films 

to the wound surface. The composition and biological properties of gelatine are almost identical 

to collagen, which forms part of the natural skin matrix and its deposition is a key part of the 

wound healing process; therefore, it can represent a wound surface in the presence of SWF 

(Rattanaruengsrikul et al., 2009). The applied force was kept at 1 N by considering newly 

formed tissue which may be interrupted or damaged if high forces were applied.  

2.4.6.3.1 Adhesion of films 

As shown in Figure 2.23, the stickiness increased with increasing GLY content in the 

films when tested with SWF containing 2% w/w BSA (thin fluid). This could be explained by 

the fact that GLY enhances the hydrogen bonding between the polymeric chain and model 

wound surface and therefore increases adhesion properties. Furthermore, GLY acts as a 

humectant that promotes quick hydration in the presence of SWF, which consequently imparts 

higher stickiness. The stickiness of plasticized films was similar to that of unplasticized film in 

the presence of SWF containing 5% w/w BSA (thick/viscous fluid).  
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Figure 2.23 Adhesive test of unplasticized and plasticized BLK films (n = 3 ± SD) with SWF 

containing 2% (w/w) BSA (a) and 5% (w/w) BSA (b).  

 

Films containing 0.025% CIP showed the highest stickiness (2.61 N ± 0.41) amongst 

all films (Figure 2.24 a). This could be due the highest plasticizing effect of CIP at the highest 

concentration. FLU loaded and combined DL films showed significantly (p = 0.02) lower 

stickiness as compared to BLK and CIP loaded films. This could be because in the presence of 

thin SWF, FLU precipitated on the surface of the films resulting in reduced plasticizing effect, 

which ultimately decreased stickiness.   
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Figure 2.24 Stickiness test of BLK and DL films with SWF containing 2% (w/w) BSA (a) 

and 5% (w/w) BSA (b) (n = 3 ± SD). 

As shown in Figure 2.24 b, CIP loaded films had lower stickiness (0.54 – 1.06 N) than 

CA-BLK (1.56 ± 0.26 N) in the presence of thick fluid.  Combined DL films also showed low 

stickiness of about 0.72 ± 0.12 N. However, the stickiness of FLU loaded films in the presence 
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of thick fluid was similar to BLK film. This might be due the fact that the protein rich viscous 

wound fluid does not allow further hydration.  

 

 

Figure 2.25 WOA of BLK and DL films with SWF containing 2% (w/w) BSA (a) and 5% 

(w/w) BSA (b) (n = 3 ± SD). 

Figure 2.25 also shows the WOA of BLK and DL films representing the total energy required 

to separate the probe from the wound surface. The WOA slightly increased with increasing CIP 

concentration when tested with both fluids. This was because higher concentration of CIP 

resulted in higher stikiness, subsequently higer enery was required to separate the probe from 
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the model wound surface.  However, the values for  0.05% and 0.10% FLU loaded films (0.41 

± 0.09 and 1.23 ± 0.44) and combined DL films (0.44 ± 0.08, and 0.63 ± 0.13) did not exceed 

the value (1.47 ± 0.31 N.mm) for BLK film when tested with thin fluid. Futher, there was no 

significant difference (p = 0.6) in WOA between BLK and DL films in the presence of thick 

fluid (Figure 2.25 b). Cohesiveness means ability to repel the detachment from model wound 

surface. All DL formulations except the film containing 0.025% CIP showed significantly (p = 

0.001) higher cohesiveness than BLK film (Figure 2.26). The value increased from 1.07 ± 0.24 

mm to 7.02 ± 0.24 mm and from 0.99 ± 0.11 mm to 7.44 ± 1.64 mm in thin and viscous SWF 

respectively. This indicates that the medicated films will adhere onto the wound surface better. 

Films loaded with 0.025% CIP showed low cohesiveness of about 2.05 ± 0.43 mm and 0.99 ± 

0.08 mm with thin and thick SWF respectively and is due to poor mechanical properties in 

terms of Young’s modulus, elongation and tensile strength. 
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Figure 2.26 Cohesiveness test of BLK and DL films with SWF containing 2% (w/w) BSA 

(a) and 5% (w/w) BSA (b) (n = 3 ± SD). 
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2.4.6.3.2 Adhesion of wafers 

CA-BLK wafers showed similar stickiness (1.82 ± 0.06 N and 1.54 ± 0.47 N) in the 

presence of thin SWF (2% w/w BSA) and viscous SWF (5% w/w BSA) respectively. DL wafers 

showed peak adhesive force values around 0.24-0.55 N in the presence of thin SWF (2% w/w 

BSA) and values around 0.27-0.64 N in the presence of viscous SWF (5% w/w BSA). It can be 

observed in Figure 2.27 and Figure 2.28 that the CA-BLK wafer showed higher stickiness and 

WOA values than the DL wafers in both types of exudates. This could be because incorporation 

of the drug into the wafers resulted in poor contact between the polymer chains and hence 

reduced adhesive properties and confirmed the hardness results. Stickiness also depends on the 

pore size distribution of the polymeric matrix.  

SEM images (Figure 2.10) illustrated the disturbance in pore size distribution of DL 

wafers and poorer hydration capacity possibly resulting in reduction in the stickiness. There 

was a significant difference (p = 0.04) in WOA of CA-BLK wafer between thin (2.24 ± 0.49 

N.mm) and thick (1.06 ± 0.59 N.mm) exudate. Moreover, WOA and cohesiveness increased 

steadily with increasing amount of CIP up to 0.025% w/v in the presence of normal SWF (2% 

w/w BSA), whereas WOA and cohesiveness increased inconsistently in the presence of viscous 

excaudate (5% w/w BSA).  
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 Figure 2.27 Adhesive profiles of CIP loaded wafers in the presence of (a) thin SWF containing 

2% (w/w) BSA and (b) viscous SWF containing 5% (w/w) BSA (n = 3 ± SD). 
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Figure 2.28 Adhesive profiles of FLU loaded only wafers and combined DL wafers in the 

presence of (a) thin SWF containing 2% (w/w) BSA and (b)viscous SWF containing 5% 

(w/w) BSA (n = 3 ± SD).  

There were no significant differences (p > 0.05) in WOA of the combined DL and FLU 

only loaded wafers in the presence of both thin and viscous SWF (Figure 2.28).  

However, cohesiveness of FLU loaded wafers was decreased gradually with increasing amount 

of drug in the presence of thin SWF. This might be attributed to the higher content of drug 

which reduced the intermolecular attraction between the wafers and the wound substrate 

resulting in reduced cohesion. The cohesiveness of FLU loaded wafers was inconsistent in the 
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presence of thick SWF. In the presence of thin SWF, wafers containing both CIP and FLU at 

the ratios of 1:10 and 1:20 showed higher cohesiveness about 3.77 ± 0.18 and 4.03 ± 0.41 mm 

respectively than the wafers containing FLU alone. Moreover, in the presence of viscous SWF, 

the combined DL wafers revealed the highest cohesiveness amongst all formulated wafers. This 

may be associated with the fact that presence of both CIP and FLU in the polymeric matrix 

enhanced the extent of diffusion of polymer molecules and intermolecular attraction which 

results in increased cohesion. Overall, film dressings showed better adhesion properties in terms 

of stickiness and cohesiveness, but wafers showed better WOA enabling close contact with the 

wound surface for a longer period and hence enhancing drug concentration on the target site. 

 

2.5 Conclusions 

A medicated CA dressing to be applied as a wound drug delivery system in DFUs was 

formulated and characterized in terms of physico-chemical properties. The films with 33.33% 

w/w GLY content were deemed optimum being  soft, flexible, elastic, pliable and transperant 

while lyophilized wafers prepared from 1% w/w gel were soft, of uniform texture and thickness, 

and pliable in nature and therefore these were selected for drug loading. Incorporation of 

optimum concentrations (0.005-0.025% for CIP, 0.05% for FLU) of drugs did not affect the 

transperency of the film dressings and therefore confirmed the uniform drug distribution 

without recrystalization and precipitation. The uniform distribution of drugs within the calcium 

alginate based polymeric matrix was further confirmed by SEM, XRD and FTIR. SEM revealed 

the precipitation of calcium carbonate on the surface of the film dressings and addition of GLY 

reduced the precipitation. Lyophilized wafers were porous in nature and appeared to be 

potentially useful for handling high exudate in DFUs. XRD and FTIR investigation revealed 

the overlapping/disappearance of characteristic peaks of CIP and FLU and confirmed the 

uniform drug distribution throughout the polymeric matrix. The bottom part of the wafers 

appeared soft and porous which could be an ideal application site for applying to the wound 

bed. Significant differences in adhesive properties of films and wafers were observed. The 

stickiness and cohesiveness of films were greater than wafers due to presence of GLY in films. 

On the other hand, wafer showed the higher work of adhesion than films due to high porosity 

of wafer dressings.  
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CHAPTER 3: FUNCTIONAL (FLUID HANDLING AND DRUG RELEASE) 

CHARACTERISTICS OF CALCIUM ALGINATE BASED 

DRESSINGS 

 

3.1 Introduction 

Modern dressings are developed based on the essential functional characteristic 

requirement to retain and provide a moist environment around the wound to promote wound 

healing (Boateng et al., 2008). On the other hand, advanced dressings are meant to be multi-

functional for example, they must have the ability to prevent microbial infection, reduce pain 

as well as maintaining a moist environment. (Catanzano et al., 2017; Pawar et al., 2014). The 

ideal dressing should provide adequate moist environment to the wound site as well as thermal 

insulation, easy removal without causing trauma, remove drainage and debris, and promote 

tissue reconstruction process (Kim et al., 2007). It is reported that semipermeable dressings 

such as films are very effective in acute and chronic wounds by keeping the balance of wound 

exudate between the wound and the dressing, so that wound fluid does not build up (Okoye and 

Okolie, 2015). Lyophilized wafers are also reported as a potential means of delivering 

antimicrobials to wound surface to aid healing (Pawar et al., 2014).    

Polymer based matrix delivery systems such as films and wafers have the advantages 

of delivering poorly soluble drugs (Kianfar et al., 2012). In matrix-based systems, the drug is 

entrapped into the polymeric matrix where water penetration leads to hydration and swelling. 

The swelling effect expands the geometrical volume of the bulk polymeric material causing 

opening of pores that cause leaching out of the hydrophilic or hydrophobic drug molecules and 

released from the matrix (Patra et al., 2013). The advantage of polymer-based dressings is 

obtaining maximum bioavailability of the drug at the target site by controlled, sustained and 

burst release of drugs (Karthikeyan et al., 2015; Fu and Kao, 2010). However, the release of 

drugs from the polymeric matrix depends on the several factors such as composition, structure, 

swelling, degradation of polymer material, pH, temperature, ionic strength of the dissolution 

medium and solubility, stability, charges and osmotic properties of the drugs (Fu and Kao, 

2010; Wang et al., 2007; Patra et al., 2013).      

In the previous chapter, the physical properties of the films and wafers were discussed 

in terms of mechanical characterization (hardness, tensile strength, mucoadhesion), as well as 

analytical characterization by scanning electron microscopy (SEM), X-ray diffraction (XRD) 
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and Fourier transform infrared spectroscopy (FTIR). This chapter focuses on the evaluation of 

functional (fluid handling and drug release) properties of CA based dressings for healing of 

chronic DFUs. The functional properties required for ideal wound dressing such as porosity, 

swelling capacity, water absorption (Aw), equilibrium water content (EWC), water vapour 

transmission rate (WVTR), moisture content and evaporative water loss (EWL) were tested. In 

addition, in vitro drug dissolution and release kinetics were studied to understand the bio 

efficacy of the formulated medicated dressings for potential wound healing.  Further, the fluid 

(exudate) handling properties of the formulated dressings were compared with two commercial 

CA based dressings such as Algisite Ag® (Smith & Nephew, UK) and Actiformcool® (Activa 

Healthcare, UK).  

3.2 Materials 

Calcium alginate (mannurronic acid: guluronic (59:41), molecular weight: 398.32 

g/mol) [CA, (lot number: BCBM8132V)], ciprofloxacin (lot number: LRAA6508), 

Fluconazole (lot number: LRAA6502) and tris(hydroxymethyl)aminomethane (lot number: 

SLBH9329V) were purchased from Sigma-Aldrich (Gillingham, UK). Sodium carbonate (lot 

number: 1546575), sodium chloride (lot number: 1560652), bovine serum albumin [BSA, (lot 

number: 1158022)], hydrochloric acid [HCl, (lot number: 1480980)], ethanol (batch number: 

0933421), acetic acid and (lot number: 1400245), acetonitrile (lot number: 1403054) were 

ordered from Fisher Scientific (Loughborough, UK). Calcium chloride (lot number: S42528-

427) was obtained from Riedel-de-Haen, Germany. HPLC vials (P/N VI-04-12-022) were 

purchased from Chromatography, UK 

 

3.3 Methods 

3.3.1 Porosity 

The porosity of formulated dressings (films and wafers) and commercial products (Algisite 

Ag® and Actiformcool®) was determined by the solvent displacement method as previously 

described (Han et al., 2010; Catanzano et al., 2017; Guan et al., 2005; Zhang et al., 2001). The 

geometrical dimensions (thickness and diameter) of samples were measured by a digital Vernier 

caliper electronic micrometer gauge and total pore volume (V0) was calculated. After that, 

samples were weighed (W0) before immersing in 10 ml of ethanol for 3 h to reach saturation, 

with ethanol displacing the void space within the samples. Finally, the samples were carefully 

removed from the solvent, blotted with tissue paper to remove excess solvent and immediately 
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weighed (W1) to avoid loss of ethanol because of its volatile nature. The porosity of the 

dressings was calculated from Equation 3.1. 

 

Porosity (%) = (W1-W0)/(ρethV0) x 100     (Equation 3.1) 

ρeth : density of ethanol = 0.789 g/cm3 

3.3.2 Water absorption, equilibrium water content and swelling index 

Water absorption (Aw) and equilibrium water content (EWC) tests were performed to 

investigate the maximum water uptake and water holding capacities respectively of the 

dressings. In addition, swelling studies were undertaken to investigate the rate of water uptake 

capacity of formulated BLK and DL dressings compared with a commercial fiber mat, Algisite 

Ag® and a hydrogel, Actiformcool®. The Aw, EWC and swelling index of all samples were 

investigated in simulated wound fluid (SWF) containing 2% (w/w) bovine serum albumin 

(BSA), 0.02 M calcium chloride, 0.4 M sodium chloride, 0.08 M tris (hydroxymethyl) 

aminomethane in deionized water at a pH of 7.5. To determine the Aw, samples were weighed 

and kept in 10 ml of SWF over a 24 h period at a temperature of 37 ºC. After 24 h, samples 

were carefully wiped using tissue paper to remove excess SWF and reweighed and the Aw 

calculated using Equation 3.2 below. Each measurement was performed in triplicate (n = 3) 

𝐴𝑤(%) =
𝑊𝑠−𝑊𝑖

𝑊𝑖
𝑥 100       (Equation 3.2) 

Where Ws is the swollen weight and Wi is the initial weight before immersion into SWF. 

 

To determine the EWC, the same procedure was followed as for Aw, however, the EWC 

(n = 3) was calculated using Equation 3.3 below. 

𝐸𝑊𝐶(%) =
𝑊𝑠−𝑊𝑖

𝑊𝑠
𝑥 100        (Equation 3.3) 

For swelling, the weighed samples were dipped into 10 ml of SWF (at ambient 

temperature) and changes in weight of swollen films recorded at 15 min intervals up to 1 h and 

subsequently every 60 min until 5 h. The swelling index (Is) was calculated (n = 3) from 

Equation 3.4 below.  

𝐼𝑠 (%) =
𝑊𝑠𝑡−𝑊𝑖

𝑊𝑑
 𝑥 100                               (Equation 3.4) 

Where Wi is the dry weight of samples before hydration and Wst is the swollen weight of 

samples at different hydration times.  

Further, the effect of drug concentration on Aw, EWC and Is was determined. 
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3.3.3 Water vapour transmission rate (WVTR) 

With the help of epoxy glue, the dressings were mounted on the mouth of a cylindrical 

plastic tube (15 mm diameter) containing 4 ml water with 8 mm air gap between the samples 

and water surface. The whole setup was placed in an air-circulated oven at 37 °C for 24 h. The 

WVTR was calculated using Equation 3.5 

 WVTR =
Wi−Wt

A
x106 g/m2 day-1     (Equation 3.5) 

 Where A is the area of the mouth of the plastic tube (πr2), Wi and Wt are the weight of the 

whole setup before and after placing into oven respectively. 

3.3.4 Evaporative water loss (EWL) 

The samples were immersed in 10 ml of SWF and kept in an oven at 37 °C for 24 h after 

which the samples were taken out and dried in the oven at 37 °C for 24 h and the weight of 

the samples was recorded at regular time intervals. Evaporative water loss was calculated 

according to the formula in Equation 3.6: 

             Water loss (%) = Wt/W0 x 100    (Equation 3.6) 

Where Wt and W0 represent the weight after time ‘t’ and initial weight after 24 h immersion 

time respectively. 

3.3.5 Moisture content 

The residual moisture content of the samples was determined by thermogravimetric 

analysis (TGA) using a Q5000-IR TGA instrument (TA Instruments, Crawley, UK). About 1.0 

- 1.5 mg of sample was loaded and analysed with dynamic heating from room temperature (∼25 

ºC) to 300 ºC at a heating rate of 10 ºC/min under inert nitrogen (N2) gas at a flow rate of 50 

ml/min. The percentage water content was calculated at 100 ºC using TA Instruments Universal 

Analysis 2000 software program. 

 

3.3.6 Determination of surface pH 

The surface pH of the dressings were determined by dipping the dressings in 10 ml of 

water and allowed to hydrate for 2 h at 37 °C. After that, the surface pH was detected by 

touching the electrode of a pH meter (Mettler Toledo, UK) at the surface of the hydrated 

dressings (Okoye and Okolie, 2016).   
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3.3.7 In-vitro drug dissolution and release profiles 

The total content of CIP and FLU within the DL films and wafers was determined before 

performing drug dissolution and release studies. This was done by hydrating the whole film in 

50 ml and wafer in 10 ml of HPLC grade purified water respectively at 37 ºC with stirring and 

left overnight to dissolve completely. The concentration of CIP and FLU in water was 

determined by HPLC and used to calculate the total amount of drugs present representing total 

drug content (assay) within the dressings.  Calibration samples were prepared in triplicate in 

specific concentration range (1 to 100 μg/ml for CIP and 25 to 500 μg/ml for FLU) to plot 

standard curves (Chapter 8: Figure A3.2) for CIP and FLU respectively. After that, the 

standard curves were used to determine drug loading efficiency (%) of the selected formulations 

used for drug dissolution studies as well as the percent drug released at each time point. The 

drug loading efficiency was computed by the following equation: 

Drug loading efficiency (%) =
total actual drug content

amount of theoretical drug loading
 x 100  (Equation 3.7) 

  In addition, drug content uniformity (DCU) of the films and wafers were performed to 

investigate uniform distribution of drug within the dressings’ matrix. This was done by cutting 

the films into circular strips (6 mm diameter) and the wafers were cut into portions from three 

different locations and accurately weighed (~ 1-1.5 mg). The dressings were selected in 

triplicate from different batch of formulations. The sample portions of film and wafer were 

placed in 2 ml of HPLC grade purified water at 37 ºC with stirring and left overnight to dissolve 

completely. The quantity of drugs in solution was determined by HPLC method after filtration 

by 0.2 µm filter.  

In vitro drug dissolution studies were performed using a diffusion cell (developed in-

house at the University of Greenwich) containing SWF (pH 7.5) as dissolution medium but 

with no BSA to avoid blocking of the HPLC column. The diffusion cell was designed with a 

wire mesh on which the samples were placed. The dissolution medium was poured just up to 

the wire mesh so that the lower surface of the samples was always just touching the dissolution 

medium. The film containing only CIP (0.005-0.025%), only FLU (0.05-0.20%), both drugs in 

different ratio (1:10 and 1:20) and the corresponding DL wafers (CA-CIP 0.005-0.025%, CA-

FLU 0.05-0.40% and CA-CIP:FLU 1:10, 1:20 & 1:30) were investigated for drug release. The 

samples were placed on the wire mesh and the whole assembly placed in a water bath 

maintained at a temperature of 37 ºC with constant stirring (600 rpm). At predetermined time 
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intervals, 1 ml aliquots of dissolution medium were withdrawn and analysed by HPLC, and also 

replaced with same amount of fresh warm medium (37 ºC) to keep a constant volume 

throughout the experiment. The dilution due to replacing fresh medium was considered while 

calculating the percentage drug release at each time point. The concentration of the drugs 

released from the dressings was determined by applying calibration curve and percentage drug 

release plotted against time. Triplicate determinations (n = 3) were undertaken for each dressing 

selected.  

3.3.8 HPLC analysis 

The HPLC analysis was carried with an Agilent 1200 series HPLC (Agilent 

Technologies, UK ) equipped with a quaternary pump (serial number: DE62976352), degasser 

(serial number: 5P94177529), auto sampler (serial number: DE64779297), and Agilent 

Chemstation® software package for running the instrument, data acquisition and data analysis. 

The analyte was separated at ambient temperature using a C18 analytical column (YMC-Pack 

ODS-AQ AQ-303-5, 250x4.6 mm I.D, S-5 μm, 120A, NO.042512322).  

Table 3.1 List of mobile phase systems and wavelength used for the drug release study of 

different formulations.  

Sample Mobile phase Wavelength 

(nm) 
Solvent A Solvent B 

CIP loaded dressings 2% Acetic acid (70 %) Acetonitrile (30 %) 280 

FLU loaded dressings Water (65%) Acetonitrile (35%) 264 

Combined DL (CIP and 

FLU) dressings 

2% Acetic acid (55 %) Acetonitrile (45%) 264 

 

The ultra violet (UV) detector was set at 280 and 264 nm for CIP and FLU respectively. A two-

solvent isocratic elution was used in the mobile phases (Table 3.1) at a flow rate of 1 ml/min 

and injection volume at 20 μl.  
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3.3.9 Drug release kinetics 

 The kinetics of drug release from the films and wafers in SWF (without BSA) were 

determined by finding the best fit of the % release against time data to Higuchi (Equation 3.8), 

Korsmeyer-Peppas (Equation 3.9), zero order (Equation 3.10) and first order equations 

(Equation 3.11). 

Qt = kHt1/2         (Equation 3.8) 

where, Qt is the amount of drug released at time (t), kH is the Higuchian release rate constant. 

ln (
𝑄𝑡

𝑄∞
) = ln 𝑘 + 𝑛 ln  𝑡        (Equation 3.9) 

Qt and Q∞ are the absolute cumulative amounts of drug release at time (t) and infinitive time 

respectively, k is the constant of structural and geometrical characteristic of the films and wafers 

and n is the exponent release constant. 

Qt – Q0 = k0t          (Equation 3.10) 

Qt is the amount of drug released in time (t), Q0 is the amount of drug dissolved at time zero, K0 

is the zero-order release constant. 

ln (
𝑄∞

𝑄𝑡
) = k1t         (Equation 3.11) 

Qt and Q∞ are the absolute cumulative amounts of drug release at time (t) and infinitive time 

respectively, k1 is the first order release rate constant. 

The following profiles were plotted: % of cumulative drug release against square root of time 

(Higuchi model); log of cumulative drug release % against log time (Korsmeyer model); 

cumulative % drug release against time (zero-order kinetic model) and log of % cumulative 

drug remaining against time (first order kinetic model). 

3.3.10 Statistical analysis 

Statistical methods such as t-test and ANOVA test were performed using Excel to compare 

experimental values between BLK, DL dressings and commercial products, and p values lower 

than 0.05 were considered significant. 
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3.4 Results and discussion 

 

3.4.1 Porosity of film dressings 

Films are semipermeable in nature and generally appear as continuous sheets of polymer 

with limited porosity. As shown in Figure 3.1, the unplasticized blank film showed the highest 

porosity of 55.62 ± 1.25% amongst all the formulated films. Addition of GLY decreased 

porosity because it coated the surface of the films and therefore reduced pore size. The porosity 

was significantly (p = 0.0002) reduced when the films were plasticized with 33.33% GLY or 

above because higher concentrations of GLY increased the viscosity of the gels and 

subsequently yielded non-porous (denser) sheets of polymer. However, incorporation of CIP 

into polymeric matrix (CA film) increased the porosity significantly (p = 0.009) when 

compared to the CA-BLK film (CA-33.33% GLY). CIP reduced the intermolecular polymer 

chain interaction and increased void spaces between the polymer chains resulting in higher 

porosity than the BLK films. Moreover, the porosity was slightly increased with increasing 

amount of CIP into the films.  

 

Figure 3.1 Porosity of different film formulations (n = 3 ± SD). 

FLU loaded films with drug content in gel above 0.05% w/v showed lower porosity 

(33.50-31.43%) than the BLK films. The decrease in porosity of the FLU loaded films is 

attributed to the increased crystallinity (confirmed by XRD) of these films after loading FLU 

which made the films more rigid. It was also confirmed by testing Young’s modulus (Chapter 
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2: Figure 2.17) that higher concentration of FLU into the films increased rigidity. Therefore, 

the void space in the microstructure of the films was condensed with FLU loading and 

subsequently reduced porosity. It was also observed that (Figure 3.1) the higher the 

concentration of FLU, the lower the porosity of the films because of gradually increasing 

rigidity. Films containing both CIP and FLU showed higher porosity (42.34  ̶  44.43%) than 

FLU loaded films but lower porosity than CIP loaded films. This could be explained by the fact 

that CIP had the tendency to reduce the intermolecular polymer chain interaction that enhanced 

void space in the polymeric matrix followed by decreasing rigidity resulting in higher porosity 

than the films containing only FLU. On the other hand, FLU had the tendency to increase 

intermolecular forces resulting in decreased mobility and therefore, tighter spaces between 

polymeric chains and subsequently decrease in porosity when compared to the films containing 

only CIP.  

 

3.4.2 Porosity of wafer and commercial dressings 

The highly porous structure of the wafers was obtained by freeze drying where, the gels 

were initially cooled (freezing) until pure ice crystals form and then sublimated (primary 

drying) from its frozen state under vacuum at low temperature (-25 ºC), leaving a highly porous 

microstructure (Nireesha et al., 2013). Their highly porous structure permits transportation of 

gases, nutrients and regulatory factors to allow cell survival, proliferation and differentiation 

(Dhandayuthapani et al., 2011). The porosity of BLK and DL dressings was determined by the 

solvent (ethanol) displacement method to avoid hydration of the polymer matrix and collapse 

of the pores. As shown in Figure 3.2 wafers containing more than 0.0001% CIP showed a high 

percentage porosity between 98.20 ± 0.56% to 88.42 ± 4.03%. This could be because the solvent 

penetrated well into the capillaries of wafers due to the roughness of the pore walls as shown 

in SEM images (Chapter 8: Figure 2.10 A). All FLU loaded wafers showed lower porosity 

than CIP loaded wafers. This can be explained by the strong interaction between FLU and CA, 

which enhanced the close packing of polymeric chains and resulted in reduced void space in 

the microstructure of wafers and therefore, lower porosity. However, the porosity of FLU 

loaded wafers (87.14-84.07%) was higher than BLK (80.28 ± 1.45%) when the wafers 

contained up to 0.15% FLU.  
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Figure 3.2 Porosity of different wafer formulations and the commercial dressings (n = 3 ± 

SD). 

Wafers containing more than 0.15% FLU showed significantly (p = 0.02) reduced porosity 

at about 74.19-73.38%. The lower porosity might be attributed to the higher amount of FLU 

produced denser pores. Wafers containing both CIP and FLU showed higher porosity between 

90.50 ± 0.33% and 95.70 ± 0.98% than the FLU loaded wafers. The fact could be due to the 

loading of both drugs together into the wafer matrix, which increased degree of bond rotations 

within the polymer structure. Therefore, the polymeric chain flexibility was increased and 

hence, enhanced porosity compared to FLU loaded wafers. The highly porous wafer dressings 

would play a vital role in carrying oxygen into the blood thus preventing ischemia in diabetic 

foot.  

The commercial dressing Algisite Ag® showed porosity about 71.72 ± 4.17% whereas 

Actiformcool® did not show any porosity because of its hydrogel nature. Due to nonporous and 

high water content (about 96%), hydrogel dressings cannot absorb sufficient exudates thus 

creating maceration in highly exudative wounds (Yazdanpanah et al., 2015; Boateng et al., 

2008; Hilton et al., 2004). All formulations showed higher porosity than the tested commercial 

dressings, therefore, the formulated medicated dressings will be expected to absorb more 

exudates than the commercial products. This is because high porosity has an effect on swelling, 

Aw, EWC, WVTR and drug release as described below.
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3.4.3 Swelling studies 

 The fluid handling ability of dressings has a vital role in healing wound as it prevents 

collection of excess exudate and maceration of healthy skin tissue in highly exuding DFUs. The 

swelling capacity (index) of the dressings is closely related to pore size distribution and 

porosity, crystallinity, residual moisture content and surface pH (Vishal and Shivakumar, 2012; 

Gabriel et al., 2007, Negoro et al., 2016). Normally, the greater number of pores allow rapid 

ingress of water that accelerates higher swelling ability. However, it also depends on the shape, 

size and uniformity of the pores in the polymeric matrix as well as chemical interaction of 

polymer and drug with the swelling medium (Pawar et al., 2014). Calcium alginate, CIP and 

FLU all contain hydrophilic and hydrophobic functional groups, which have effect on the 

swelling properties. Hydrophilic groups present in the polymer and drug such as hydroxyls, 

carboxyls, amines and carbonyls increase the number of hydrogen bonding sites thus resulting 

in higher hydration and subsequently improve swelling capacity. The initial phase of fluid 

uptake of CA dressings can be explained as follows; the Ca2+ ions present in the mannuronate 

units of alginate are exchanged with Na+ ions in SWF thus allowing faster ingress of fluid into 

the polymeric matrix. 

The swelling behaviour of the films was evaluated in SWF (pH 7.4) and the effect of 

GLY and drug was also investigated (Figure 3.3 & Figure 3.4). The unplasticized film (CA-

0.00% GLY) showed the highest swelling capacity ranging from 453.11 ± 35.43% to 434.45 ± 

22.28% over 60 min, while film plasticized with 50% GLY showed the lowest swelling index 

ranging between 206.24 ± 2.29% and 197.29 ± 3.52%. The addition of GLY reduced swelling 

capacity because of the reduction in porosity as well as its humectant properties (Stout and 

McKessor, 2012). As porosity decreases, water ingress into the matrix also decreases resulting 

in reduced initial hydration and subsequent swelling. Moreover, GLY is already rich in 

moisture, so it does not allow absorption of high amounts of moisture, however, the plasticized 

film dressings can provide moisture in dry wounds to avoid wound desiccation.  
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Figure 3.3 Swelling profile of unplasticized and plasticized films (n = 3 ± SD). 

 

The film containing 33.33% GLY (CA-BLK) showed swelling capacity value ranging 

from 298.92 ± 7.38% to 283.69 ± 7.67% over 60 min. After loading CIP into this film, the 

swelling capacity did not change in a significant way. However, the plasticized (CA-33.33% 

GLY) film containing 0.005% CIP showed the lowest swelling capacity amongst the CIP loaded 

films, with values ranging from 231.18 ± 17.42% to 229.14 ± 6.96% over 60 min. This could 

be because the film containing 0.005% CIP was more rigid (also confirmed by texture analysis, 

Chapter 2: Figure 2.17) than other DL films which resulted in lower porosity (Figure 3.1) and 

therefore lower rate of water intake. It can also be observed that all CIP loaded films maintained 

steady swelling after 15-45 min. It can be observed from Figure 3.4 that FLU loaded films 

containing 0.05% FLU reached steady swelling after 60 min whilst those containing 0.10 and 

0.20 % drug attained equilibrium after 90 min. The slower water ingress of FLU loaded films 

compared to CIP loaded films was due to higher rigidity. Therefore, the higher rigidity followed 

by denser sheet resulted in lower water intake. Film containing 0.20% FLU showed the highest 

swelling property amongst all DL films, with value range from 289.69 ± 17.19% to 447.22 ± 

22.27% over 300 min (Figure 3.4). Incorporation of higher amounts of FLU enhanced the 

hydrophilic nature of the films by hydrogen bonding that influenced more water ingress. 

0

100

200

300

400

500

0 30 60 90 120 150 180 210 240 270 300

S
w

el
li

n
g
 i

n
d

ex
 (

%
)

Time (min)

CA-0.00% GLY CA -9.09 % GLY

CA-20.00% GLY CA -33.33% GLY

CA-42.86% GLY CA-50.00% GLY



110 
 

Moreover, it was evident by visual observation that the FLU mostly appeared on the film’s 

surface when film loaded with high amount of the drug. The excess FLU quickly leached out 

from the film’s surface upon hydration that increased the surface area allowing high swelling.   

However, addition of both CIP and FLU together into the polymeric matrix did not affect 

swelling properties of CA films in a significant way.      

 

 

Figure 3.4 Swelling profile of BLK and DL films (n = 3 ± SD). 

 

Figure 3.5 shows the swelling profiles of BLK and CIP loaded wafers in SWF. The initial 

swelling ability of CIP loaded wafers (0.0001-0.005% CIP) was higher compared to BLK wafer 

with values ranging from 2055.30 ± 192.65% to 1476.90 ± 95.69% for the first 15 min. After 

that, the swelling capacities of all CIP loaded wafers gradually decreased up to 120 min, and 

then remained steady for the rest of the study. Wafers containing more than 0.005% CIP 

exhibited lower swelling capacity possibly due to losing their structural integrity resulting in 

easier polymer erosion in SWF during handling and blotting with the tissue paper.  The steady 

water retention capability of the wafers occurred over an extended period thus indicating that 

the dressings can be used in highly exuding DFUs to prevent maceration whilst maintaining a 

moist wound environment.  
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Figure 3.5  Swelling behavior of BLK, CIP loaded wafers and Algisite Ag® (n = 3 ± SD). 

The swelling capacities of formulated wafers were compared with a commercial dressing, 

Algisite Ag® (Smith & Nephew, UK). It was observed that the maximum swelling of Algisite 

Ag® was about 816.16 ± 28.58% within 15 min (p = 0.0008), which was less than any CIP 

loaded wafers but more than any CIP loaded films. It could be because the Algisite Ag® fiber 

mats appeared be less porous (figure 3.2 & Figure A.3.1) in nature than wafers but higher in 

porosity than the films. When comparing the swelling capacity of CIP loaded films with the 

wafers, it was observed that wafers containing 0.0001-0.025% CIP exhibited 5 - 7 times more 

swelling capacity (1072.58-2112.97 %) than the CIP loaded films (243.68-305-63 %) which 

was due to the higher porosity of wafers, which permitted enhanced rate of water ingress than 

the films. 

 

Figure 3.6 shows swelling characteristics of BLK, FLU loaded and combined (CIP and 

FLU) DL wafers. In addition, the swelling profiles of the formulated wafers were compared 

with the commercial hydrogel dressing (Actiformcool®). The initial (15 min) swelling capacity 

of the wafers containing 0.05-0.15% FLU was about 2056.52 ± 131.46% to 1775.07 ± 25.76% 

which was higher than CA-BLK wafer (1459.58 ± 130.83%) and similar to the wafers 

containing 0.0001- 0.0025% CIP (Figure 3.5). This is because addition of FLU up to 0.15% 

showed higher porosity (Figure 3.2) than BLK wafer. In contrast, the wafers containing lower 

amounts of CIP and FLU might have same hydration effect for swelling.  
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Figure 3.6  Swelling behavior of BLK, FLU loaded, combined DL wafers and 

Actiformcool® (n = 3 ± SD). 

However, incorporation of higher amounts of FLU (> 0.15%) into the wafers resulted 

in significantly (p = 0.01) lower initial and overall swelling ability (values ranging from 

1401.78 ± 77.65% to 1144.09 ± 230.09%) which was similar to the wafers containing 0.005-

0.025% CIP. The fact was that high amount of FLU into the wafer’s matrix condensed micro 

pores followed by decreasing porosity (Figure 3.2), which resulted in lower water ingress. In 

case of CIP loaded wafers, higher amount of CIP caused polymer erosion during handling and 

blotting with the tissue paper, which resulted in lower swelling values. Wafers containing both 

CIP and FLU exhibited the highest initial swelling ability (about 3228.39 ± 116.83%) amongst 

all formulated dressings. The highest swelling property of the combined DL wafers was due to 

hydrophilic nature of the drugs that boosted hydrogen bonding and hence enhanced hydration 

resulting in quick absorption of SWF. Moreover, high porosity (Figure 3.2) of the combined 

DL wafers enhanced water uptake during swelling. The rapid initial absorption of exudates will 

play a vital role in reducing heavy exudates present in DFUs and therefore, it will promote 

wound healing. It can also be observed from Figure 3.5 and Figure 3.6 that wafers containing 

CIP or FLU alone and combined drugs attained equilibrium state after 60 min. After that, the 

swollen wafers slightly began to lose mass probably due to dissolution or erosion. 

Actiformcool® showed the lowest swelling capacity (about 45.28-112.27% over 300 min) 

amongst all formulated dressings as because high moisture content allowed low water ingress 

to the swollen hydrogel matrix. 
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3.4.4 Water absorption (Aw) and Equilibrium water content (EWC) 

The Aw and EWC capacity are the two important factors affecting the rapid absorption 

of exudates. EWC and Aw of the films gradually decreased with increasing GLY content as 

shown in Figure 3.7. The unplasticized films showed the highest EWC and Aw of 79.16 ± 

0.50% and 380.10 ± 11.66% respectively whereas films plasticized with 50% w/w GLY showed 

the lowest EWC and Aw of 65.81 ± 0.54% and 192.53 ± 4.62% respectively. The possible 

reason can be attributed to the porosity of the dressings where addition of GLY into the films 

decreased porosity (see Figure 3.1) and therefore, decreased the EWC and Aw.  

 

Figure 3.7 Aw and EWC of different film formulations (n = 3 ± SD). 

 

The CIP loaded films showed a higher EWC and Aw compared to CA-BLK film. The 

values of EWC and Aw of CA-BLK film increased from 73.80 ± 0.55% and 76.53 ± 1.45% to 

281.85 ± 7.85% and 327.68 ± 25.35 respectively; after loading 0.010% w/v CIP. This is also 

due to increase in porosity of the CIP loaded films which allowed the ingress of more fluid and 

be able to hold on to more of this fluid within the swollen film matrix. Films containing 0.05-

0.20% FLU showed water absorption with values ranging from 368.80 ± 6.04% to 511.35 ± 

13.83%, which were higher than CA-BLK films. The higher Aw of the FLU loaded films was 

due to increase in hydrophilicity. The hydrophilicity enhanced the water uptake affinity and 

hence showed higher water absorption. Moreover, water absorption of the DL films also 
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depends on the osmotic properties of the drug (Panomsuk et al., 1996). Once the dressing is 

hydrated, the polymeric chains start losing their structural integrity and ability to maintain its 

strong network structure, which allows further water penetration. Further, when the drug is 

dissolved inside the matrix, it generates an osmotic pressure that promotes high water 

penetration into the matrix. It was also reported that the polymeric matrix exhibits high swelling 

at pH between 6.2 and 7.4 (Vishal and Shivakumar, 2012; Gabriel et al., 2007). Therefore, the 

surface pH of the prepared dressings was investigated and found that the pH of all DL films 

lied between 6.61 ± 0.05 and 7.35 ± 0.04 whilst CA-BLK had the surface pH of 9.53 ± 0.18 

(Chapter 8: Table A3.1).  

Films containing both CIP and FLU showed water absorption between 294.11 ± 18.21% 

and 299.28 ± 12.35%, which was less than the films containing only FLU. That means addition 

of CIP, decreased hydrophilicity of the films resulting in lower water absorption. There was no 

significant (p = 0.96) differences in EWC among BLK, CIP, FLU and combined DL films. 

However, films containing 0.20% FLU showed slightly higher EWC capacity (83.63 ± 0.37) 

than any other films. The phenomena could be due to high amount of FLU into film matrix may 

exist in between the polymeric chains allowing each chain to hydrate freely and enabled to 

maintain the structural resistance of swollen matrices that allowed to hold more water. 

Moreover, the high crystallinity followed by enhanced rigidity (Figure 2.17) could resist the 

erosion of the film in water that permitted high water holding capacity of the CA-FLU 0.20% 

film.  

As shown in Figure 3.8, the BLK wafers exhibited the highest Aw (3373.54 ± 169.85%) 

and EWC (97.11 ± 0.14%). After CIP loading into the wafer matrix, the Aw and EWC gradually 

decreased with increasing drug content due to the increased cross-linking density of CIP within 

the polymer. The crosslinking between CIP and CA was evident by XRD and FTIR. In XRD 

observation, it was found that the peaks of CIP loaded wafers were slightly shifted to higher 

diffraction angle when compared to BLK wafer indicating the interaction of CIP with the 

polymer. Moreover, the crystallinity of the wafers was decreased (Chapter 2: Table 2.3) after 

loading CIP indicating drug-polymer interaction. It could also be observed in the FTIR data 

(Chapter 2: Figure 2.17) that the characteristic peaks of the CIP loaded wafers were shifted to 

higher wavelength when compared to BLK wafer indicating the impact of crosslinking between 

the drug and polymer. The reduction in capacity of Aw and EWC of CIP loaded wafers also 

could be due to the disturbance in pore size distribution as illustrated in SEM images (Chapter 

2: Figure 2.10 A) after drug incorporation.  
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Figure 3.8 Aw and EWC of different wafer formulations and the commercial dressings (n 

= 3 ± SD). 

The irregular pores within polymeric microstructure retards water ingress, which 

resulted in decreasing water holding capacity into the matrix with increasing CIP loading. 

Wafers containing 0.0001% CIP showed maximum water uptake at about 1858.27 ± 6538 % 

whilst the Aw of wafers containing 0.0005-0.005% CIP were insignificant (p = 0.77) ranging 

from 1583.21 ± 49.11% to 1519.85 ± 127.61%. The water uptake capacities were dramatically 

decreased after loading more than 0.005% CIP. This could be attributed to the dense pore 

network resulting in reduced void space to absorb water. The wafers containing 0.05-0.15% 

FLU showed significantly (p = 0.04) higher water absorption about 1751.90 ± 54.56% to 

2041.21 ± 135.87% than the wafers containing more than 0.15% FLU (values ranging from 

1211.01 ± 112.90% to 1323.97 ± 151.53%). The fact that high amount of FLU into the matrix 

produced dense pores resulting in low water uptake. However, the Aw of FLU loaded wafers 

was significantly (p = 0.001) lower than CA-BLK wafer. Incorporation of FLU into the wafer 

matrix increased the cross-linking effect that caused the polymeric matrix to lose flexibility 

resulting in lower water absorption capacity than BLK wafer. Moreover, disturbance in pore 

size distribution as in the CIP loaded wafers might result in reduced Aw. Wafers containing 

both CIP and FLU at the ratio of 1: 20 and 1:30 exhibited slightly higher Aw (2147.59 ± 

141.45% and 2377.52 ± 70.77% respectively) than all other formulated DL wafers. There was 

no statistical difference (p < 0.05) in EWC of all formulated wafers. 
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The commercial products Algisite Ag® and Actiformcool® exhibited a lower Aw 

(580.61 ± 95.30% and 774.82 ± 61.09%) and EWC (85.00 ± 2.21% and 88.51 ± 0.83%) than 

all formulations. This could be because Algisite Ag® is less porous in nature and Actiformcool® 

is highly rich in moisture that did not permit further water uptake. Therefore, it suggests that 

the proposed CA wafer developed in this study has great potential as an absorptive dressing for 

highly exuding DFUs.  

 

3.4.5 Water vapour transmission rate (WVTR) 

WVTR indicates the ability of dressings to absorb fluid and draw it out from the wound 

bed across the materials into the atmosphere.  WVTR is interrelated to porosity and thickness 

of the dressings as well as the chemical properties of the dressing materials (Elsner et al., 2010). 

Wound dressings require an adequate level of moisture transmission to keep the wound area 

comfortable and promote the healing process. Dry wounds exhibit the most water loss thus 

decrease body temperature and rate of metabolism. Therefore, the wound dressing should not 

reduce the body fluid significantly but should provide adequate moisture by maintaining a 

balance between water absorption and transmission as well as humidity at the affected site (Kim 

et al., 2007). Higher WVTR promotes epithelization process of wound healing whilst lower 

WVTR delays the healing process by accumulating excess wound exudates, which leads to 

maceration of surrounding healthy skin, excoriation and microbial growth (Xu et al., 2016).  

CIP loaded films exhibited higher WVTR values (Figure 3.9) ranging from 3257.22 ± 

172.29 to 3876.53 ± 195.50 g/m2day-1 than the BLK films (2687.10 ± 226.22 – 3682.32 ± 

214.99 g/m2day-1). This is because; addition of CIP increases the intermolecular chain mobility, 

resulting in a reduction of rigidity (Chapter 2: Figure 2.17) that allows higher diffusion of 

water molecules through the films matrix. The WVTR values of CIP loaded films are ideal 

considering the amount of exudate produced by patients with chronic leg ulcers per day (5 g/10 

cm2 ̴ 5000 g/ m2) (Thomas, 2007). Therefore, the CIP loaded films will absorb and take out 

about 65-77% fluid from full-thickness chronic wound bed whilst also maintaining a moist 

environment to facilitate wound healing, however, this needs to be confirmed in an in vivo 

study. The WVTR values of FLU loaded films were about 2291.12 ± 172.73 – 1467.73 ± 137.54 

g/m2day-1, which were lower than BLK and CIP loaded films. This was because of 

incorporation of FLU into the film made the rigid continues sheet resulting decreased in 

porosity that reduced the diffusion of water molecules through the semipermeable membrane. 



117 
 

The WVTR of films with both CIP and FLU was 1647.18 ± 222.72 – 1675.44 ± 104.93 g/m2day-

1, which was lower than all other prepared films indicating poorer ability to take out fluid from 

the wound bed. 

 

Figure 3.9 WVTR of different film formulations (n = 3 ± SD). 

 

The CIP loaded wafers showed high WVTR values (Figure 3.10) ranging from 3111.79 

± 16.79 – 3499.23 ± 71.76 g/m2day-1 that will be expected absorb and transmit exudates quickly. 

The high WVTR is attributed to the porosity of the dressings, resulting in the increase of voids 

with capillary adsorbed water. Wafers containing 0.05-0.15% FLU showed WVTR around 

1929.67 ± 64.69  ̶  2335.78 ± 184.38 g/m2day-1 whilst wafers containing more than 0.15% FLU 

showed slightly higher WVTR (2720.20  ̶ 3026.91 g/m2day-1). The phenomena might be due to 

disturbance in porosity (Chapter 2: Figure 2.10 B) of the wafers containing high amount of 

FLU (0.30% and 0.40% w/v) that facilitated easy diffusion of water throughout the matrix. 
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The WVTR of the combined DL wafers was 1912.68 ± 36.96  ̶  2003.23 ± 56.21 

g/m2day-1,  similar to the values of FLU loaded (0.05-0.15%) wafers which might be due to 

similar morphology (Chapter 2: Figure 2.10 B). According to Queen and co-workers, a 

WVTR of 2000-2500 g/m2day-1, would provide an adequate moisture level for wound healing 

without dehydration (Queen et al., 1987). Therefore, it seemed that the formulated combined 

(CIP/FLU) DL wafers and FLU loaded wafers would have the ability to maintain a moist wound 

environment. The commercial products Algisite Ag® and Actiformcool® exhibited WVTR of 

2995.97 ± 115.4 and 972.97 ± 172.30 g/m2day-1 respectively. 

 

Figure 3.10 WVTR of different wafer formulations and the commercial dressings (n = 3 ± 

SD). 

 Actiformcool® hydrogel showed the lowest value of WVTR due to its hydrophilic and 

dense non-porous nature resulting in low water escape. Therefore, hydrogel dressing has 

limitations when used in highly granulating wounds. 

3.4.6 Evaporative water loss   

The evaporative water loss (EWL) of the films and wafers was recorded to determine 

the behaviour of the dressings when exposed to air. It is an important functional property of the 

dressings to maintain moist wound environment. It indicates the moisture loss from the swollen 

dressings when applied on wound bed. The unplasticized BLK film (CA-0.00% GLY) showed 
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66% water loss whilst the plasticized BLK exhibited water loss of about 40 - 50% within 30 

min (Figure 3.11a). After 1.5 h the water loss from the unplasticized and plasticized BLK films 

was insignificant (p = 0.54) and retained 16 – 18% of water after 6 h.   

 

Figure 3.11a EWL from unplasticized and plasticized BLK films (n = 3 ± SD). 

CIP loaded films exhibited water loss of about 50% within 30 min, indicating that the 

dressings will lose water quickly when exposed to air and therefore, it will be effective in the 

early stage of highly exuding wounds such as DFUs. After 1.5 h the water loss from CIP loaded 

films was insignificant (p = 0.78) and retained 11-16% of water after 6 h (Figure 3.11b).  

 

Figure 3.11b EWL from CIP loaded films (n = 3 ± SD). 
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FLU loaded films showed about 20-40% water loss (Figure 3.12) within half an hour 

which was lower than CIP loaded films (Figure 3.11b) and CA-BLK films (Figure 3.11a). 

This might be due to the formation of hydrogen bonding between the FLU and CA molecules 

resulting in enhanced hydrophilicity that facilitated to low water evaporation. Hydrophilicity 

may enhance the surface wettability of the films, which resulted in reducing the evaporation 

flux by increasing the escape energy barrier of surficial molecules (Wang et al., 2012). 

Combined DL films exhibited 30% water loss within 0.5 h and then gradually lost water up to 

2 h and retained 17% water after 6 h (Figure 3.12). The water loss from the films containing 

0.10 and 0.20% FLU equilibrated after 1.5 h and 2 h respectively while the water loss from 

0.05% FLU loaded film equilibrated after 4 h. Film containing 0.05% FLU showed slower 

water loss from its surface than the films containing 0.10% and 0.20% FLU. The could be due 

to low amount of FLU into the film (CA-33.33% GLY) did not interfere plasticizing effect as 

evident by similar tensile properties (Figure 2.17) and porosity (Figure 3.1) as  CA-BLK film. 

All FLU loaded films retained 12-16% water after 6 h. 

 

Figure 3.12 EWL from only FLU and combined DL films (n = 3 ± SD). 

As shown in Figure 3.13, approximately 20% of water loss was observed in CA-BLK 

and the DL wafers containing 0.0001-0.025% of CIP within 1 h whereas 0.040% CIP loaded 

wafer and Algisite Ag® showed 30% and 40% water loss respectively. However, the water loss 

of CIP loaded wafer increased to approximately 87% within 8 h whereas Algisite Ag® had lost 

this amount within 3 h. After 8 h the loss of water was insignificant (p = 0.76) and all the CIP 

loaded wafers retained 10-13% of water after 8 h. It indicates that the dressings will lose water 

when exposed to air. Thus, the wafer dressings will be effective in the early stage of highly 
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exuding wounds such DFUs, as it enables the dressings to take up more exudates and edema 

fluid quickly from the wound bed into its matrix by an active upward-directed process to avoid 

excess accumulation of exudate underneath the dressing (Balakrishnan et al., 2005).  

 

Figure 3.13 Evaporative water loss from Algisite Ag®, BLK and CIP loaded wafers (n = 3 ± 

SD). 

Figure 3.14 shows the evaporative water loss from the wafers containing only FLU, 

combined drug (both CIP and FLU) and Actiformcool® hydrogel.  

 

Figure 3.14 Evaporative water loss from Actiformcool®, FLU only loaded wafers and 

combined DL wafers (n = 3 ± SD). 
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Wafers containing only FLU showed water loss about 40-50% within 2 h and after that 

water loss was slow and weight of the wafers indicating remaining water weight equilibrated 

after 6 h. In the case of the wafers containing both CIP and FLU, the water loss from the 

dressings was similar to the wafers containing only FLU.    

 All FLU loaded and combined DL wafers retained 10 - 16% water after 8 h indicating 

that large amount of exudates will be evaporated from the swollen matrix and at the same time 

some moisture retained which will help to prevent excess dehydration and subsequently will 

provide a moist wound environment. Actiformcool® exhibited very low water loss of about 20% 

after 8 h, which was lower than all the other formulated dressings. The high water retaining of 

Actiformcool® was due to its three-dimensional structure, which possess hydrophilic properties 

resulting in higher affinity to retain water.  

Overall, film dressings exhibited higher evaporative water loss than wafers. About 50% water 

loss was recorded from the films within half an hour, whereas this amount evaporated from 

wafers in 2-3 h. The higher water evaporation from the film surface was due its thin, 

semipermeable, continuous sheet that enabled them to retain less water. 

 3.4.7 Moisture content 

Thermogravimetric analysis was used to determine the residual water content of the 

formulated dressings. The uplasticized films showed residual moisture content of 4.95 ± 0.88%, 

which increased up to 8.37 ± 0.11 after addition of GLY. The increase is due to the 

hydrophilicity and strong humectant properties of GLY. Since GLY is highly hydrophilic, the 

presence of GLY in the films resulted in higher bound water and hence, enhancing residual 

moisture content (Rhim et al., 2002).  
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Figure 3.15 Moisture content of different film formulations (n = 3 ± SD). 

After loading drug, the residual moisture content was further increased from about 8.22 ± 0.271 

to 12.22 ± 0.28 because of increase in porosity, which enabled it to absorb more moisture. It 

could also be observed that the incorporation of drug increased hydrophilicity of the polymeric 

matrix resulting in higher amounts of bound water and therefore increased residual moisture 

content. 

The wafer dressings exhibited higher residual moisture content than films. This was 

because in the final cycle of lyophilization, the wafers were dried at 20 °C whereas, in the 

solvent casting technique the films were dried at 30 °C resulting higher residual moisture in 

wafers than the films. Moreover, higher porosity of wafers facilitated the retention of more 

bound water than film dressings. The moisture content of BLK wafer was about 13.28 ± 0.86 

% whereas incorporation of CIP into the polymeric wafers resulted in significantly (p = 0.004) 

higher moisture content about 16.56 ± 0.08% to 17.30 ± 0.04% respectively (Figure 3.16). This 

seems to indicate that addition of CIP resulted in higher sorption characteristics. On the other 

hand, the moisture content were slightly lower in FLU loaded wafers (15.25 ± 0.30%  ̶  9.78 ± 

0.76%) that could be attributed to the differences in hygroscopicities of the drugs. Wafers 

containing both CIP and FLU showed residual moisture content between 14.11 ± 0.09%  ̶  13.74 

± 0.85%  which were very close to BLK wafers.  
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Figure 3.16 Moisture content of different wafer formulations (n = 3 ± SD). 

 The residual water content within the wafers depends on either annealing or non-

annealing process in the primary drying stage. Usually non-annealing process in the freeze cycle 

retains higher residual moisture content compared to annealing process (Kianfar et al., 2013b). 

In this study non-annealing process was used therefore, the dressings seemed to have a 

relatively higher moisture content. Though, high residual water content into wafers is 

susceptible to microbial growth and retards stability by accelerating crystallization of the drug 

upon storage (Kianfar et al., 2013), the levels are comparable to other reported studies (Momoh 

et al., 2015; Kianfar, et al., 2011). Moreover, the low residual moisture content of the films 

may facilitate more stability upon storage than wafers; however, this could be confirmed by 

long term stability studies under controlled conditions. Further, high moisture content of the 

wafers can maintain the wound and surrounding skin in an optimum state of hydration thus 

implies the dressings will function efficiently under compression (Thomas, 2008). 
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3.4.8 In-vitro drug dissolution and release studies  

3.4.8.1 Drug loading efficiency and content uniformity 

The drug loading efficiency of films containing 0.005%, 0.010% and 0.025% CIP 

recorded was 65.81 ± 3.98%, 60.99 ± 2.01% and 55.01 ± 4.27% respectively (Figure 3.17). 

Further, films containing 0.05, 0.10 and 0.20% FLU showed drug loading efficiency about 

90.68 ± 0.42%, 60.32 ± 0.17% and 52.23 ± 4.71% respectively (Figure 3.17). The drug loading 

capacity of the films appeared relatively low except the film containing 0.05% FLU. This could 

be explained by the fact that the drying process during film formation results in a dense and 

very thin product resulting in precipitation of excess drug on the surface of the films some of 

which can be lost through scraping and contact during handling (Boateng et al., 2011). Low 

amount of FLU (0.05%) was entrapped within the film matrix.  

 

Figure 3.17  Drug loading efficiency of DL films (n = 3 ± SD). 

There was no significant difference (p > 0.05) between loading capacity of the film containing 

both CIP and FLU at the ratio of 1:10 when compared to the films containing CIP or FLU alone. 

However, film containing both CIP and FLU at the ratio of 1:20 exhibited significantly higher 

(p < 0.05) drug loading CIP (91.01 ± 4.2%) than the film containing only CIP or FLU. This 

could be explained by the fact that the addition of high amount of FLU (0.10%) with CIP 

resulted in increasing hydrogen bonding that enhanced the miscibility between the drugs within 

the film matrix.   
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The drug loading capacity recorded for wafers containing 0.005, 0.010 and 0.025% CIP 

was 88.08 ± 1.45%, 84.77 ± 1.59% and 83.26 ± 3.06% respectively (Figure 3.18) whereas, 

wafers containing 0.05-0.40% FLU showed 60.89 ± 2.95%  ̶  71.41 ± 3.88% drug loading 

efficiency. The lower drug loading capacity of FLU loaded wafers was attributed to their lower 

porosity (Figure 3.2). In the case of combined DL wafers, FLU showed high drug loading 

recovery (70.53 ± 1.31% - 85.02 ± 1.02%) during the formulation process when compared with 

the wafers containing same amount of FLU alone. This fact was also attributed to porosity as 

previously observed (Figure 3.2). Furthermore, it can be observed (Figure 3.18) that the wafers 

have the higher drug loading capacity than films as was previously documented by Boateng and 

co-workers (Boateng et al., 2009, 2011; Ayensu et al., 2012). The drug loading capacity 

depends on the porous network of lyophilized wafers (Ayensu et al., 2012). The wafers can 

maintain the volume, size and shape of the original gel poured due to the freezing stage of free-

drying, while films shrink due to evaporation during solvent casting.  

 

Figure 3.18  Drug loading efficiency of DL wafers (n = 3 ± SD). 

The lyophilization process yields porous wafers in which drug molecules can be entrapped 

whereas, oven drying process makes the films a continuous dense sheet resulting in less 
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entrapment within the matrix and precipitation of excess drug on the surface of the films some 

of which can be lost through scraping and contact during handling (Boateng et al., 2012).  

Table 3.2 Observation of statistical differences in DCU of different CIP and FLU loaded 

dressings (n = 3 ± SD). P indicates part (6 mm) of the films. 

 

Film Drug content (µg) p value 

P1 P2 P3 

CA-CIP 0.005% 5.03 ± 0.02 5.15 ± 0.02 5.25 ± 0.02 > 0.05 

CA-CIP 0.010% 10.87 ± 0.02 10.80 ± 0.02 10.72 ± 0.01 > 0.05 

CA-CIP 0.025% 22.32 ± 0.01 22.15 ± 0.06 22.15 ± 0.01 > 0.05 

CA-FLU 0.05% 64.21 ± 0.03 62.54 ± 1.23 60.78 ± 0.36 > 0.05 

CA-FLU 0.10% 90.03 ± 1.05 80.42  ± 1.15 96.20 ± 0.09 < 0.05 

CA-FLU 0.20% 163.50 ± 0.51 185.28 ± 0.72 179.94 ± 0.80 < 0.05 

Wafer     

CA-CIP 0.005% 3.63 ± 0.04 3.59 ± 0.02 3.75 ± 0.01 > 0.05 

CA-CIP 0.010% 6.53 ± 0.01 6.86 ± 0.12 6.44 ± 0.62 > 0.05 

CA-CIP 0.025% 15.50 ± 0.02 15.69 ± 0.07 15.51 ± 0.04 > 0.05 

CA-FLU 0.05% 28.60 ± 1.59 29.88 ± 0.26 29.66 ± 0.85 > 0.05 

CA-FLU 0.10% 55.75 ± 0.14 53.03 ± 0.24 55.57 ± 0.10 > 0.05 

CA-FLU 0.15% 112.78 ± 0.19 109.76 ± 0.06 115.57 ± 0.09 > 0.05 

CA-FLU 0.30% 252.89 ± 2.63 172.52 ± 2.24 207.60 ± 0.04 < 0.05 

CA-FLU 0.40% 288.12 ± 0.05 273.79 ± 0.21 256.61 ± 0.29 < 0.05 
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Table 3.3 Observation of statistical differences in DCU of the dressings containing both CIP and FLU (n = 3 ± SD). 

 

Film Drug content (µg) P value 

P1 P2 P3 

CIP FLU CIP FLU CIP FLU CIP FLU 

CA-CIP:FLU (1:10) 4.7 ± 0.1 63.6 ± 0.3 4.8 ± 0.0 61.5 ± 0.2 4.6 ± 0.0 63.6 ± 0.0 > 0.05 > 0.05 

CA-CIP:FLU (1:20) 6.7 ± 0.0 92.9 ± 0.7 6.6 ± 0.0 92.1 ± 0.1 6.7 ± 0.0 94.2 ± 0.5 > 0.05 > 0.05 

Wafer 

CA-CIP:FLU (1:10) 3.1± 0.1 40.8 ± 0.1 3.1 ± 0.0 35.2 ± 0.1 3.0 ± 0.0 38.6 ± 0.1 > 0.05 > 0.05 

CA-CIP:FLU (1:20) 2.6 ± 0.0 77.9 ± 0.1 2.6 ± 0.0 75.3 ± 0.1 2.5 ± 0.0 78.2 ± 0.2 > 0.05 > 0.05 

CA-CIP:FLU (1:30) 2.1 ± 0.0 107.9 ± 

0.1 

2.5 ± 0.0 109 ± 0.2 2.3 ± 0.0 106.4 ± 0.1 > 0.05 > 0.05 
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The drug content uniformity (DCU) was also investigated to check the homogeneous 

distribution of the drug all over dressings. All formulations retained uniform distribution of 

drugs except the films and wafers containing more than 0.05 and 0.15% FLU respectively. 

Statistical analysis revealed that there was significant differences (Table 3.2) in drug content 

on different locations of those dressings. In addition, the distribution of drugs was also 

confirmed by zone of inhibition (ZOI) antibacterial study (Chapter 4: Figure 4.15 & Figure 

4.16). Table 3.3 shows the statistical evaluation of DCU of the combined DL dressings. It was 

found that there was no significant differences (p > 0.05) in content of CIP and FLU on different 

part of the dressings, which confirmed the biocompatibility between two drugs.  

3.4.8.2 In-vitro drug release studies 

The percentage cumulative release profiles of CIP and FLU from the CA based 

dressings with different amounts of drugs are shown in Figures 3.19 – Figure 3.24. The release 

of drugs closely matched the swelling profiles of the dressings as shown in Figure 3.4, Figure 

3.5 and Figure 3.6. A quick hydration of the films was observed within 15 min and within this 

time more than 50% drug was released. This means films containing 0.005% and 0.010% CIP 

can reach minimum bactericidal concentration (MBC) (99.9% inhibition) for killing E. coli and 

P. aeruginosa within that time. However, film containing 0.025% CIP can reach MBC for 

killing all three organisms (E. coli, P. aeruginosa and S. aureus) within 5 min.  
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Figure 3.19 Cumulative percentage drug release profiles of CIP loaded films (n = 3 ± SD). 

The films exhibited the maximum CIP release within 45 min with values of 90.50 ± 3.93%, 

91.18 ± 7.44% and 100. 41 ± 11.15% respectively (Figure 3.19). This indicates that the release 

of CIP from the film dressings could potentially reduce microbial load very quickly, which is 

important in highly infected chronic wounds such as DFUs where the bacteria load needs to be 

significantly reduced to allow wound healing to progress beyond the inflammatory phase. 

FLU loaded films appeared to have a burst release which can reach minimum inhibitory 

concentration (MIC) for inhibiting the growth of C. albicans within a short time. Films 

containing 0.05% FLU released 65.32 ± 3.47 % of drug within 5 min whereas, 90.03 ± 7.12% 

and 80.63 ± 3.59% of drug was released from the films containing 0.10 and 0.20% FLU at that 

time (Figure 3.20).  
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Figure 3.20 Percentage cumulative drug release profiles of FLU loaded films (n = 3 ± SD). 

Several factors are associated with the burst release of drug from the dressings such as 

geometrical shape of the dressings, heterogeneity of matrices (pore density), surface 

characteristic of the polymer, and heterogeneous drug distribution within the polymeric matrix 

(Fu and Kao, 2010). Films released drug rapid possibly due to its one-dimensional geometrical 

shape that allowed rapid hydration and dissolution with short swelling phase. Moreover, FLU 

might has high solubility in the dissolution medium resulting in burst release. The high amount 

of drug release within a very short time also indicated that FLU was mainly released from the 

surface of the film, which further confirmed the precipitation of the drug on the surface as 
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observed in Figure 2.6 (Chapter 2). Furthermore, as previously discussed, the films containing 

more than 0.05% FLU had non-uniforme distribution of the drug. All these data suggest that 

CA film has the limitation of loading high amount of FLU.  However, burst release of FLU 

from the films may have advantages in chronic wounds like DFUs. In DFUs, the patients require 

frequent dressing change to prevent accumulation of excessive exudates underneath the 

dressing. Thus, this sort of burst release of FLU may help to provide enough drug concentration 

to reduce fungal load before the next change of the dressing. 

It can be observed from Figure 3.21 that the release of CIP from the combined DL films 

was more controlled than FLU with maximum release occurring immediately after hydration. 

It was noted that, only 44.73- 67.81% CIP was released from the CA-CIP:FLU (1:10) film over 

360 min and the remaining CIP might be present within the swollen matrix due to physical 

interactions with the polymer chains. The CIP release was higher (90.48 %) in the CA-CIP:FLU 

(1:20) film than the film with CIP and FLU at the ratio of 1:10. This could be attributed to the 

higher amount of FLU which might decrease the physical interaction of CIP with the polymer 

chains resulting in higher release of CIP. On the other hand, higher release of FLU was observed 

in CA-CIP:FLU (1:10) film (82.71 ± 0.45%) than the film with CIP and FLU at the ratio of 

1:20 (66.37 ± 1.46%). This could be because the lower amount of FLU was easily leached out 

from the film matrix due to relatively more solubility in dissolution medium (SWF without 

BSA) than the formulations containing higher amount of FLU.  
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Figure 3.21 In vitro drug release profiles of (a) CIP and (b) FLU from films containing both 

drugs in different ratios, showing mean percentage cumulative release (mean ± SD, n = 3) 

against time in the presence of SWF at pH 7.5. 

0

20

40

60

80

100

0 60 120 180 240 300 360

D
ru

g
 r

el
ea

se
 (

%
)

Time (min)

CIP release

CA-CIP:FLU (1:10) CA-CIP:FLU (1:20)

(a)

0

20

40

60

80

100

0 60 120 180 240 300 360

D
ru

g
 r

el
ea

se
 (

%
)

Time (min)

FLU release

CA-CIP:FLU (1:10) CA-CIP:FLU (1:20)

(b)



134 
 

The percentage cumulative release profiles of CIP from the CA based wafers with 

different amounts of drug are shown in Figure 3.22. Wafers loaded with 0.025% CIP appeared 

to produce the fastest release rate, releasing about 68.36 ± 3.68% of the total drug content within 

5 min of dissolution. This means the burst release of the dressings can reach MBC for killing 

E. coli, P. aeruginosa and S. aureus within 5 min. However, wafers containing 0.005 and 

0.010% CIP showed total release around 41.89 ± 6.74% and 20.91 ± 6.32% respectively in 5 

min, which is also high enough for killing E. coli and P. aeruginosa. The highest cumulative 

percent of CIP released in 6 h was 59.40 ± 0.64%, 74.39 ± 3.59% and 91.43 ± 1.21% from the 

wafers loaded with 0.005, 0.010 and 0.025% drug respectively.  

  

Figure 3.22 Cumulative percentage drug release profiles of optimized CIP loaded wafers (n = 

3 ± SD). 



135 
 

The dressings containing higher amounts of CIP appeared to release the drug more rapidly. This 

could be due to disturbance in pore distribution within the wafers at higher drug loading. The 

irregular pore size allows quick hydration and therefore faster rate of drug release (Ayensu et 

al., 2012b). Though the initial fast release is over between 1 and 3 hours, the sustained amounts 

of CIP released from the dressings up to 6 h can prevent re-infection as well as the need for 

frequent dressing change. The rapid initial (5 min) release of drug (44.74 ± 2.56%  ̶  48.27 ± 

6.16%) was observed (Figure 3.23) in wafer containing 0.30 and 0.40% FLU. Wafers 

containing 0.05-0.15 % FLU showed cumulative drug release of about 21.05 ± 0.09%  ̶ 26.69 

± 0.17 % within 5 min 

 

Figure 3.23 Percentage cumulative drug release profiles of FLU loaded wafers (n = 3 ± SD). 
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The rapid initial release could be attributed to the release of drug from pore surfaces of the 

dressings rather than to the drug incorporated in the wafer matrix. DCU test on the FLU loaded 

wafers also revealed that drug loading greater than 0.15% FLU did not show uniform 

distribution.  More than 50% of the drug (FLU) was released within 15 min of hydration whilst 

100% of the drug was released within 75 min. The rapid drug release was due to rapid hydration 

of wafers followed by increasing molecular mobility of polymer and the drug and therefore, it 

promoted easy diffusion of drug through the swollen polymeric matrix. 

 

Figure 3.24 In vitro drug release profiles of (a) CIP and (b) FLU from wafers showing 

mean percentage cumulative release (mean ± SD, n = 3) against time in presence of SWF pH 

7.5. 
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Figure 3.24 illustrates the release profiles of (a) CIP and (b) FLU from the lyophilized 

wafers. It can be observed that FLU was released faster than CIP from the wafer matrix. This 

could be due to difference in ionic properties of the drugs. FLU might have high affinity to the 

ions present in dissolution medium (SWF) that triggers leaching out of FLU molecules quickly 

from the swollen matrix. Moreover, it was previously reported that drugs having lower 

molecular weight diffused faster from microspheres than the drugs of higher molecular weight 

(Feng et al., 2015).  

This could happen in this study, as FLU of lower molecular weight (306.28 g/mol) 

diffused faster than CIP of higher molecular weight (331.35 g/mol). It could probably due to its 

smaller molecular volume (205 cm) than CIP (226 cm) which promoted faster transport through 

the polymer phase and the small water filled pores. Furthermore, solubility of FLU into SWF 

could be another reason for its burst release. It is reported that FLU has higher solubility in 

phosphate buffer saline (PBS) (pH 7.4) than water (pH 7.0) (Sakharam et al., 2012). It is also 

reported that CIP has slow drug release due its much lower solubility at pH 7.4 in PBS 

(Bajgrowicz et al., 2015). The pH of SWF was similar to the pH of PBS. Therefore, FLU 

exhibited higher solubility in SWF than CIP, which resulted in rapid initial and maximum 

(100%) release (within 75 min).  Moreover, a close observation of Figure 3.24 b revealed that 

the film containing lower amount of FLU had the higher initial release. It could be due to 

solubility of FLU in SWF with the lower amount of FLU dissolving quickly and resulting in 

faster diffusion through the swollen matrix.  

However, CIP was released in a controlled manner from the combined DL wafers. 

Wafers containing CIP and FLU at the ratio of 1:10, 1:20 and 1:30 exhibited CIP total 

cumulative release of 81.73 ± 2.29%, 88.06 ± 3.52% and 95.36 ± 2.72% respectively (Figure 

3.24 a). That means higher concentration of FLU resulted in higher CIP release. This also 

happened for combined DL films.  The higher amount of FLU reduced the physical interaction 

of CIP with the polymer molecules, followed by increasing entanglement of the polymer chains, 

resulting in higher CIP release. This interesting fact could also depend on porosity of the 

polymeric matrix (Varma et al., 2004) as well as the solubility, ionic strength, and osmotic 

properties of the drugs (Patra et al., 2013; Wang et al., 2007). It can be seen (Figure 3.2) that 

higher amounts of FLU in combined DL wafers resulted in greater porosity, subsequently 

improved swelling and higher CIP release. In addition, the pore size of swollen matrix might 

exceed the size of CIP molecules in the presence of higher amount of FLU that enabled higher 

CIP release. Another factor could be the solubility of CIP in dissolution medium might be 

increased with increasing concentration of FLU into the wafer matrix that enhanced the CIP 



138 
 

release. In this case, pH dependent solubility of CIP occurring at higher pH led to better 

solubility (Roca et al., 2015), evident by observing surface pH of the DL wafers (Chapter 8: 

Table A3.1). Moreover, increase in drug content at a constant polymer content enhanced rate 

of drug release, which may be ascribed to the higher concentrations of drug leading to higher 

chemical gradient at the diffusion front, promoting drug escape to the outer environment 

(dissolution medium) efficiently (Varma et al., 2004).   

3.4.9 Drug release kinetics 

 The formulated medicated films and wafers showed varied drug release profiles, 

evaluated by model dependant methods such as Higuchi, Korsmeyer-Peppas, zero order and 

first order (Boateng et al., 2009). All data obtained from those mathematical equations are 

summarised in Table 3.4 & Table 3.5. Amongst all the models, Korsmeyer-Peppas equation is 

considered as the best drug release kinetic model for swellable polymeric drug carriers 

formulated in cylindrical shapes (Lao et al., 2011). The slope (n) values from the Korsmeyer-

Peppas equation also gives information about the mechanism of drug release. The n value less 

than or equal to 0.45 indicates Fickian diffusion, whereas n value greater than 0.45 but less than 

0.89 represents anomalous (non-Fickian) transport. Further, n values of 0.89 and greater than 

0.89 indicate case-II and super case-II transport respectively (Lao et al., 2011). It can be 

observed from Table 3.4 that release of CIP from films followed first order release mechanism 

in which release rate depended on the concentration of drug. Figure 3.19 also supports this 

kinetic mechanism of drug release where the highest amount of drug (0.025% w/v) loaded film 

released maximum drug within 45 min.  The CIP release from wafers was the best fitted (R2= 

0.86-0.95) to Korsmeyer-Peppas mechanism compared to other equations (Table 3.4) as noted 

previously (Boateng et al., 2009, 2011; Momoh et al., 2015).  
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Table 3.4 Release parameters obtained by fitting experimental drug release data to 

different models for medicated films and wafers. 

Film Higuchi Korsmeyer-Peppas Zero order First order 

KH R2 Kp n R2 Ko R2 K1 R2 

CA-CIP 0.005% 16.07 0.9933 2.67 0.54 0.9837 3.26 0.8301 0.06 0.9963 

CA-CIP 0.010% 16.61 0.9829 2.57 0.58 0.9641 3.37 0.8279 0.07 0.9929 

CA-CIP 0.025% 15.56 0.9897 2.46 0.59 0.9985 3.20 0.9215 0.07 0.9811 

CA-FLU 0.05% 18.88 0.8026 3.94 0.16 0.8920 3.63 0.2543 0.06 0.7424 

CA-FLU 0.10% 22.01 0.6565 4.43 0.04 0.9997 4.16 0.0126 0.10 0.7463 

CA-FLU 0.20% 22.01 0.7687 4.20 0.12 0.9538 4.21 0.1925 0.21 0.9612 

Wafer          

CA-CIP 0.005% 12.46 0.8390 3.45 0.19 0.9508 4.12 0.69 0.02 0.7062 

CA-CIP 0.010% 10.12 0.9921 2.2 0.54 0.981 2.05 0.8248 0.02 0.9474 

CA-CIP 0.025% 17.72 0.7055 4.11 0.08 0.86 2.01 0.4956 0.04 0.5887 

CA-FLU 0.05% 16.57 0.9713 2.21 0.70 0.9620 3.39 0.8822 0.08 0.9981 

CA-FLU 0.10% 13.42 0.9530 1.99 0.71 0.9294 2.74 0.8359 0.04 0.9360 

CA-FLU 0.15% 14.51 0.9722 1.98 0.73 0.9965 3.01 0.9529 0.06 0.9940 

CA-FLU 0.30% 13.94 0.9116 3.40 0.24 0.9897 2.73 0.4985 0.03 0.8609 

CA-FLU 0.40% 16.92 0.9554 3.37 0.32 0.9979 3.35 0.6094 0.06 0.9576 

 

Therefore, drug released through the polymeric matrix is either by Fickian or non-Fickian 

diffusion, which is the combination of both diffusion and erosion-controlled release. For a better 

understanding of drug release mechanism, the diffusion exponent (n) values were calculated as 

0.54-0.59 and 0.08-0.54 for CIP in the films and wafers respectively. This suggested CIP was 
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released from the films by non-Fickian diffusion. Wafers containing 0.005 and 0.025 % CIP 

showed drug release by Fickian diffusion as their n values were less than 0.45.  

 

Table 3.5 Release parameters obtained by fitting experimental drug release data to 

different models for films and wafers containing CIP and FLU. 

 

 

Higuchi Korsmeyer-Peppas Zero order First order 

KH R2 Kp n R2 Ko R2 K1 R2 

CIP          

CA-CIP:FLU 

(1:10) Film 

12.61 0.7961 3.58 0.15 0.9487 2.42 0.2421 0.02 0.6548 

CA-CIP:FLU 

(1:20) Film 

15.37 0.8920 3.52 0.24 0.9814 2.99 0.4410 0.04 0.8301 

CA-CIP:FLU 

(1:10) Wafer 

6.09 0.9465 0.74 0.85 0.9945 1.28 0.9777 0.02 0.9957 

CA-CIP:FLU 

(1:20) Wafer 

9.04 0.9791 1.79 0.63 0.9962 1.87 0.9455 0.02 0.9932 

CA-CIP:FLU 

(1:30) Wafer 

11.40 0.9981 2.52 0.47 0.9986 2.30 0.8071 0.03 0.9621 

FLU          

CA-CIP:FLU 

(1:10) Film 

17.49 0.6285 4.25 0.03 0.9982 3.29 -0.03 0.04 0.4816 

CA-CIP:FLU 

(1:20) Film 

14.15 0.6831 3.93 0.07 0.8727 2.68 0.0481 0.03 0.5235 

CA-CIP:FLU 

(1:10) Wafer 

13.98 0.9888 2.35 0.59 0.9980 2.88 0.9237 0.05 0.9921 

CA-CIP:FLU 

(1:20) Wafer 

12.36 0.9931 2.35 0.55 0.9955 2.54 0.9039 0.04 0.9921 

CA-CIP:FLU 

(1:30) Wafer 

10.49 0.9991 2.33 0.51 0.9983 2.14 0.8624 0.03 0.9776 
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The wafer containing 0.010% CIP showed non- Fickian diffusion (anomalous transport). The 

anomalous transport suggested that the diffusion of CIP through the hydrated polymer 

combined gel erosion and controlled diffusion of the drug.  

The release data of FLU from the films and wafers showed best fit to Korsmeyer-Peppas 

model based on the coefficient of linear correlation (R2). All FLU loaded films exhibited drug 

release by Fickian diffusion as their exponent n values were calculated to be 0.04-0.16. 

However, wafers containing 0.05-0.15% FLU showed drug release by non-Fickian diffusion (n 

value, 0.70-0.73). That indicates controlled release of FLU by diffusion due to uniform porosity 

confirmed by SEM. The n values for the wafers containing 0.30 and 0.40% FLU were calculated 

as 0.24 and 0.32 respectively, suggesting the release mechanism to be Fickian diffusion. 

 In the case of combined DL films, the release of both CIP and FLU followed 

Korsmeyer-Peppas model (Table 3.5). The n values ranged from 0.03 ̶ 0.24 for all combined 

DL films indicating that the release of CIP and FLU from the polymeric films followed the 

Fickian diffusion. That means drugs released that were diffusion controlled as in the Higuchi 

model. Therefore, the both drugs were dispersed uniformly (also confirmed by Figure 3.21) 

throughout the non-degradable matrix. The best fit model for the combined DL wafers was also 

Korsmeyer-Peppas model. The n values (0.85 ̶ 0.47) of the Korsmeyer-Peppas model suggested 

that the mechanism of diffusion of both CIP and FLU was non-Fickian. It indicates that both 

diffusion of CIP and FLU through the hydrated polymer combined with gel erosion control the 

release of the drugs.  

3.5 Conclusions 

Lyophilized wafers were highly porous in nature resulting in higher swelling 

capacity than films. DL wafers also showed higher water uptake (1085-2377 %) and holding 

capacity (EWC, 91 ̶ 95 %) than the DL films. Therefore it indicates, the wafer dressings will 

absorb more exudates from DFUs. However, films showed higher WVTR (maximum 3876.53 

± 195.50 g/m2day-1) than wafers (maximum 3499.23 ± 71.76). This indicates films have the 

higher ability to absorb fluid and draw it out from the wound bed across the materials into the 

atmosphere than wafers. Combined DL (CIP and FLU) wafers exhibited ideal WVTR values 

which will be able to maintain moist wound environment. The EWL study of films and wafers 

reflected optimal conditions for maintaining moist environment, which is necessary for wound 

healing. In addition, the lower residual moisture content in the DL films (8 ̶ 12 %) than DL 

wafers (9  ̶  17 %) will ensure higher stability upon storage and less chance of drug precipitation. 
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The films showed initial burst drug release whilst wafers exhibited controlled release over 

sustained period which will be expected inhibit microbial growth rapidly as well as prevent 

reinfection due to sustained drug release, especially in the wafers. The DL loaded wafers 

showed better functional properties than DL films in terms of fluid handling properties and drug 

loading capacity. Therefore, the wafers can be used as a primary dressing and films as a 

secondary dressing in DFUs. Moreover, the formulated wafers performed better than the 

Algisite Ag® and Actiformcool® in terms of all fluid handling characteristics. Films also 

showed better WVTR than Actiformcool®. Based on the obtained results, the formulated DL 

wafers will be potentially a better dressing than the tested commercial products for healing of 

chronic DFUs. 
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CHAPTER 4:  ANTIMICROBIAL PROPERTIES OF DRUG LOADED 

CALCIUM ALGINATE DRESSINGS TARGETTING 

BACTERIAL, FUNGAL AND MIXED INFECTIONS IN 

CHRONIC DIABETIC FOOT ULCERS 

4.1 Introduction 

 Chronic infection is one of the major risk factors in impaired healing of diabetic foot 

ulcers (DFUs). Such chronic infections are the most common precursors to diabetic related 

amputation and 85% of lower-limb amputations is preceded by infected foot ulcerations 

(Nithyalakshmi et al., 2014; Chellan et al., 2012; Dowd et al., 2008). Around 7400 legs, toes 

or feet are amputated each year in England alone (Diabetes UK, 2016). Several microbial flora 

such as bacteria, fungi, yeast and virus are associated with infected DFUs (Peters et al., 2012). 

Therefore, it is very important to understand the ecology of such infections, how to control 

these and ultimately eliminate them completely. Several interdisciplinary fields such as 

microbiology, polymer chemistry, and molecular biology are required to understand the 

pathophysiology and diversity of microorganisms, interaction between the microorganisms and 

interaction of microorganisms with the polymer dressings for developing effective 

antimicrobial dressings.   

 Several clinical studies have reported that the most predominant bacterial species in 

DFUs are Staphylococcus aureus (S. aureus), Pseudomonas aeruginosa (P. aeruginosa) and 

Escherichia coli (E. coli) (Kavitha et al., 2014; Abdulrazak et al., 2005; Tiwari et al., 2012; 

Shanmugam and Susan, 2013). A clinical study reported that S. aureus and P. aeruginosa were 

isolated from diabetic foot infections in about 38.4% and 17.5% of cases respectively 

(Abdulrazak et al., 2005), whilst isolates of E. coli were in  about 14.6% of cases (Shanmugam 

and Susan, 2013). In another study, 84 of patients with infected DFUs were investigated and it 

was found that the prevalence of S. aureus was the most common in diabetic foot ulcers (DFUs) 

and about 50% of these isolates were methicillin-resistant (Chita et al., 2013). Furthermore, 

most other studies have also suggested that S. aureus is most prevalent isolates in DFUs 

(Mendes et al., 2012; Mauriello et al., 2014; Sarheed et al., 2016). 

Fungal infections have been reported in patients with DFUs and the most predominant 

fungi in DFUs is Candida albicans (C. albicans) (Abilash et al., 2015; Nair et al., 2006; Varsha 

et al., 2016; Nithyalakshmi et al., 2014). Abilash and colleagues reported that amongst 100 

patients with DFUs, 18 patients were fungal infected and C. albicans strains were isolated from 
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16 of these fungal infected patients (Abilash et al., 2015). Another study reported that C. 

albicans (49%) was the most common among the Candida species, followed by C. tropicalis 

(23%), C. parapsilosis (18%), C. guillermondi (5%) and C. krusei (5%) (Nair et al., 2006). 

However, opportunistic fungal infections are often ignored due to lack of clinical studies. 

Fungal infection is hard to diagnose because the loss of sensation in diabetic foot often make 

patients unconscious about anyfungal growth and consequently leads to fatal complications 

such as foot amputation. Moreover, hyperglycaemia and suppressed immunity in diabetes are 

very prone to fungal infections. Hyperglycaemia hinders granulocyte formation in the host and 

hence, enhancing the growth of various fungi species, especially Candida spp (Heald et al., 

2001). This can become a serious cause of morbidity or mortality in diabetic patients (Clayton 

and Elasy, 2009).  

 Mixed bacterial-fungal infections are more complicated than single microbe infections 

with enhanced severity of DFUs. The risk of amputations and mortality may increase 

significantly with the onset of mixed bacterial and fungal infections (Morales and Hogan, 

2010). A study reported that amongst 160 patients with DFUs, mixed infection caused by S. 

aureus and C. albicans was identified in about 20% of the patients followed by the mixed 

infection of P. aeruginosa and C. albicans (10%). The interactions between the bacteria and 

fungi in wounds is still ambiguous, but such interactions may influence the growth and 

pathophysiology of the organisms. It has been reported that bacteria may accelerate fungal 

growth and vice versa (Peleg et al., 2010). Bacteria may also reduce fungal growth by releasing 

bacterial toxins that directly act on the fungal cell wall or by nutrient depletion (Peleg et al., 

2010). Moreover, presence of bacteria with fungi may alter the environment in terms of 

temperature and pH, which can hinder hyphae formation in fungi (Fitzsimmons and Berry, 

1994; Buffo et al., 1984). It is reported that E. coli and P. aeruginosa can suppress C. albicans 

growth in oral infections (Thein et al., 2006). In some cases, E. coli and C. albicans have mutual 

modulatory effects (Bandara et al., 2009). Moreover, antagonistic relationship between P. 

aeruginosa and C. albicans has been documented where C. albicans inhibit the growth of P. 

aeruginosa by secreting proteins (Medina et al., 2015). The mixed infection of S. aureus and 

C. albicans may enhance disease chronicity in various way (Peters and Noverra, 2013). In this 

type of mixed infection, Candida activity initially compromise the tissue and cell walls, which 

facilitate the penetration of S. aureus into internal tissues. S. aureus secretes protease in the 

presence of C. albicans, which gives synergistic effect of yeast growth (El-Azizi et al., 2004; 

Carlson, 1983). Untreated mixed infections in DFUs may lead to complex biofilm formation, 
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which is associated with polymicrobial infections (Fourie et al., 2016). Several studies reported 

biofilm formation between C. albicans and E. coli, C. albicans and P. aeruginosa, and, C. 

albicans and S. aureus (Bandara et al., 2009; Mear et al., 2013; Fourie et al., 2016; Kean et al., 

2017; Nair et al., 2014; Harriott and Noverr, 2009).  

Ciprofloxacin (CIP) and fluconazole (FLU) are broad spectrum antimicrobial drugs. 

CIP and FLU have been reported as the prescribed treatment of DFUs due to their low minimum 

inhibitory concentrations (MIC) against causative microorganisms present in diabetic ulcers 

(Leese et al., 2009; Sanniyasi et al., 2015). To prevent and control diabetic foot infection, orally 

administered antibiotics are currently being administered to hospitalized patients. It is reported 

that 500-750 mg CIP is given twice a day for bacterial infection and 150 mg FLU is given daily 

for fungal infection (Leese et al., 2009; Sanniyasi et al., 2015). However, the systemic 

administration of antibiotics requires high dose to achieve adequate blood serum concentration 

and associated with several side effects (Sarheed et al., 2016). In case of DFU, the systemic 

administration of antibiotics is sometimes ineffective due to poor blood circulation in the foot 

region. Therefore, it is advantageous to deliver therapeutically relevant doses of broad-spectrum 

antibiotics (CIP) directly to the wound site of infected DFUs. Dressings impregnated with 

antimicrobial agents have become one of the best choices of wound management. The ideal 

dressings should prevent infection in chronic wounds, as wound infection is a major risk factor 

for impaired healing of chronic wounds such as DFUs. Polymeric films and lyophilized wafers 

are also reported as a potential means of delivering antimicrobials to wound surface to aid 

healing (Okoye and Okolie, 2015; Pawar et al., 2014). 

This chapter reports on the antibacterial and antifungal characteristics of CIP and FLU 

loaded dressings. The investigations initially determined the MIC and minimum 

bactericidal/fungicidal concentration (MBC/MFC) of CIP and FLU respectively. The dressings 

containing single drug (CIP or FLU) and combined drug (CIP and FLU together) were 

evaluated by turbidimetric and disk diffusion methods for antibacterial, antifungal and mixed 

infections performance. The rate of killing microorganisms were evaluated by time-kill assay. 

Along with the formulated dressings, two commercial antimicrobial dressings Algisite Ag® 

(Smith & Nephew, UK) and Actiformcool® (Activa Healthcare, UK) as representative standard 

samples were also tested for antimicrobial activity.  
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4.2 Materials 

Calcium alginate (mannurronic acid:guluronic (59:41), molecular weight: 398.32 

g/mol) [CA, (lot number: BCBM8132V)], ciprofloxacin (lot number: LRAA6508), 

Fluconazole (lot number: LRAA6502), Mueller hinton broth [MH, (lot number: 

BCBR1543V)], Brain heart infusion broth [BHI, (lot number: BCBS2394V)], Sabouraud 

dextrose broth (lot number: 1337899), were purchased from Sigma-Aldrich (Gillingham, UK). 

Luria Bertani Broth (batch number: G25418), Streptomycin [STP, (batch number: BP910-50)], 

Agar [agar no. 3, technical, (lot number: 1334018)], sodium chloride (lot number: 1560652), 

potassium chloride, sodium carbonate (lot number: 1546575), hydrochloric acid [HCl, (lot 

number: 1480980)], ethanol (batch number: 0933421) and were ordered from Fisher Scientific 

(Loughborough, UK). Calcium chloride (lot number: S42528-427) was obtained from Riedel-

de-Haen, Germany. Amphotericin B (Amp B), a European pharmacopoeia reference standard 

obtained from EDQM, council of Europe. Escherichia coli (ATCC 25922), Staphylococcus 

aureus (ATCC 29213), Pseudomonas aeruginosa (ATCC 27853) and Candida albicans 

(ATCC 90028) were obtained from the microbiology lab of University of Greenwich, UK.  

 

4.3 Methods 

4.3.1 Preparation and storage of tested organisms 

Bacterial cultures were freshly prepared by tranferring a single bead unit to 10 ml of 

Muller-Hinton (MH) broth and incubating at 37 ºC for 24 h. A loop of bacterial cultures was 

inoculated onto a MH agar plate and incubated at 37 ºC for 24 h to yield separate colonies. For 

fungal culture, a single bead unit was transferred to 10 ml of Sabouraud dextrose (SB) broth 

and incubated overnight at 30 ºC . After overnight incubation, a loop of fungal culture was 

inoculated onto a SB agar plate and incubated at 30 ºC for 48h to obtain separate colonies. The 

plates of bacterial and fungal culture were stored at 4 ºC in a refrigerator and the microbial 

strains were sub-cultured in the specific agar plates weekly using a representative single colony.  

4.3.2 Preparations of inocula 

 Bacterial inocula were prepared by inoculating 3  ̶  4 separate colonies of the tested 

organisms in 3 ml of MH growth medium. After overnight incubation at 37 ºC, the turbidity of 

the bacterial suspension was adjusted to a 0.5 McFarland standard (~108 CFU/ml) with the 

medium. The suspensions were further diluted (1: 100 dilutions) in medium to obtain 106 
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CFU/ml, representing a high microbial load in infected DFUs (Anisha et al., 2013; Unnithan et 

al., 2012). 

 Inoculum of C. albicans was prepared from 48 h fresh culture grown on SB agar at 30 

ºC. A single colony from the cultured SB agar plate was introduced in 5 ml of SB broth medium 

and incubated in a shaking incubator at 30 ºC. After overnight incubation, the number of cells 

was counted by a hamocytometer. Afterwards, the inculum was adjusted to a working 

concentration of 106 CFU/ml. The fungal suspension was further diluted in SB broth medium 

to obtain a final inoculum concentration of 105 CFU/ml representing a chronic fungal infection 

in DFUs. Though no data has been found about the fungal load in DFUs, a study reported 105 

cells/ml concentration of C. albicans for biofilm formation (Wibawa et al., 2015) and was used 

to represent chronic DFU for purposes of this study. 

4.3.3 Determining minimum inhibitory concentration (MIC) and minimum 

bactericidal/fungicidal concentration (MBC/MFC) by broth dilution method 

MIC and MBC of pure CIP were determined in MH broth by broth dilution method. 

MIC is defined as the lowest concentration of antimicrobial that will inhibit the visible growth 

of a microorganism after 24 h incubation whereas; MBC is defined as the lowest concentration 

of antimicrobial that will inhibit the growth of a microorganism by about 99.9% in CFU/ml 

when compared with the control (Andrews, 2001; Sgariglia et al., 2006). 

Serial dilutions ranging from 0.001 to 128 µg/ml of CIP were prepared in sterile nutrient 

broth (MH broth) and inoculated with a final concentration of 106 CFU/ml bacteria (either E. 

coli, S. aureus and P. aeruginosa) in triplicate. Following 24 h of treatment, samples from each 

treatment and appropriate dilutions were plated in MH agar plates. Colony forming units 

(CFUs) were then counted after a further 24 h of incubation at 37 ºC and used to determine 

MBC. The number of viable cells was plotted against antibiotic concentration. The number of 

cells was calculated by Equation 4.1: 

 

Number of cell (CFU/ml) = (colonies counted x dilution factor)/ volume plated   (4.1) 

  

Furthermore, MIC of pure FLU against C. albicans was also determined by broth dilution 

method in SB broth. The antifungal agent FLU was dissolved in ethanol at a final concentration 

of 1 mg/ml. Eleven 2-fold serial dilutions were prepared in SB broth medium, with final drug 
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concentrations ranging from 0.06 to 64 µg/ml of FLU. Each concentration was tested in 

triplicate for the inoculum of 105 CFU/ml C. albicans. One of the tubes containing only fungal 

suspension without drug was used as a growth control. The tubes were incubated in a shaking 

incubator at 30 ºC for 24 h. After the incubation period, the tubes were observed visually to see 

the visible inhibition of the growth in order to determine MIC of FLU. Afterwards, to determine 

MFC, 100 µl of the treated fungal suspension was transferred from all clear tubes onto SB agar 

plates. The plates were then incubated at 30 ºC for 24 h. After 24 h, CFUs were counted and 

the number of viable cells was calculated by Equation 4.1. The MFC was considered as the 

lowest drug concentration that kill ≥ 99.9% of fungal cells (De Aquino Lemos et al., 2009). 

Antimicrobial activity of DL films (6 mm diameter), wafers (15 mm diameter) and two 

commercial dressings (Algisite Ag® and Actiformcool®) was evaluated against E. coli, S. 

aureus, P. aeruginosa and C. albicans by turbidimetric and Kirby-Bauer disc diffusion methods 

as described below.  

4.3.4 Turbidimetric method   

 In this method, 10 ml of prepared bacterial (E. coli, S. aureus and P. aeruginosa) 

suspension (106 CFU/ml) was transferred to sterile test tubes each containing dressings with 

different amounts of CIP. The tubes containing only bacteria and pure CIP were used as 

negative and positive controls respectively. The tubes were incubated at 37 ºC, 180 rpm and 

aliquots taken at 1.5, 3, 6, 12 and 24 h and absorbance recorded at 625 nm. In addition, 0.1 ml 

aliquots were plated directly or after serial dilution to count the number of viable bacterial 

colonies with only plates having 30 to 300 colonies accepted for determining number of colony 

forming units/ml (Ong et al., 2008). The experiment was carried out in triplicate (n = 3) against 

each organism (E. coli, S. aureus and P. aeruginosa).  

 FLU loaded dressings were evaluated by turbidimetric assay in which 10 ml of fungal 

suspension (105 CFU/ml) was transferred to test tubes containing dressings with different 

amounts of FLU. The tube containing only C. albicans and pure FLU were considered as 

negative and positive controls respectively. The tubes were placed on a shaker (180 rpm) and 

incubated at 30 ºC. After incubation absorbance recorded at 405 nm at predetermined time 

points (1.5, 3, 6, 12, 24, 48 and 72 h), At the same time 0.1 ml aliquots were removed from 

each test suspension, serially diluted in Ringer’s solution (0.72% sodium chloride, 0.017% 

calcium chloride and 0.037% potassium chloride) and plated on SB agar plate (0.1 ml) for 
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colony counting to determine time-kill curve. All time-kill curve assays were conducted in 

triplicate and average colony counts (log10 CFU/ml) versus time was constructed. 

 Mixed infection (bacteria and fungi together) study of combined DL (CIP and FLU) 

dressings was carried out by turbidimetric assay. In this study, C. albicans was cultured with 

either E. coli (i.e. C. albicans + E. coli), or P. aeruginosa (i.e. C. albicans + P. aeruginosa) or 

S. aureus (i.e. C. albicans + S. aureus) in BHI broth medium at 37 ºC to represent mixed 

infections. BHI broth was chosen as a culture medium for mixed infection study because both 

fungi and bacteria can grow in this medium. Combined DL dressings were placed into 10 ml 

BHI broth containing both bacteria (106 CFU/ml) and fungi (105 CFU/ml). Control tubes 

contained either C. albicans alone, bacteria alone or medium alone. The absorbance was taken 

by a micro-plate reader at 540 nm at different time intervals (3, 6, 24, 48, and 72 h). CFU assay 

was also performed in which 0.1 ml aliquots were taken, serially diluted with Ringer’s solution 

and plated on Luria Bertani (LB) agar supplemented with Amp B and on SB agar supplemented 

with streptomycin (STP). LB agar was supplemented with amphotericin B (Amp B) at the 

concentration of 25 µg/ml to prevent non-targeted fungal growth and SB agar was 

supplemented with STP at the concentration of 40 µg/ml to prevent non-targeted bacterial 

growth. These concentrations of the antimicrobials (Amp B and STP) were tested to evaluate 

the efficacy of preventing growth of the non-targeted organisms. The SB and LB agar plates 

were incubated at 30 ºC and 37 ºC respectively. The bacterial and fungal cells were counted 

after 24 h of incubation. 

 Mixed infection study of Actiformcool® was also carried out by turbidimetric assay and 

the data was compared to the formulated combined DL dressings. Actiformcool® was chosen 

in this study, because it has been reported to have both antibacterial and fungal activity (Moore 

K, 2006). However, it was not possible to undertake turbidimetric assay on Algisite Ag® due to 

its heavy colour change in liquid broth medium.  

4.3.5 Kirby-Bauer disk diffusion method 

 MH agar plates were prepared according to the reported protocol (Hudzicki, 2009), 

where MH agar was autoclaved at 121 ºC for 45 min, cooled to room temperature before 

pouring into Petri dishes. 25 ml of MH agar solution was poured into each Petri dish to obtain 

a 5 mm layer of solid agar slant. A sterile swab was immersed into the tube containing bacterial 

suspension (106 CFU/ml) and streaked on the surface of the entire MH agar plate three times 

with clockwise rotation. The circular dressings (diameter of 6 mm for films, and 15 mm for 
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wafers and Algisite Ag® respectively) were placed in the centre of colonised agar plates and 

incubated at 37 ºC for 24 h, after which zone of inhibition (ZOI) in mm were measured using a 

Vernier calliper. In this study, a filter disk (6 mm) containing 5 μg of pure CIP and CA-BLK 

were used as a positive control and negative controls respectively. 

 In the case of antifungal study, a sterile swab was immersed into the tube containing 

fungal suspension (105 CFU/ml) and streaked over the SB agar plates to obtain uniform growth. 

The FLU loaded dressings were placed onto inoculated media plates and a6 mm filter disk 

containing 25 µg pure FLU was used as a positive control and placed on inoculated SB agar 

plates. The plates were incubated at 30 ºC for 24 h and the ZOI was determined using a Vernier 

calliper. 

 Mixed infections were formed by taking 0.1 ml of bacterial suspension (108 CFU/ml) 

and 1 ml of fungal suspension (106 CFU/ml) from the prepared inocula (Section 4.3.2) and 

mixed in 8.9 ml of BHI broth. This resulted in final organism concentrations of 106 CFU/ml for 

bacteria (E. coli, P. aeruginosa and S. aureus) and 105 CFU/ml for C. albicans. Afterwards, the 

mixed suspensions were streaked onto the BHI agar plates with the help of a sterile swab. The 

combined DL dressings were placed onto the mixed colonized agar surface and incubated at 37 

ºC for 24 h. The colonized plates without sample was used as a control. The growth inhibition 

zones were measured using a Vernier calliper. Three samples and three repeats each were tested 

in parallel for each experiment aseptically. The images of ZOI were taken as supplementary 

information. ZOI assay of Actiformcool® was not performed because it was very difficult to 

place on the agar plate due to its highly sticky nature. 

4.3.6 Statistical analysis 

The statistical differences between treated and control groups and the statistical 

differences between two experimental groups were evaluated by Student t-test and ANOVA test. 

Data with a p value of 0.05 was considered significant. 
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4.4 Results and discussion 

4.4.1 Minimum inhibitory concentration (MIC) and minimum bactericidal/fungicidal 

concentration (MBC/MFC) of pure drugs 

The MIC for CIP is reported in the literature for E. coli, S. aureus and P. aeruginosa as 

0.015 µg/ml, 0.5 µg/ml and 0.25 µg/ml respectively (Andrews, 2001). In this study, the MIC of 

CIP was evaluated for the known microbial load of 106 CFU/ml for all three bacteria. From 

Figure 4.1 (A-C), the cloudiness of bacterial suspension became clear from the tubes 

containing 0.06, 0.5 and 0.125 µg/ml drug representing MIC of CIP for E. coli, S. aureus and 

P. aeruginosa respectively.

 

  

 

  

 

Figure 4.1 MIC determination of pure CIP by broth dilution assay E. coli (A), S. aureus 

(B) and P. aeruginosa (C). The photographs were captured after 24 h incubation at 37 ºC. 
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Furthermore, the MBC of pure CIP was determined by counting the number of viable 

cells after 24 h treatment. The number of cells decreased to 103 CFU/ml (99.9% inhibition) at 

concentration of 0.25, 0.5 and 4.0 µg/ml CIP for E. coli, P. aeruginosa and S. aureus 

respectively (Figure 4.2). Moreover, the complete eradication of E. coli, P. aeruginosa and S. 

aureus was observed at the concentration of 4, 1 and 32 µg/ml CIP. 

 

Figure 4.2 Killing curve for E. coli, S. aureus and P. aeruginosa at different concentration of 

CIP to determine MBC (99.9% cell reduction). 

The MIC of FLU against C. albicans was reported between 0.25 ̶ 0.5 µg/ml with initial 

inoculum of 103 CFU/ml (Kaya et al., 2012; Fothergill, 2012; Girmenia et al., 2000). It can be 

seen from Figure 4.3, the MIC value of FLU was determined as 2 µg/ml for C. albicans when 

tested with the initial inoculum of 105 CFU/ml. 

 

 

      

Concentration (µg/ml) 

Figure 4.3 MIC determination of pure FLU C. albicans by broth dilution assay. The 

photographs were captured after 24 h incubation at 30 ºC. 
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 The MFC range (2-512 µg/ml) of FLU was further evaluated to determine the MFC 

value. It was found that FLU killed 99.9% cells (1 x 104 CFU/ml) at a concentration of 128 

µg/ml while comparing with the control (drug free culture) (2 x 108 CFU/ml) (Figure 4.4). The 

comparative analysis of MIC and MFC indicated that MFC of FLU was six times greater than 

MIC for C. albicans. In this study, the MFC value of FLU was comparatively higher than a 

previously reported study (De Aquino Lemos et al., 2009) due to higher initial inoculum cell 

concentration (105 CFU/ml) employed in the current study.  

Figure 4.4 Killing curve for C. albicans at different concentration of FLU to determine MFC 

(99.9% cell reduction) (n = 3 ± SD). 

4.4.2 Antibacterial activity of CIP loaded dressings 

Antibacterial activity of CIP loaded dressings and Algisite Ag® were assayed by turbidimetric 

and Kirby-Bauer disk diffusion method. In turbidity assay, optical densities (OD) of the samples 

were measured at 625 nm at different time intervals and the turbidity was also analyzed visually 

as shown in Figure 4.5 & Figure 4.6. The clear solutions of bacterial suspension confirmed 

the effectiveness of the released antibiotic in eradicating the bacterial load. 
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Figure 4.5 Images of turbidity assay of CIP loaded films tested against (A) E. coli, (B) S. 

aureus, (C) P. aeruginosa. The photographs were taken after incubation for 24 h at 37˚C. 
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Figure 4.6 Images of turbidity assay of CIP loaded wafers tested against (A) E. coli, (B) 

S. aureus and (C) P. aeruginosa. The photographs were taken after incubation for 24 h at 

37˚C. 

Significant difference (p = 0.001) in absorbance values was detected between E. coli, 

S. aureus and P. aeruginosa incubated with BLK and CIP loaded films (Figure 4.7, a-c) and 

wafers (Figure 4.8, a-c).  
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Figure 4.7 Bacterial growth evaluations of CIP loaded films by density measurement. Optical 

density at 625 nm measured after 1.5, 3, 6, 12 and 24 h incubating with CIP loaded films: (a) 

E. coli, (b) S. aureus and (c) P. aeruginosa. Tube containing only bacteria and pure CIP were 

used as control (-) and control (+) respectively (n = 3 ± SD). 
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Figure 4.8 Bacterial growth evaluation of CIP loaded wafers by density measurement. 

Optical density at 625 nm measured after 3, 6, 12 and 24 h incubating with CIP loaded 

wafers: (a) E. coli, (b) S. aureus and (c) P. aeruginosa. Tube containing only bacteria was 

used as control (n = 3 ± SD). 
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BLK films and BLK wafers did not show any antibacterial effects, which were also 

confirmed by the ZOI assay (Figure 4.11 & Figure 4.12). However, the effectiveness of the 

antibiotic indicated quick release of the drug from the polymeric matrix. The OD values of the 

negative control (bacteria only) and CA-BLK dressings gradually increased with time, whereas 

the values remained below 0.25 and 0.5 in the case of CIP loaded films and wafers respectively 

during the incubation period. The results suggest that films had a higher bacterial inhibition 

ability than wafers possibly because the films showed a greater maximum drug releasing 

capacity (90  ̶ 100%) than wafers (59  ̶  91%). The low OD values of CIP loaded dressings was 

due to decreased turbidity because of bacterial eradication and was confirmed by the time kill 

assay shown in Figure 4.9 and Figure 4.10. 

Figure 4.9 illustrates the rate of bacterial (106 CFU/ml representing chronic wounds) 

eradication when treated with CIP loaded films. Pure CIP (positive control) and film containing 

0.025% CIP (w/v) completely killed E. coli after 1.5 and 3 h respectively. Complete eradication 

of E. coli by films containing 0.005% and 0.010% CIP (w/v) was observed at 24 h. S. aureus is 

the most infection causative bacteria present in DFUs, however, all viable cells of S. aureus 

were killed by the CIP loaded films within 24 h. The complete eradication of P. aeruginosa 

was also recorded after 24 h of treatment. Tubes containing only bacteria (negative control) 

increased in number of cells showing the importance of rapid eradication of bacterial cells to 

prevent infection progression. It was also noticed that all CIP loaded films exhibited maximum 

bactericidal effect (99.9% reduction of bacterial cells) within 1.5 h, which correlates well with 

the in vitro drug release data. 
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Figure 4.9 Rate of bacterial inhibitions after treating with CA film dressings against: (a) E. coli, 

(b) S. aureus and (c) P. aeruginosa. Tube containing only bacteria and pure CIP were used as 

negative control (-) and positive control (+) respectively (n = 3 ± SD). 
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Figure 4.10 Rate of bacterial inhibitions after treating with CIP wafers: (a) E. coli, (b) S. aureus 

and (c) P. aeruginosa. Tube containing only bacteria was used as control (n = 3 ± SD). 
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Figure 4.10 also revealed that E. coli (a) and P. aeruginosa (c) were completely 

eradicated within 1.5 h of incubation with the CIP loaded wafers (CA-CIP 0.005%, CA-CIP 

0.010% and CA-CIP 0.025%) whilst it took 24 h to kill S. aureus (b) completely. This suggests 

that CIP loaded wafers are more effective against E. coli and P. aeruginosa than S. aureus.  

Figure 4.11 & Figure 4.12 and Table 4.1 show the zones and diameter of zone of inhibition 

(ZOI) respectively of the tested bacteria in the presence of Algisite Ag®, control (+), BLK and 

CIP loaded films and wafers.  

    

   

   

Figure 4.11 Photographic images of ZOI of control (+) (C), BLK (B) and CIP loaded (A= 

CA-CIP 0.005%, D= CA-CIP 0.010% and C= CA-CIP 0.025%) films tested against E. coli, S. 

aureus and P. aeruginosa. 
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Figure 4.12  Illustrating ZOI of CA-BLK, CIP loaded wafers and commercial product 

(Algisite Ag®) against E. coli, S. aureus and P. aeruginosa. 

 

ZOIs of the positive control (pure CIP) were 37± 0.82, 28.16 ± 1.02 and 34.33 ± 1.31 

against E. coli, S. aureus and P. aeruginosa respectively. According to standard guidelines, in 

disk diffusion technique, 5 μg CIP should have ZOI of 30-40, 22-30 and 25-33 mm against E. 

coli, S. aureus and P. aeruginosa respectively.  

(http://www.accessdata.fda.gov/drugsatfda_docs/label/2005/019537s057,020780s019lbl.pdf 

Accessed: 12 January, 2017). Therefore, this experiment achieved this standardization to 

justify the tests and the tested films were cut into the same size (6 mm) as the size of positive 

control to validate the data. All DL films reached this range of ZOI (Table 4.1) indicating 

sensitivity to those causative bacteria.  
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Table 4.1  Zone of inhibition (ZOI) of CIP loaded films, wafers and Algisite Ag® against 

E. coli, S. aureus and P. aeruginosa (n = 3 ± SD). 

 E. coli 

ZOI (mm) 

S. aureus 

ZOI (mm) 

P. aeruginosa 

ZOI (mm) 

Film 

CA-BLK 

 

0.00 ± 0.00 

 

0.00 ± 0.00 

 

0.00 ± 0.00 

Control (+) 37.12± 0.82 28.16 ± 1.02 34.33 ± 1.31 

CA-CIP 0.005%  34.11 ± 0.82 27.33 ± 0.23 29.17 ± 1.54 

CA-CIP 0.010% 35.13 ± 0.23 29.06 ± 2.07 33.33 ± 1.69 

CA-CIP 0.025% 37.50 ± 1.08 32.00 ± 0.82 33.34 ± 0.62 

Wafer 

CA-BLK 

 

0.00 ± 0.00 

 

0.00 ± 0.00 

 

0.00 ± 0.00 

CA-CIP 0.0001% 29.67 ± 0.47 20.00 ± 0.82 31.00 ± 0.82 

CA-CIP 0.0005% 33.83 ± 0.24 25.67 ± 0.47 35.83 ± 0.43 

CA-CIP 0.0010% 34.83 ± 0.65 30.33 ± 0.94 36.83 ± 0.24 

CA-CIP 0.0025% 37.17 ± 0.11 31.67 ± 0.23 37.17 ± 0.39 

CA-CIP 0.005% 40.47 ± 0.41 33.07 ± 0.09 37.40 ± 0.45 

CA-CIP 0.010% 41.43 ± 0.49 33.37 ± 0.29 38.97 ± 0.94 

CA-CIP 0.025% 43.43 ± 0.34 34.67 ± 0.47 40.00 ± 0.08 

CA-CIP 0.040% 45.07 ± 0.40 36.23 ± 0.34 41.33 ± 0.62 

Algiste Ag® 0.00 ± 0.00 33.33 ± 0.49 0.00 ± 0.00 

 

As shown in Figure 4.11 & Figure 4.12, BLK films and BLK wafers did not show any zone 

of inhibition against E. coli, S. aureus and P. aeruginosa, which confirmed that the polymer 
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has no antibacterial activity on its own. However, clear zones of inhibition were observed in 

both DL films and wafers for both Gram-positive and Gram-negative bacteria. In addition, the 

mean diameters (mm) of ZOI for all three microorganisms increased with increasing drug 

content within the dressings. CIP loaded films showed ZOI of 34.11 ̶ 37.50, 27.33 ̶ 32.00 and 

29.17 ̶ 33.34 mm against E. coli, S. aureus and P. aeruginosa respectively (Table 4.1). As 

shown in Table 4.1 for E. coli the mean diameter of ZOI of the wafers with 0.0001% (MIC) 

and 0.0010% (MBC) CIP was around 29.67 ± 0.47 mm and 34.83 ± 0.65 mm respectively. The 

largest zone (45.07 ± 0.40 mm) was observed against E. coli for the wafer containing 0.040% 

CIP. In the case of S. aureus and P. aeruginosa, the ZOI of 0.0005% CIP loaded wafer (MIC 

for S. aureus and P. aeruginosa), reached 25.67 ± 0.47 mm and 35.83 ± 0.43 mm. Moreover, 

the ZOI for wafers loaded with 0.005% (MBC for S. aureus) and 0.0010% (MBC for P. 

aeruginosa) CIP were recorded around 33.07 ± 0.09 mm and 36.83 ± 0.24 mm respectively. 

Overall higher ZOIs as well as maximum killing ability at low concentration confirmed that 

CIP is more active against E. coli and P. aeruginosa than S. aureus. No bactericidal activity 

was detected for Algisite Ag® against E. coli and P. aeruginosa except S. aureus as illustrated 

in Figure 4.12 with a ZOI value about 33.33 ± 0.49 mm against S. aureus (Table 4.1).  This 

implies that CIP loaded wafers have better antimicrobial activity than the silver based 

commercial product. 

 

4.4.3 Antifungal study of FLU loaded dressings 

 Fungal infections in diabetic foot are often ignored due to lack of research on its 

pathogenicity and literature substantiation. Therefore, clinicians and surgeons are 

concentrating on only bacterial infections and prescribing accordingly. However, recent 

studies have showed the occurrence of a wide range of fungal strains in DFUs (Abilash et al., 

2015; Challen et al., 2010; Chincholikar and Pal, 2002; Nair et al., 2006). The development 

of fungal infections can prolong inflammation and fissuring, leading to breaches in the 

epidermis and subsequently contribute to the pathogenesis of ulceration and cellulitis in 

diabetic foot (Chadwick, 2013). The traditional oral antifungal regimens are struggling to treat 

fungal infected patients with diabetes due to hyperglycaemia, polypharmacy and poor foot 

hygiene (usually due to obesity, retinopathy, or neuropathy) (Tan and Joseph, 2004). Hence, 

this study was undertaken to develop FLU loaded dressings that will effectively prevent 

fungal infections in DFUs. The antifungal activity of the dressings containing different 

concentrations of FLU (0.05  ̶  0.40 µg/ml w/v) were investigated against C. albicans, one of 
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the most prevalent fungal strains in DFUs (Abilash et al., 2015; Chincholikar and Pal, 2002; 

Nair et al., 2006). The antifungal potential of the dressings was assessed by turbidimetric and 

ZOI assay. 

 

 

Figure 4.13 Fungal growth evaluations of FLU loaded (a) films and (b) wafers against C. 

albicans by density measurement. Optical density at 405 nm measured after 1.5, 3, 6, 12, 24, 

48 and 72 h incubation period. Tube containing only C. albicans and pure FLU were used as 

control (-) and control (+) respectively (n = 3 ± SD).   

Figure 4.13 shows the evaluation of fungal growth in the presence of the formulated 

FLU loaded films and wafers. The absorbance values remained below 0.29 until 12 h indicating 

no visible growth until that time. After 24 h, the absorbance values of control (-) (only fungi) 

and BLK dressings (films and wafers) appeared higher than DL (FLU) dressings. Therefore, 

the turbidity of the fungal suspension was reduced because of decreasing number of fungal cells 
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after treating with FLU loaded dressings. It can also be observed that the absorbance values of 

the DL samples increased with time indicating persistent fungal cell regrowth. The number of 

cells was counted after different time interval to investigate fungal growth precisely.as shown 

in Figure 4.14. 

 

 

Figure 4.14 Fungicidal kinetic curve of FLU loaded (a) films and (b) wafers against C. 

albicans. Tube containing only C. albicans and pure FLU were used as control (-) and control 

(+) respectively (n = 3 ± SD).  

The initial cell concentration in every sample was 105 CFU/ml. The quantities of 

survival cells were recorded based on the number of fungal colonies that grew on the SB agar 
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plates. The kinetic curves (Figure 4.14) showed that the number of cells of C. albicans in the 

control (-) and BLK dressings was significantly (p = 0.007) increased from 105 to 108 CFU/ml 

after 3 to 24 h (log phase/exponential phase) and the cell growth was stabilized (Plateau phase) 

after 24 h. The growth phase (log phase/exponential phase) of C. albicans was 6 to 24 h in the 

presence of DL dressings. The longer lag phase (0 to 6 h) and shorter growth phase were due 

to antifungal activity of the FLU loaded dressings. However, a 10-fold reduction in the number 

of cells as compared to negative control was observed while treating with DL dressings. That 

means 90% of cells were killed within 24 h after treatment of FLU loaded dressings. A small 

number of persistent cells started to grow again after 24 h (also supported by turbidity assay) 

suggesting that the time for changing the dressing is every 24 h. Interestingly the FLU loaded 

dressings did not show any time and dose-dependent antifungal effect against C. albicans. The 

data suggests that the dressings with low amount of FLU can be used in fungal infected DFUs. 

The antifungal activity of FLU loaded dressings was also assessed in terms of ZOI of 

fungal growth. The results are illustrated in Table 4.2 and Figures 4.15 & 4.16.  BLK film and 

wafer did not show any ZOI of growth indicating that the polymer had no antifungal activity. 

A filter disk containing 25 µg pure FLU was used as a positive control and it showed ZOI about 

21.03 ± 0.25 mm. According to National Committee for Clinical Laboratory Standards 

(NCCLS) method, 25 µg FLU disk should have a ZOI about ≥ 20 mm against Candida species 

to define susceptibility (Kirkpatrick et al., 1998). Therefore, this study correlated well with the 

NCCLS   reference method. The growth inhibition zone measured ranged from 27.50 ± 0.41 to 

33.10 ± 1.64 and from 28.50 ± 0.41 to 32.53 ± 1.32 for FLU loaded films and wafers 

respectively. There were no significant differences (p > 0.05) in mean diameter of ZOI between 

and within the dressings demonstrating equal potency against C. albicans. Moreover, the 

dressings containing low amount of FLU can be used in DFUs instead of higher doses. 
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Table 4.2 Diameter (mm) of ZOI of FLU loaded dressings against C. albicans. (n = 3 ± 

SD). 

 C. albicans ZOI (mm) 

Film 

CA-BLK 

 

0.00 ± 0.00 

Control (+) 21.03 ± 0.25 

CA-FLU 0.05%  27.50 ± 0.41 

CA-FLU 0.10% 28.36 ± 2.59 

CA-FLU 0.20% 33.10 ± 4.64 

Wafer 

CA-BLK 

 

0.00 ± 0.00 

CA-FLU 0.05% 28.50 ± 0.41 

CA-FLU 0.10% 28.83 ± 0.24 

CA-FLU 0.15% 30.00 ± 2.12 

CA-FLU 0.30% 30.90 ± 0.45 

CA-FLU 0.40% 32.53 ± 1.32 
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CA-BLK   Pure FLU   CA-FLU 0.05% 

    

CA-FLU 0.10%   CA-FLU 0.20% 

Figure 4.15 25 µg FLU disk (control +) and FLU loaded films on a lawn of 105 CFU of C. 

albicans after 24 h of incubation. 

     

 CA-BLK   CA-FLU 0.05%   CA-FLU 0.10% 

     

 CA-FLU 0.15%   CA-FLU 0.30%   CA-FLU 0.40% 

Figure 4.16 BLK and FLU loaded wafers on a lawn of 105 CFU of C. albicans after 24 h of 

incubation. 
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4.4.4 Mixed infection study of combined drug loaded (CIP and FLU) dressings 

Mixed infection studies of combined DL (CIP and FLU) dressings were assessed by 

turbidimetric method. This study is based on the interaction between DL dressings and the test 

microorganisms (E. coli, S. aureus, P. aeruginosa and C. albicans), followed by changes in 

turbidity of the mixed microbial suspensions. As shown in Figure 4.17 a, the absorbance value 

of the mixed culture of E. coli and C. albicans (positive control) was gradually increased from 

3h to 24 h demonstrating the log phase of the growth. After 24 h, the absorbance values of the 

mixed culture (E. coli and C. albicans) were insignificant (p = 0.001). The absorbance values 

of the BLK dressings and Actiformcool® were also increased with time indicating promotion 

of microbial growth. The absorbance values of the mixed infection (E. coli and C. albicans) 

treated with combined DL dressings were significantly (p < 0.05) lower than the positive 

control and BLK dressings until 12 h. It could be due to suppression of the growth of the mixed 

culture by releasing both antimicrobials (CIP and FLU) from the dressings. The absorbance 

value of the mixed culture comprising S. aureus and C. albicans were gradually increased with 

the time (Figure 4.17 b). This indicated that the S. aureus and C. albicans grew well together 

in the BHI broth. The gradual increase in cell densities could be due to interaction between S. 

aureus and C. albicans resulting in synergistic effect on the growth (Kean et al., 2017; Harriott 

and Noverr, 2009). This synergistic effect hinders the healing of DFUs by enhancing microbial 

tolerance to the antimicrobial agents (Budzynska et al., 2017). It is also reported that the 

synergistic effect of S. aureus and C. albicans in mice increased mortality (Carlson, 1983). In 

this study, the cell densities of the treated mixed culture (S. aureus and C. albicans) with 

combined DL dressings were insignificant (p = 0.82) after 24 h.  Therefore, the synergistic 

effect of the S. aureus and C. albicans was overcome by combined DL dressings. In case of the 

mixed culture of P. aeruginosa and C. albicans, the cell densities were increased up to 24 h and 

after that the value decreased from 0.92 to 0.50 until 72 h (Figure 4.17 c) and the same 

observations were observed for the remaining samples.  
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Figure 4.17 Mean reading of increment at 540 nm wavelength optical density measurements 

of mixed bacterial and fungal strains treated with combined DL dressings and commercial 

product Actiformcool® (n = 3 ± SD).  F: Film; W: Wafer 

0

0.2

0.4

0.6

0.8

1

1.2

1.4

3 6 12 24 48 72

O
D

 a
t 

5
4

0
 n

m

Time (h)

E. coli + C. albicans Actiformcool® CA-BLK F

CA-CIP:FLU (1:10) F CA-CIP:FLU (1:20) F CA-BLK W

CA-CIP:FLU (1:10) W CA-CIP:FLU (1:20) W CA-CIP:FLU (1:30) W

(a)

0

0.2

0.4

0.6

0.8

1

1.2

1.4

3 6 12 24 48 72

O
D

 a
t 

5
4

0
 n

m

Time (h)

S. aureus + C. albicans Actiformcool® CA-BLK F

CA-CIP:FLU (1:10) F CA-CIP:FLU (1:20) F CA-BLK W

CA-CIP:FLU (1:10) W CA-CIP:FLU (1:20) W CA-CIP:FLU (1:30) W

(b)

0

0.2

0.4

0.6

0.8

1

1.2

1.4

3 6 12 24 48 72

O
D

 a
t 

5
4

0
 n

m

Time (h)

P. aeruginosa + C. albicans Actiformcool® CA-BLK F

CA-CIP:FLU (1:10) F CA-CIP:FLU (1:20) F CA-BLK W

CA-CIP:FLU (1:10) W CA-CIP:FLU (1:20) W CA-CIP:FLU (1:30) W

(c)



172 
 

The reduction in cell densities might be due antagonistic interaction of P. aeruginosa and C. 

albicans (Fourie et al., 2016). The interaction of P. aeruginosa and C. albicans is regulated by 

releasing of quorum sensing molecules from both organisms (Cugini et al., 2007).  P. 

aeruginosa could supress the growth of C. albicans by secreting some factors such as 5- methyl-

phenazine-1-carboxylic acid (5MPCA) which have anti-fungal properties (Mear et al., 2013). 

5MPCA alters the cell wall of C. albicans (Kerr et al., 1999). It is also reported, C. albicans 

can inhibit the growth of P. aeruginosa by releasing quorum sensing molecules such as farnesol. 

Farnesol inhibits the production Pseudomonas quinolone signal (PQS) that reduces pyochynin 

synthesis and swarming motility in P. aeruginosa (Cugini et al., 2007). 

 Afterwards, the turbidity of the mixed cultures (either E. coli and C. albicans, or S. 

aureus and C. albicans, or P. aeruginosa and C. albicans) treated with the dressings containing 

both CIP and FLU was lower than the untreated mixed cultures. Therefore, potentiality of 

combined DL dressings in eradicating mixed bacterial and fungal infections can be 

demonstated. On the other hand, the turbidity of all mixed cultures treated with Actiformcool® 

were similar to the negative control and BLK dressings. It could probably due to absence of 

antimicrobial agents in Actiformcool®.  

 The killing patterns of the dressings containing CIP and FLU are illustrated in Figures 

4.18-4.20. It can be observed from Figure 4.18 a, Figure 4.19 a and Figure 4.20 a that the 

combined DL dressings exhibited bactericidal activity (99.9% killing) within 3 h. This rapid 

killing of bacteria (E. coli, S. aureus and P. aeruginosa) was mediated by the maximum release 

of CIP from the dressings within a short time (Chapter 3: Figure 3.21 & Figure 3.24). The 

complete eradication of bacterial cells was observed within 24 h in case of the mixed culture of 

E. coli and C. albicans, as well as P. aeruginosa and C. albicans. In the mixed culture of S. 

aureus and C. albicans, the complete eradication of bacteria was observed within 72 h. The 

delayed eradication of S. aureus might be due to the synergistic interaction between S. aureus 

and C. albicans. Overall, the DL dressings appeared to be highly effective against the causative 

bacteria present in DFUs. Presence of C. albicans did not affect the antibacterial activity of the 

dressings very much. In terms of killing C. albicans from the mixed cultures, combined DL 

dressings showed 10-fold reduction in cell numbers when compared to the control mixed 

cultures (untreated). Therefore, the combined DL dressings can reduce 90% of fungal cells from 

the mixed infections. The highest number of cell survival was observed when the mixed cultures 

were treated with the commercial product Actiformcool®, confirming no antimicrobial activity. 

Moreover, the number of the viable cells of C. albicans in the presence of P. aeruginosa was 
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106 CFU/ml after 72 h (Figure 4.20 b). At the same incubation period, the viability of the yeast 

cells was lower than the cell viability of C. albicans either with E. coli or P. aeruginosa. It 

suggests that P. aeruginosa has suppression (antagonistic) effects against the growth of C. 

albicans. This observation was also supported by the turbidity assay (Figure 4.17 b). The 

number of viable cells of C. albicans remained at 105 CFU/ml while treating the mixed infection 

of P. aeruginosa and C. albicans with combined DL dressings. The viability of Candida cells 

was lower than the other mixed infections.           

 

 

Figure 4.18 Time-kill curves for combined DL dressings and Actiformcool® against the 

mixed infection of (a) E. coli and (b) C. albicans (n = 3 ± SD). F: Film; W: Wafer 
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Figure 4.19 Time-kill curves for combined DL dressings and Actiformcool® against the 

mixed infection of (a) S. aureus and (b) C. albicans (n = 3 ± SD). F: Film; W: Wafer 
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Figure 4.20 Time-kill curves for combined DL dressings and Actiformcool® against the 

mixed infection of (a) P. aeruginosa and (b) C. albicans (n = 3 ± SD). F: Film; W: Wafer 
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DL dressings mixed placed on the mixed culture of bacteria and fungi. The drug free dressings 

(BLK) did not show any inhibitory effect on the mixed infections which was also confirmed by 

the turbidity and time-kill assays.  
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Figure 4.21 Photographic images of ZOI of BLK and combined DL (CIP and FLU) fims 

and wafers against the mixed culture of bacteria (E. coli, S. aureus and P. aeruginosa) and 

fungi (C. albicans). 

The dressings (wafers and films) containing CIP and FLU showed the strongest inhibitory effect 

(ZOI, 34.00  ̶  44.83 ± 0.23 nm) against the mixed culture of P. aeruginosa and C. albicans 

amongst all other mixed cultures. This high inhibitory effect was also promoted by the 

antagonistic interaction between P. aeruginosa and C. albicans. It can also be seen that DL 

dressings had the lowest ZOI (26.50-36.50 ± 0.41 nm) against the mixed culture of S. aureus 

and C. albicans due to synergistic interaction of S. aureus and C. albicans in resisting drug 

antimicrobial action. The obtained results also revealed that the wafers showed higher ZOI 
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(36.67 ̶ 44.83 ± 0.23 nm) against all mixed cultures than the films (26.50  ̶  35.60 ± 0.70 nm). 

This could be due to the higher amount of drugs present in the wafers and could be because the 

wafers showed the higher drug release (Chapter 3: Figure 3.24) than the films (Chapter 3: 

Figure 3.21).   

Table 4.3 Zone of inhibition (mm) of the dressings containing various concentrations of 

drugs (CIP and FLU) on mixed culture of bacteria and fungi (n = 3 ± SD). 

 E. coli + C. albicans 

ZOI (mm) 

S. aureus + C. albicans 

ZOI (mm) 

P. aeruginosa + C. albicans 

ZOI (mm) 

Film 

CA-BLK 

 

0.00 ± 0.00 

 

0.00 ± 0.00 

 

0.00 ± 0.00 

CIP : FLU (1:10) 30.50 ± 0.71 28.50 ± 1.08 34.00 ± 0.41 

CIP : FLU (1:20) 31.33 ± 0.23 26.50 ± 0.41 35.60 ± 0.70 

Wafer 

CA-BLK 

 

0.00 ± 0.00 

 

0.00 ± 0.00 

 

0.00 ± 0.00 

CIP : FLU (1:10) 40.43 ± 0.42 36.67 ± 1.43 44.83 ± 0.23 

CIP : FLU (1:20) 42.77 ± 0.95 37.17 ± 0.85 44.00 ± 0.82 

CIP : FLU (1:30) 42.17 ± 0.23 36.50 ± 0.41 43.33 ± 0.62 

 

4.5 Conclusions 

Bacterial, fungal and mixed bacterial/fungal infections are the most common and 

dangerous sources of complications in the diabetic foot. Therefore, it is vital to identify the type 

of infection and the microbial load before applying the dressings. The rapid eradication of three 

common infection causative bacteria; E. coli, S. aureus and P. aeruginosa was attributed to 

initial burst release of CIP from the dressings which is very important to prevent infection in 

diabetic foot. Complete eradication of all causative bacteria was observed after 24 h which will 

be very effective to prevent infection in DFUs. The study also demonstrated the antifungal 

activity of the FLU loaded dressings against C. albicans, with remarkable reduction of fungal 
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load was observed while treating with FLU loaded dressings. The formulated combined DL 

dressings containing both CIP and FLU were found to be highly effective against the mixed 

infections. The time-kill curves against the mixed culture of bacteria and fungi suggest that 

combined DL dressings are more potent in reducing bacterial load than fungal load. The 

bactericidal activity was observed within 3 h but the DL dressings did not show corresponding 

fungicidal (99.9% killing) activity. However, 10-fold reduction of the fungal cells will be high 

enough in decreasing fungal load in DFUs. The commercial product Algisite Ag® showed 

effectiveness only against S. aureus and the other commercial product Actiformcool® failed to 

show antimicrobial activity against any mixed infections. Although medicated CA dressings 

exhibited promising antimicrobial characteristics for wound healing, in vivo wound healing 

study will need to be undertaken in the future to confirm its effectiveness. 
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CHAPTER 5:   IN-VITRO CELL VIABILITY AND MIGRATION STUDIES FOR 

SAFETY AND WOUND SCRATCH ASSAY 

5.1 Introduction 

Polymeric dressings are easily biodegradable and therefore, host cells can easily accept 

them without any foreign body reaction (Sannino et al., 2009). The molecular domains of 

biodegradable polymers support and guide cells at different stages of their development by 

enhancing biological interaction of the polymeric dressings with the host tissue (Asti and 

Gioglio, 2014) and hence promoting rapid healing without side effects. Porous polymeric 

dressings have been reported for faster and functional wound healing properties than the 

nonporous dressings (e.g. hydrogels or hydrocolloids) because micro-porous structures provide 

high surface area which enables utmost cell-material interactions, material-mediated signalling, 

enhanced homeostasis and exchange of nutrients and waste (Zhao et al., 2017). In addition, 

stiffness of the dressings also plays a vital role in wound healing. It is reported that cells migrate 

faster into soft matrices than the rigid matrices because soft matrices enable attraction of nearby 

fibres of the dressings by active cells, which stimulates cell adhesion and signalling pathways 

by increasing ligand density on the cell surface and promotes cell migration (Baker et al., 2015).      

Chronic wound healing is a complex process in which a series of events (such as 

enhanced vascularization by angiogenic factors, increased cell proliferation and extracellular 

matrix deposition, and infiltration by inflammatory immune cells) are involved in order to repair 

the wound bed. Non-healing diabetic wounds are associated with prolonged inflammatory stage 

characterized by supraphysiological oxidative stress (Xiao et al., 2016). The supraphysiological 

oxidative stress due to high production of reactive oxygen spices and hyperglycaemia can 

induce keratinocytes dysfunction (Spravchikov et al., 2001). Moreover, high level of matrix 

metalloproteinase (MMPs) production can enhance extracellular matrix (ECM) degradation 

rate and alter the ECM composition, which obstructs keratinocytes attachment, leading to 

aberrant cell signalling and impaired migration (Tarnuzzer and Schultz, 1996; Loots et al., 

1998). Keratinocytes migration from the edge of the wound into the wound bed is very 

important to re-epithelialize the infected tissue. Therefore, it is highly recommended to test the 

wound dressings to evaluate the safety and effective keratinocytes migration for potential 

wound healing.  

In vitro cytotoxicity assay is an important method to evaluate safety of biomaterials such 

as dressings. This assay is based on morphological observation of cell damage and growth after 
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direct or indirect exposure to the biomaterials (Wiegand and Hipler, 2008). Counting number 

of cells by haemocytometer after staining with trypan blue is the straightforward technique to 

evaluate cell viability. However, adherent cells need to be trypsinized before counting. In this 

method dead cells are stained blue due to loss of membrane integrity (Wiegand and Hipler, 

2008). Cytotoxicity study can also be performed by methylthiazolyldiphenyl-tetrazolium 

bromide (MTT) assay, live/dead cells staining and flow cytometry analysis (Udhayakumar et 

al., 2017, Rottmar et al., 2015). There are several commercial kits such as cytotoxicity detection 

kit (Molecular Probes Inc., OR, USA) and Caspase-Glo assays (Promega GmbH, Mannheim, 

Germany) available for cytotoxicity study (Wiegand and Hipler, 2008). 

Various models and methods have been employed to study cell migration. For example, animal 

models are often used to study chronic wound healing and delivered important knowledge at 

the systemic level (Ueck et al., 2017). However, their usability is limited by ethical issues and 

economical aspects (Gonzalez et al., 2016). On the other hand, in vitro cell based study is 

simple, inexpensive and reproducible (Gonzalez et al., 2016). The wound healing assay also 

known as scratch assay is a standard in vitro technique to evaluate cell migration. In this 

method, a gap (migration zone) is created after the cells reach optimum confluence (Jonkman 

et al., 2014). There are several methods of creating the gap in confluent monolayer such as 

direct manipulation through mechanical, electrical, chemical and thermal means, and physical 

exclusion by placing barriers within cell culture plate (Vedula et al., 2013). The most common 

approach is to create a gap by pipette tips (mechanical means) since it is inexpensive and easy 

to implement. Different types of pipette tips give different sizes of the migration zone; however, 

it is difficult to create reproducible wound gap. In addition, scratching by pipette tips may 

damage the ECM of cells at the edge of the gap, which can affect the rate of cell migration. The 

physical exclusion can generate consistent gap size and cause minimum cell damage (Jonkman 

et al., 2014), however, this method is more expensive than other scratch methods. After gap 

creation, the model set up is then observed microscopically over time as cells migrate into the 

wound gap. The rate of cell migration depends on the type of cells, conditions and size of gap 

(Jonkman et al., 2014, Friedl and Wolf, 2010)    

In this chapter, the biocompatibility of the formulated dressings and two commercial 

products (Algisite Ag® and Actiformcool®) were evaluated with adult human primary 

epidermal keratinocyte (PEK) cells. The cytotoxicity (cell viability) study was performed by 

MTT assay while cell migration study was performed by wound scratch assay. 
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5.2 Materials  

Calcium alginate (mannurronic acid:guluronic (59:41), molecular weight: 398.32 

g/mol) [CA, (lot number: BCBM8132V)], ciprofloxacin [CIP, (lot number: LRAA6508)], 

Fluconazole [FLU, (lot number: LRAA6502), Dulbecco’s phosphate buffered saline [D-PBS, 

(lot number: RNBD8494)], trypsin-EDTA solution (lot number: SLBM8412V) and foetal 

bovine serum [FBS, (lot number: 045M3318)] were purchased from Sigma-Aldrich 

(Gillingham, UK). Ethanol (batch number: 0933421) and dimethyl sulfoxide [DMSO, (batch 

number: 0890132)] were ordered from Fisher Scientific (Loughborough, UK). Adult human 

primary epidermal keratinocytes (PCS-200-011, ATCC), dermal cell basal medium (PCS-200-

030, ATCC) and keratinocytes growth kit (PCS-200-040, ATCC) were purchased from LGC 

standards (Middlesex, UK). Methylthiazolyldiphenyl-tetrazolium bromide [MTT, (lot number: 

1721505)] and trypan blue stain, 0.4% (lot number: 1696154) were obtained from Thermo 

Fisher Scientific (Paisley, UK). 

 

5.3 Method 

5.3.1 Optimization of cell concentration for MTT and wound scratch assays 

The stock culture of primary epidermal keratinocytes (PEK, adherent cells) were stored 

in a liquid nitrogen tank (-180 ºC) using dimethyl sulfoxide (DMSO) as a cryopreservative. The 

frozen cells were thawed according to ATCC recommended protocol. In brief, the stock 

cryopreserved cells were initially thawed in running tap water for approximately 90 seconds. 

The vial was wiped with tissue paper and sprayed with 70% IMS (industrial methylated spirits). 

All of the operations from this point were carried out in laminar flow hood. The vial’s content 

and 5 ml of warmed complete growth medium were transferred to a 15 ml centrifuge tube. The 

vial was rinsed with 1 ml complete growth medium and transferred to the centrifuge tube to 

recover any remaining cells left in the vial. After that, 4 ml complete cell growth medium was 

added to the centrifuge tube to bring the total volume to 10 ml. The cells were spun at 150 x g 

for 5 min. The supernatant was discarded, and the white pellet was re-suspended in 2 ml of 

complete growth medium. At this point the number of cells were counted with haemocytometer 

and seeded into culture flasks at the density of 2500-5000 cells/cm2 in dermal cell basal medium 

supplemented with the keratinocyte growth kit for 6 ̶ 7 days until 80 ̶ 85% confluence was 

reached. The cells were detached by trypsin-EDTA solution according to ATCC recommended 

protocol (Chapter 8: A.5.2). One in two serial dilutions (4 x 105 to 6.25 x103 cells/ml) of cells 
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were prepared in complete growth medium and seeded in 96-well plate to determine optimal 

cell counts. Aliquots (100 µl) of each dilution were plated out in triplicate into wells of three 

separate microtiter plates. After that, MTT assay (thiazolyl blue tetrazolium bromide) was 

carried out at 24, 48 and 72 h to determine the optimum concentration of cells. Absorbance 

versus number of cells curve was plotted to identify the liner correlation between MTT 

absorbance and the number of cells. 

 

5.3.2 Preparation of samples for MTT and wound scratch assays  

The tested films (6 mm) and wafers (15 mm) were sterilized in a flow cabinet (NU-437-

300E, NUAIRE) with UV light turned on overnight. The sterilized films and wafers were then 

immersed in 1.5 and 2.5 ml of complete growth medium respectively and placed in the 

incubator (Heracell 150i CO2 incubator, Thermo Scientific) at 37 ºC in 5% (v/ v) CO2 for 24 

h. The extracts were collected through filtration using 0.2 μm filter and transferred into sterile 

Eppendorf tubes. 

 

5.3.3 MTT (cell viability) assay 

Cell proliferation was determined by an indirect cytotoxicity assay in which sample 

extracts were tested instead of direct contact of dressings with the cells. The cells were seeded 

into 96-well microtiter plates at optimum density (10,000 cells/well). The plates were incubated 

at 37 ºC in 5% (v/ v) CO2 for 5 h to allow cell adherence. After that, media was removed and 

100 μl of each sample extract was placed in triplicate into the wells. The plates were left in the 

incubator at 37 ºC for up to 72 h. After each time point (24, 48 and 72 h), 10 µl of MTT reagent 

was added to each well including blank (medium only). The plates were returned to the 

incubator for 4 h or more until a purple precipitate was clearly visible under the inverted 

microscope (AE2000, Motic). The media was then removed and 100 µl of DMSO was added 

to all wells including controls. The plates were again returned to the incubator for 30 min and 

the absorbance recorded at 492 nm by a microtiter plate reader (Multiskan FC, Thermo 

scientific) equipped with SkanIt for Multiskan FC 3.1 software (Thermo scientific). Every 

experiment was carried out in triplicates and repeated three times. The percentage of viable 

cells was calculated using Equation 5.1. 
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Cell viability (%) =  
At−Ab

Ac−Ab
∗ 100     (Equation 5.1) 

Where At, Ab and Ac are the absorbance of tested samples, blank (medium only) and 

negative control (untreated cells) respectively.  

Additionally, the effect of sample extracts on the cells morphology and adherence was 

shown microscopically by FLoid® Cell Imaging Station (for CIP loaded dressings) 

and fluorescence microscopy (Nikon Eclipse Ti-U, UK) (for FLU and combined DL 

dressings). In this study, the untreated cells and Triton-X-100 (0.01 w/v) treated cells were used 

as negative (100% viable) and positive controls respectively. Algisite Ag® and Actiformcool® 

were chosen as representative standard commercial samples for the MTT and wound scratch 

assays. 

5.3.4 Wound scratch (cell migration) assay  

The PEK cells were seeded into 24-well tissue culture plates at an initial density of 

50,000 cells/well so that they could reach about 80 ̶ 85% confluence as a monolayer after 

overnight incubation. However, if the cell layer did not yet confluent, incubation period 

extended until confluency was reached. The wound gap was created with a sterile 200 µl 

micropipette tip by scratching in the monolayer vertically (Satish and Korrapati, 2015). To 

create a consistent gap size, scratching was performed on the centre of the each well with the 

same size of micropipette tip. The gap distance was equal to the outer diameter (775 µm) of the 

end of the tip. After scratching, the wells were gently washed twice with D-PBS without 

affecting monolayer to remove the detached cells (Manoj et al., 2009). The sample extracts (see 

the list of tested samples in Table 5.1) were then added in each well. Wells treated with Triton-

X-100 (0.01% w/v) and untreated wells were considered as negative and positive control 

respectively. The migration of cells (representing wound closure) was observed by a 

fluorescence microscopy (Nikon Eclipse Ti-U, UK) and digital images were captured at the 

time interval of 0, 1, 2, 3, 7, 8 and 9 days. The images were taken at green bright field mood. 

To obtain the maximum field of view, a low magnification (4x objective lens) was used whilst 

capturing images. The wound gaps were evaluated using NIS-Elements software. The 

percentage of wound closure was calculated based on the length (µm) of wound measured at 

the specific time as mentioned in Equation 5.2 (Amin et al., 2017). 
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   𝑊𝑜𝑢𝑛𝑑 𝑐𝑙𝑜𝑠𝑢𝑟𝑒 (%) =
𝑑0− 𝑑𝑡

𝑑0
  (Equation 5.2) 

Here, d0 represents the length (µm) of the wound was initially created, and dt refers to the length 

(µm) of the wound recorded at specific time intervals. 

In this study, Triton-X-100 and untreated cells were used as negative and positive control 

respectively. Moreover, Actiformcool® was chosen as representative standard commercial 

samples to validate the experiment. 

Table 5.1 List of samples tested to evaluate wound healing properties by cell migration 

study. 

Sample Formulation 

Films CA-BLK 

CA-CIP 0.005% 

CA-FLU 0.05% 

CA-CIP:FLU (1:10) 

Wafers CA-BLK 

CA-CIP 0.005% 

CA-FLU 0.05% 

CA-CIP:FLU (1:10) 

Commercial product Actiformcool® 

 

5.3.5 Statistical analysis 

The statistical differences in the result of MTT and wound scratch assays were evaluated 

using One-way ANOVA test. The differences were considered significant at a 0.05 significance 

level. 
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5.4 Results and discussion 

 

5.4.1 Optimization of cell concentration for MTT and wound scratch assays 

The colorimetric MTT assay is based on enzymatic conversion in which MTT is 

converted to purple formazan by the action of dehydrogenase enzymes (Zhou et al., 2013) 

secreted by viable cells. The purple formazan accumulates inside cells as insoluble precipitate. 

Therefore, solubilizing agent (DMSO, acidified isopropanol, sodium dedoxy sulphate, and 

dimethylformamide) are used prior to recording absorbance readings (Mosmann, 1983). The 

quantity of formazan is presumably proportional to the viable cell numbers (Riss et al., 2013). 

The dead cells are unable to convert MTT to purple formazan. 

In this study, the concentration of cells for the cell viability and wound scratch studies 

was optimized by MTT assay. A linear correlation between the concentration of cells and 

absorbance was detected at 24, 48 and 72 h (Figure 5.1). It can be observed that log 105 cells/ml 

was within the linear portion of the curve over 72 h. Therefore, MTT cell proliferation and 

wound scratch assays of medicated dressings were performed by selecting the optimized 

number of cells (1 x 105 cells/ml). 
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Figure 5.1 Determination of the optimal number of cells for the cell viability assay at (a) 

24 h, (b) 48 h and (c) 72 h (n = 3 ± SD). 
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 5.4.2 MTT assay 

Biocompatibility is a vital requirement recommended by the International Organization 

for Standardization (ISO) for the safe use of medical devices and materials such as drug loaded 

dressings, which are likely to come into contact with the wounded skin as well as normal skin. 

Cytotoxicity test is an integral part of biological evaluation, which determines the prevalence 

of toxic effect and determines the presence of positive influence in terms of biofunctionality 

that promotes wound healing (Wiegand and Hipler, 2008). The biocompatibility of DL 

dressings was evaluated using in vitro cultures of PEK cell line for 24, 48 and 72h respectively. 

Keratinocytes are the main cellular component of human skin and therefore, selected as an in-

vitro model for MTT assay. Moreover, PEK has been investigated as a useful model for testing 

in vitro wound healing activity in the literature (Kim et al., 2007; Moritz et al., 2014; Sacco et 

al., 2015).  

5.4.2.1 CIP loaded dressings 

MTT assay revealed that the polymer (CA) used in this study was non-toxic to human 

keratinocyte cells. The BLK film and wafer were found to be highly biocompatible with the 

cells, showing the highest percentage of cell viability (95.27 ± 2.84%  ̶  96.57 ± 2.19%) (Figure 

5.2 & Figure 5.3). All CIP loaded films showed more than 80% cell viability over 72 h. 

According to the ISO guideline (DIN EN ISO 10993-5), the in vitro cell viability of medical 

devices and materials after exposure should be ≥ 70% to be considered as non-cytotoxic (Moritz 

et al., 2014). Therefore, according to these guidelines all CIP loaded films exhibited acceptable 

cell viabilities of PEK.  Time dependent cell viability of PEK was also observed when treated 

with CIP loaded films. The untreated cells were set as 100% viable (negative control) whereas, 

Triton-X-100 solution (0.01%) was used as positive control for cell cytotoxicity caused a drastic 

reduction of keratinocytes viability to values <10% after 72 h (Figure 5.2). These data 

correlated well with the findings of other published work describing Triton-X-100 (0.01%) as 

positive control under in vitro culture of keratinocytes (Moritz et al., 2014). The cytotoxicity 

of Triton-X-100 is associated with the interaction between its monomer and the lipid bilayer 

present in the cells. The polar head group of Triton-X-100 reacts with lipophilic substances and 

phospholipids of cell membranes resulting in disruption of compactness and integrity of the 

lipid membrane, causing breakdown of cellular structure and ultimately leading to cell death 

(Koley and bard, 2010). Additionally, the keratinocytes were observed microscopically before 

and after treatment with the samples. In the case of DL dressings, the viable cells appeared as 
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polygonal structures adhered to the well plates (image not shown). Very few dead non-adherent 

cells were observed after treating with the dressings, whereas most of the cells were floating 

when treated with Triton-X-100. There was no reduction of adherent cell numbers in untreated 

cells. These observations further confirm the non-toxic nature of the DL dressings compared to 

the known toxic Triton-X-100. 

 

Figure 5.2 Cell viability of human primary epidermal keratinocytes after exposure to the 

extracts of BLK and CIP loaded films for 24, 48 and 72 h (mean ± SD, n = 9). In this study 

Triton-X-100 (0.01% w/v) and untreated cells were used as positive and negative control 

respectively.   

The CIP loaded wafers were found to be highly biocompatible with little influence on 

the viability of the keratinocytes as shown in Figure 5.3. Wafers containing 0.0001  ̶  0.025% 

CIP exhibited more than 85% cell viability whereas 0.040% CIP loaded wafer and Algisite Ag®  

showed just below 80% cell viability over the 72 h incubation period which are acceptable 

according to ISO (DIN EN ISO 10993-5). The positive control Triton X-100 showed more than 

100% cytotoxicity and resulted in a significant reduction in cell viability to values below 0% 

after 72 h treatment, which was to be expected. A time-dependent toxicity was also observed 

after treatment of PEK cells with the extracts of CIP loaded wafers and Algisite Ag®. Moreover, 

dressings containing CIP have been reported safe to fibroblasts (Unnithan et al., 2012). 

However, pure CIP has been reported to exhibit time dependent cytotoxicity on fibroblast cell 
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lines at concentrations of 0.129 and 0.194 mM, following 48 and 72 h of exposure respectively 

(Gurbay et al., 2002). On the other hand, none of the literature reviewed reported the cytotoxicity 

of CIP loaded dressings on PEK cell lines. Therefore, the present work reveals that CIP loaded 

lyophilized wafers are non-toxic to PEK and appear to be safe dressings for healing of DFUs.    

 

Figure 5.3 Cell viability of human primary epidermal keratinocytes after exposure to the 

extracts of CIP loaded wafers and fibre mat, Algisite Ag® for 24, 48 and 72 h (mean ± SD, n = 

9). In this study Triton-X-100 (0.01% w/v) and untreated cells were used as positive and 

negative control respectively.   

Figure 5.4 illustrates the images of cells after treating with extracts of CIP 

loaded films and wafers respectively. The cells exhibited t he lowest confluence 

after treating with Triton-X-100 as positive control. On the other hand, the 

untreated cells as negative control were grown as a confluent layer. However, with 

increasing amount of CIP in dressings and time, the morphology as well as the 

density of the cells was changed (Chapter 8: Table A.5.1 & A.5.2). Further 

extensive study of cell attachment needs to be done to better understand the 

changes in morphology of the cells after treating with the dressings. The adherent 
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cells detached from the surface of culture plates and were floating in the media 

and appeared as dead cells.  

   

 Positive control    Negative control 

   

  CA-CIP Film   CA-CIP Wafer 

Figure 5.4  The microscopic observations of live/dead cells of human primary epidermal 

keratinocytes treated with CIP loaded dressings after 72 h of culture. Polygonal shape 

indicates live cells while black arrows indicate the floating round shape as dead cells. Images 

were taken by FLoid® Cell Imaging Station with 40x objective lens.  

5.4.2.2  FLU loaded dressings 

The FLU loaded dressings were treated with human keratinocyte cells to investigate the 

safety profile of the medicated dressings. In this study, Triton-X-100 (positive control) killed 

all cells compared to untreated cells (negative control) after 72 h of exposure. FLU loaded 

dressings exhibited dose and time dependent cytotoxicity on PEK. Wafers containing more than 

0.15% FLU showed less than 70% cell viability after 48 and 72 h which failed to comply with 

the standard cell viability of ISO. FLU is relatively low lipophilic (log P 0.5) in nature due to 
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presence of hydroxyl groups (Mikamo et al., 2000), therefore high amount of FLU may 

accumulate in the lipid rich cell membrane and interfere with hydrogen bonding responsible for 

tight packing of the lipid membrane, resulting in looser packing of cellular integrity (Teixeira 

et al., 2015). However, the dressings containing up to 0.15% FLU appeared to have more than 

80% cell viability over 72 h (Figure 5.5), suggesting its low toxicity and can modestly enhance 

cell proliferation and migration. The concentration and time dependent toxicity of FLU loaded 

dressings can also be observed in morphological observation (Table A.5.3). The cell density 

appeared to decrease gradually after longer incubation times (24 ̶ 72 h) and higher dose of FLU 

(0.30% and 0.40% w/v) in the dressings. Figure 5.6 clearly demonstrates the keratinocytes 

growth while treating with FLU loaded dressings and the cell growth was confluent as the 

negative control. These results showed high biocompatibility and viability of FLU loaded 

dressings. 

 

Figure 5.5 Cell viability of human keratinocyte cells incubated with the extracts of FLU 

loaded dressings. Triton-X-100 and untreated cells were considered as positive and negative 

controls respectively (n = 3 ± SD). F: Film; W: Wafer 
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 Positive control     Negative control 

  

 CA-FLU Film      CA-FLU Wafer 

Figure 5.6 Representative photomicrographs (4x) of keratinocyte cells’ morphology based on 

viability test of FLU loaded dressings. Triton-X-100 and untreated cells were considered as 

positive and negative controls respectively. Scale bar: 500 µm. 

5.4.2.3  Combined DL (CIP/FLU) dressings 

 Figure 5.7 shows the percentage cell viability after treating with the extracts of various 

combined DL dressings. The untreated cells were considered as 100% viable and Triton-X-100 

showed the highest toxicity about 95% after 72 h of incubation. The molecular mechanism of 

cell toxicity of Triton-X-100 was explained in the previous section (5.4.2.1). MTT assay 

revealed that keratinocyte cells were viable after the exposure of BLK and DL dressings (films 
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and wafers) with over 90 and 80% respectively after 72 h of culture. It was observed that the 

cell viability of keratinocytes after exposure to BLK and combined DL dressings decreased 

with time. In comparison, cells in contact with the different combined DL films and wafers did 

not show any significant differences (p = 0.92) in cell viability between the dressings. The cell 

viability decreased with increasing amount of FLU in the combined DL dressings. The same 

trend was also observed in the FLU loaded dressings (Figure 5.6) implying that the 

biocompatibility is dependent on the dose of FLU.  

 

Figure 5.7 Percentage of cell viability of human keratinocyte cells after 24, 48 and 72 h of 

exposure to combined DL dressings and Actiformcool®. Triton-X-100 and untreated cells were 

used as positive and negative control respectively (n = 3 ± SD). F: Film; W: Wafer 

However, none of the formulated combined DL dressings were considered as cytotoxic 

according to ISO standard as all combined DL dressings showed > 70% cell viability. The cell 

viability of Actiformcool® was recorded to be more than 85% after 24 h and about 80.35 ± 

5.78% and 78.61 ± 2.56% after 48 and 72 h respectively.   
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  Positive control    Negative control 

  

 CA-CIP:FLU (1:10) Film   CA-CIP:FLU (1:10) Wafer 

Figure 5.8 Photomicrographs (4x) showing the proliferation of human keratinocyte cells 

seeded at a density of 1 x 105 cells/ml with the combined DL dressings. Triton-X-100 and 

untreated cells were considered as positive and negative controls respectively. Scale bar: 500 

µm.  

The polygonal shaped PEK cells grew confluent as a monolayer when treated with the dressings 

containing both CIP and FLU. The cells continued to grow uniformly over 72 h. However, the 

confluence of PEK cells slightly changed after 72 h (Table A.5.4). The interaction between 

drugs and cells might cause cell death resulting in detachment of the cells from the surface of 

culture plate. There were no significance changes in morphology of PEK cells between 

combined DL films and wafers, which was also supported by the cell viability assay. 
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Actiformcool® also demonstrated similar biocompatibility as the prepared dressings thus 

validated the experiment. PEK cells treated with Triton-X-100 shrunk, became necrotic and 

detached from the culture plates. 

5.4.3 Wound scratch (cell migration) assay 

            Migration of keratinocytes is important for wound healing, because a wound cannot heal 

without reepithelialization (Xiao et al., 2016). In chronic DFUs, keratinocytes experience 

hyperglycaemia and supraphysiological oxidative stress, which challenge keratinocytes 

viability and migration (Spravchikov et al., 2001; Schafer and Werner, 2008). Therefore, in this 

study the effect of the various formulated dressings on human keratinocyte cell migration was 

evaluated by an in vitro wound scratch assay. As shown in Figure 5.9 a, keratinocytes barely 

migrated into the wound gap (about 7.63 ± 1.99%) after 3 days of treating with Triton-X-100 

(negative control). After 7 days, no cell migration was observed in case of Triton-X-100, 

because all the surrounding cells of wound gap died (Table 5.2). In the case of untreated cells 

(positive control) keratinocyte migration (wound closure) was about 81.50 ± 2.00% after 3 days 

and complete wound closure (100%) was observed after 7 d. The wound closure of all cells 

treated with dressings was also completed by 7 days except the cells treated with combined DL 

dressings (film and wafer) and Actiformcool® (Figure 5.9, Table 5.2 and Table 5.3). However, 

the initial cell migration rate (1-3 days) of untreated cells were higher than any treated cells. 

This could be due to acclimatization of cells to adapt to the samples that resumed normal 

growth. Interestingly, cells treated with FLU loaded dressings showed higher rate of initial 

wound closure than the cells treated with CIP loaded dressings. The possible explanation for 

the lower initial wound closer by CIP loaded dressings may be a possible zwitterionic effect of 

CIP (Cavet et al., 1997) that enhanced the interaction with lipophilic substances and 

phospholipid of cell membrane, leading to disruption of cell membrane and resulting in lower 

cell proliferation. It has been reported that canine corneal epithelial cells treated with CIP 

showed high degree of morphological changes (rounding, shrinkage and detachment of cell) 

which reduced cell migration (Hendrix et al., 2001). It is also reported that CIP has inhibitory 

effect on tenocytes (tendon cells) migration (Tsai et al., 2009).  On the other hand, FLU has 

high penetration capability into various tissue without affecting the functions of phagocytes 

(Gurer et al., 1999). FLU has also been reported to be highly biocompatible with human cells 

and having tolerable erythrocyte haemolysis (Oliveira et al., 2015). There was a clear tendency 

that keratinocytes treated with combined DL dressings demonstrated a slower wound healing 
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rate (70 ± 2.76% to 78 ± 1.14% after 8 days of culture) compared to BLK and single (CIP or 

FLU) DL dressings, and untreated cells (Figure 5.9 & Table 5.2).  

 

 

 

Figure 5.9 In vitro wound scratch assay on human keratinocytes treated with medicated 

(a) films and (b) wafers and Actiformcool® (n = 3 ± SD). F: Film; W: Wafer 

Cells treated with the commercial product (Actiformcool®) showed slower rate of migration 

than the cells treated with formulated dressings. After 8 days of culture, representative wounds 

treated with Actiformcool® exhibited a wound closure of 55.01 ± 3.99% compared to the initial 

wound gap. Overall the results obtained through wound scratch assay revealed that the selected 

dressings had a positive effect on the in vitro wound closure rate and could play a potential role 
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in wound healing applications. However, in vivo wound healing need to be investigated to 

elucidate the effectiveness of the dressings.  

Table 5.2  In vitro wound scratch assay on human keratinocyte cells treated with the 

extracts of medicated films. Triton-X-100 and untreated cells represent as positive and 

negative control respectively. The blue arrows indicate wound gap (migration zone). Scale 

bar: 500 µm.    
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Table 5.3 Representative microscopic images showing the migration pattern of human 

keratinocyte cells treated with medicated wafers and commercial Actiformcool® dressing at 0, 

1, 2, 3, 7 and 8 days. The blue arrows indicate wound gap (migration zone). Scale bar: 500 µm.  
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5.5 Conclusions 

 

MTT and wound scratch assay are important experiments to assess wound healing 

properties of dressings. The effect of medicated films and wafers on the viability and migration 

of human keratinocytes were studied in this chapter. The results showed that all the dressings 

except the dressings containing more than 0.15% FLU exhibited acceptable cell viability above 

70% with respect to ISO standard. Dose and time dependent cytotoxicity of the DL dressings 

were observed.  The CIP and FLU loaded dressings showed complete wound closure within 7 
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days, whereas combined DL dressings exhibited more than 65% wound closure in that time. In 

addition, all the DL dressings showed better wound healing properties in terms of cell viability 

and migration than Actiformcool® commercial dressing. However, studies of cell attachment 

and in vivo animal testing are needed to elucidate the wound healing action of the prepared 

dressings.    
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CHAPTER 6:  SUMMARY DISCUSSION AND FUTURE WORK 

 

6.1 Summary discussion 

Treating of mixed infections in chronic leg and diabetic foot ulcers (DFUs) is not well 

developed. However, the medical and research communities are starting to realize that the 

chronicity of wounds such as DFUs can in part be attributed to the diversity of microbial 

populations in such chronic wounds. This project aimed to develop, formulate, characterize and 

optimize advanced medicated dressings containing broad-spectrum antibacterial 

(ciprofloxacin) and antifungal (fluconazole) drugs to potentially target mixed infections in 

DFUs. Polymeric based dressings have advantages of avoiding systemic side effects, obtaining 

effective drug concentration at the target site and biocompatibility to host cells. Calcium 

alginate (CA) was chosen as a base polymer due to its haemostatic effects in the initial stage of 

wound healing. Ciprofloxacin (CIP) was selected as a model antibacterial drug, because it has 

been reported as a powerful antibiotic used in chronic wounds, which can kill/inhibit the 

causative bacteria [(e.g. Escherichia coli (E. coli), Staphylococcus aureus (S. aureus), 

Pseudomonas aeruginosa (P. aeruginosa)] present in DFUs. On the other hand, fluconazole 

(FLU), a highly effective antifungal agent against the most predominant candida species present 

in DFUs, was selected as drug for incorporation in the CA based dressings. Solvent cast films 

and lyophilized wafers were prepared as a potential means of delivering the antimicrobial 

agents, because they are meant to be multifunctional for preventing microbial infections as well 

as maintaining a moist wound environment to aid healing. Film dressings have advantages of 

elasticity that allow application to any part of the body and their transparency allows 

visualization of the wound bed without removal, thus reduces the chances of traumatizing the 

wound. On the other hand, wafer dressings can absorb large amounts of wound exudates and 

allow evaporation of exudates thus preventing fluid accumulation underneath dressings and 

subsequently reducing skin maceration.   

The CA gel (1%) was prepared by ion exchange method in which the divalent calcium 

ions were exchanged with the monovalent sodium ions. The resultant gels were oven and freeze 

dried to obtain films and wafers respectively. Interestingly, calcium carbonate (CaCO3) 

precipitation was observed, confirmed by XRD. However, CaCO3 is reported to have 

haemostasis properties and have regulatory effect on inflammatory cell filtration, fibroblast 

proliferation and keratinocyte migration. The unplasticized films were hard, inflexible, non-
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elastic and unpliable. Therefore, the films were plasticized with different concentrations of 

glycerol (GLY) and GLY at 33.33% w/w (based on total dry weight) was found to be optimum 

concentration to obtain better flexible, tougher and more transparent films than any other 

plasticized films and was therefore used for drug loading.   

CIP loaded films exhibited ideal optical appearance, whereas FLU loaded films did not 

show ideal transparency. However, the combined drug (CIP and FLU) loaded (DL) films 

showed better transparency than FLU loaded dressings. The blank (BLK) and all DL wafers 

were uniform in texture and thickness, soft and pliable in nature. The films were appeared as 

continuous sheets and wafers appeared as a porous (SEM observation) interconnecting network. 

FLU and combined DL films exhibited spherulitic crystallization whereas, CIP loaded films 

showed reduced crystallinity due to plasticizing effects. SEM observation also revealed that the 

BLK wafer had uniform and circular shaped pores while the uniformity of pores was disturbed 

after loading drugs. Increasing amount of CIP and FLU resulted in denser pores due to possible 

crosslinking between drugs and polymer. However, wafers containing up to 0.15% w/v FLU 

alone and combined CIP and FLU in the ratios of 1:10 and 1:20 showed large circular and 

uniform pore size distributions.  

XRD observation revealed that all dressings retained same peak as of CaCO3. The slight 

shifting of peaks of all DL dressings to higher diffraction angles indicated the interaction 

between drug and polymer, which was also confirmed by FTIR. Films containing 33.33% GLY 

showed the highest mechanical properties amongst all BLK plasticized films. However, none 

of the DL films as well as BLK exhibited ideal elasticity (30 ̶ 50%). Texture analysis revealed 

that addition of CIP reduced rigidity of the films due to its plasticizing effect and addition of 

FLU increased rigidity of the films due to its antiplasticizing effect. All DL wafers showed 

lower hardness than BLK wafer due to disturbance in porosity after drug loading. Moreover, 

the bottom part of the wafer showed lower hardness than the upper part. Therefore, the bottom 

surface should be the ideal application side, because the lower hardness might reduce the chance 

of damaging newly formed tissues. All the DL dressings showed lower stickiness as compared 

to BLK dressings, because in the presence of simulated wound fluid (SWF), drugs precipitated 

on the surface of the dressings resulting in poor contact between the polymer chains and hence 

reduced adhesive properties. 

The lyophilized wafer dressings, which were highly porous in nature showed better fluid 

handling properties than films and commercial dressings (Algisite Ag® and Actiformcool®). 
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All dressings showed high initial (15 min) swelling, which is important to absorb wound fluid 

quickly.  The rapid ingress of fluid into the CA dressings was attributed to the exchange of Ca2+ 

ions in mannuronate units of alginate with Na+ ions present in SWF.  The medicated wafers 

showed higher water absorption (Aw) (1085  ̶  2377 %) and holding capacity (EWC, 91  ̶  95 

%) than the medicated films and the commercial products. Therefore, it suggests wafers will 

absorb more exudates from DFUs than the films and the tested commercial products. CIP 

loaded dressings showed the highest WVTR (3111.79 ± 16.79 ̶ 3808.91 ± 48.41 g/m2day-1) 

amongst all other dressings due to having the highest in porosity (maximum 98.20 ± 0.56%). 

In contrast, film dressings exhibited higher WVTR (maximum 3876.53 ± 195.50 g/m2day-1) 

than wafer and commercial dressings. This is because, film dressings are semipermeable and 

thinner and therefore the distance the vapour travels to escape is far less than the wafer and 

commercial dressings. However, the combined DL wafers and the wafers containing 0.10 and 

0.15% w/v FLU showed ideal WVTR values (2000 ̶ 2500 g/m2day-1) which will be able to 

maintain moist wound environment effectively. Afterward, film dressings exhibited quicker 

EWL about 50% within 0.5 h than the wafer and commercial dressings (50% EWL within 2-3 

h). This is because the wafer and the commercial dressings were thicker than the film dressings 

and therefore enabled them to retain more water.  Wafers exhibited higher residual moisture 

content (9   ̶  17%) than films (8  ̶ 12%) because, in the final stage of lyophilization, wafers were 

dried at lower temperature (20 °C) than films (30 °C). Moreover, the higher residual moisture 

content of wafers was facilitated by higher porosity of wafers that enabled them to adsorb and 

retain more bound water. The lower moisture content of films will ensure more stability upon 

storage and less chance of drug precipitation whereas, higher moisture content of wafers will 

maintain the wound and the surrounding skin in an optimum state of hydration, implying the 

wafer dressings will function effectively under compression. The wafers showed greater drug 

loading capacity than films due to its greater porosity and higher physical volume. CIP loaded 

wafers showed greater drug loading capacity than FLU loaded wafers, which was also attributed 

to higher porosity and geometrical shape of the wafers. All formulations retained uniform drug 

distribution except the films and wafers containing more than 0.05 and 0.15% FLU respectively. 

FLU was released faster from the dressings (about more than 65-90% within 5 min) than CIP 

and this was the same in the case of combined DL dressings. The reason behind this, is that 

FLU might have higher solubility in dissolution medium (SWF), higher affinity to the ions 

present in SWF and lower molecular weight than CIP. The burst release of FLU from the 

dressings will be be expected to reduce fungal growth before the next dressings change. On the 

other hand, sustained amounts of CIP from the dressings up to 6 h can prevent re-infection as 
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well as the need for frequent dressing change. The drug release from all dressings except CIP 

loaded films followed Korsmeyer-Peppas model based on the coefficient of linear correlation 

(R2).  

In this study, the minimum inhibitory concentrations (MIC) of CIP for E. coli, S. aureus 

and P. aeruginosa were 0.06, 0.5 and 0.125 µg/ml respectively and MIC of FLU for C. albicans 

was 2 µg/ml. Further, the minimum bactericidal concentrations (MBC) of CIP for E. coli, S. 

aureus and P. aeruginosa were 0.25, 4.0 and 0.5 µg/ml and minimum fungicidal concentration 

(MFC) for FLU for C. albicans was 128 µg/ml. All CIP loaded dressings showed complete 

eradication of all causative bacteria within 24 h, which will be very effective to prevent 

infection progression in DFUs. Moreover, a 10-fold reduction (90% killing) in the number of 

cells of C. albicans as compared to negative control (C. albicans only) was observed while 

treating with FLU and combined DL dressings which will be high enough to significantly 

reduce fungal load in DFUs. In the case of combined DL dressings, the complete eradication of 

E. coli and P. aeruginosa from mixed cultures was recorded within 24 h, whereas the complete 

eradication of S. aureus was observed after 72 h. The slow eradication of S. aureus is possibly 

due to synergistic interaction between S. aureus and C. albicans in their mixed culture. No 

fungicidal activity (99.9% killing) of combined DL dressings against all mixed infections 

(either E. coli and C. albicans, or S. aureus and C. albicans, or P. aeruginosa and C. albicans) 

was observed. The results obtained from zone of inhibition (ZOI) revealed that wafer dressings 

had higher ZOI (36.67-44.83 ± 0.23 nm) against all mixed infections than the film dressings 

(26.50-35.60 ± 0.70 nm) possibly due to higher drug content and drug release of wafers than 

the films. Algisite Ag® was only effective against S. aureus and Actiformcool® was ineffective 

against all mixed infections.  

The optimized concentration of human primary epidermal keratinocyte (PEK) cells was 

investigated as 1 x 105 cells/ml for methylthiazolyldiphenyl-tetrazolium bromide (MTT) and 

wound scratch assays. MTT assay revealed that all the dressings showed acceptable cell 

viability above 70% with respect to ISO standard except the dressings containing more than 

0.15% FLU. This was because, the high concentration of FLU might accumulate in the lipid 

rich cell membrane and interfered with hydrogen bonding responsible for tight packing of lipid 

membranes. Time and dose dependent cytotoxicity was also observed as the longer incubation 

period and higher dose of drug resulted in lower cell viability. The cell viability of Algisite Ag® 

and Actiformcool® was recorded about 77.94 ± 1.18% and 78.61 ± 2.56% after 72 h 

respectively. All the dressings showed effective in vitro wound healing capacity by closing the 
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gap (wound) within 7 days except the combined DL dressings and Actiformcool®. In contrast, 

the FLU loaded dressings showed higher rate of initial wound closure than CIP loaded 

dressings, which was attributed to the higher cell viability of FLU loaded dressing compared to 

CIP loaded dressings. 

Overall, the CIP loaded, FLU loaded and combined DL (CIP-FLU) dressings have 

potential to be used as medicated dressings to treat DFUs infected with bacteria only, fungi only 

or both bacteria and fungi respectively.  

6.2 Future work 

The following further studies will be performed to validate the physico-chemical, 

functional and biological properties of the developed dressings and also to address some of the 

limitations of this project. 

1. CA is insoluble in water and therefore, different solvent systems, pH, temperature and 

stirring time were attempted to ensure complete dissolution. Finally, CA was dissolved 

in sodium carbonate solution and produced sodium alginate (SA) with a byproduct of 

calcium carbonate in the gels. However, to the best of my knowledge, there has been no 

research study undertaken on CA as a starting material to produce film and wafer 

dressings to potentially treat infected DFUs. Therefore, a comparative study between 

the DL CA dressings and DL SA dressings can be performed to evaluate the differences 

in physicochemical and functional properties of those dressings. 

2. The formulated films did not show ideal elasticity. The elasticity could be improved by 

blending with other polymers such as gelatin, HPMC, polyox and carrageenan as 

previously reported by Boateng and co-workers (Boateng et al., 2009, 2013a; Pawar et 

al., 2013).  

3. IR mapping could be performed on the dressings to confirm the uniform distribution of 

polymer and drug, and homogeneity of dressings. Furthermore, drug-polymer 

interaction was investigated by FTIR and XRD analyses. However, further information 

on drug-polymer interaction and crosslinking can be gathered by Raman spectroscopy, 

NMR, and molecular and computer modeling. 

4. The porosity of the dressings was determined by solvent displacement method. 

However, the porosity and pore size distribution of the dressings can be further analyzed 

by Brunauer-Emmett Teller (BET) analysis, mercury intrusion porosimetry, 
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thermoporommetry, physisorption (physical adsorption), dynamic vapour sorption and 

imaging methods such as X-ray computed tomography (Lawrence and Jiang, 2017).  

5. Prolonged drug release from the dressings could be achieved by increasing percentage 

of CA in the gels. 

6. The microbial activity of the dressings can be further evaluated by visualizing entrapped 

populations of the microorganisms within the swollen dressing matrix with SEM and 

confocal microscope. In addition, polymicrobial studies (mixed culture of multiple 

bacteria) can be performed on CIP loaded dressings. MTT assay can be performed by 

direct contact of dressings with the PEK cells to mimic real life application. Cytotoxicity 

of the dressings can also be analyzed by live/deal cells assay and flow cytometry 

analysis. Studies of cell attachment and in vivo animal testing can be performed to 

elucidate the wound healing action of the dressings. Finally, in vitro adhesive test of the 

dressings can be complemented using in vivo adhesive testing in rat models.  

7. In vivo mixed infections study could be done in animal model to better elucidate the 

potential healing of mixed infected DFUs. 
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CHAPTER 8:  APPENDIX 

A.1 GENERAL INTRODUCTION AND LITERATURE REVIEW 

Table A1.1 List of commercially available dressings indicated for chronic leg and DFUs 

treatment (Sarheed et al., 2016; Moura et al., 2013; Wound Source (web), 2017). 

Dressing type Brand Name Manufacturer Composition 

Contact layer 

dressings 
Acticoat* Flex 3 

Acticoat* Flex 7 

Smith & Nephew, 

UK 

Elemental silver 

KerraContact™ Ag 

 

 

Crawford 

Healthcare, US 

Two non-adherent 

polyethylene mesh 

wound contact layers 

and one absorbent core 

made of polyester and 

all three layers are 

coated with silver 

SilverDerm 7® 

 

 

DermaRite 

Industries, LLC, 

US 

Non-adherent knitted 

nylon plated with 

approximately 99% 

elemental silver and 1% 

silver oxide. 

Therabond® 3D 

Antimicrobial Systems 

with Silvertrak™ 

Technology 

 

Alliqua 

Biomedical, US 

 

Silver-plated nylon 

three-dimensional 

fabric 

Foams 

RTD® 

 

Keneric 

Healthcare, US 

Silver zirconium 

phosphate (7mg/g), 

methylene blue 

http://www.woundsource.com/company/crawford-healthcare
http://www.woundsource.com/company/crawford-healthcare
http://www.woundsource.com/company/dermarite-industries-llc
http://www.woundsource.com/company/dermarite-industries-llc
http://www.woundsource.com/company/alliqua-biomedical
http://www.woundsource.com/company/alliqua-biomedical
http://www.woundsource.com/company/keneric-healthcare
http://www.woundsource.com/company/keneric-healthcare
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(0.25mg/g), gentian 

violet (0.25mg/g)  

Restore® Non-

Adhesive Foam with 

Silver and Triact™ 

Technology 

 

Hollister 

Incorporated- 

Wound Care, US 

 

Non-adhesive foam 

containing silver 

Ligasano® Ligasano Honeycomb-

polyurethane foam 

Algidex Ag® 

 

DeRoyal, US 

 

Ionic silver, alginate, 

and maltodextrin 

Acticoat* Moisture 

Control 

Allevyn* Ag 

 

Smith & Nephew, 

UK 

 

Polyurethane foam 

coated with silver 

 

Silver sulfadiazine 

incorporated 

hydrocellular absorbent 

pad 

Aquacel® Ag 

Duoderm® 

 

ConvaTec, US 

 

CMC with ionic silver 

 

Polyurethane foam 

 

http://www.woundsource.com/company/deroyal
http://www.woundsource.com/company/convatec
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Biatain® Ag 

Biatain® Silicone Ag 

 

Coloplast Corp, 

US 

 

Silver 

 

Silicone-bordered foam 

dressing containing 

silver 

HydraFoam/Ag™ 

Bordered Foam/Ag™ 

 

 

DermaRite 

Industries, LLC, 

US 

 

Silver 

 

The inner layer consists 

of polyethylene net 

containing silver ions 

and an outer layer of 

breathable 

polyurethane film 

MediPlus™ Comfort 

Border Foam Ag+ 

 

MediPurpose 

INC, US 

  

Hydrocellular tri-layer 

coated with silver 

Mepilex® Ag 

 

Molnlycke Health 

Care, LLC, US 

 

 

Polyurethane foam 

incorporated with silver 

sulphate 

Optifoam® Ag 

Medline 

Industries, Inc. 

US 

Ionic silver 

 

http://www.woundsource.com/company/dermarite-industries-llc
http://www.woundsource.com/company/dermarite-industries-llc
http://www.woundsource.com/company/molnlycke-health-care-us-llc
http://www.woundsource.com/company/molnlycke-health-care-us-llc
http://www.woundsource.com/company/medline-industries-inc
http://www.woundsource.com/company/medline-industries-inc
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V.A.C.® Granufoam 

Silver™ 

 

KCl, US 

 

Silver 

Kendall™ AMD  

 

 

Medtronic, US 

 

Hydrophilic foam 

Impregnated with 0.5% 

polyhexamethylene 

biguanide (PHMB). 

IodoFoam® 

 

Progressive 

Wound Care 

Technologies, US 

 

Ansorbent foam 

complexed with iodine 

Traditional 

dressings (Gauze, 

fibres, clothes, 

mats, pads, others)  

 

 

 

 

 

 

 

 

 

Absorbent Dermanet® 

Ag+ Border (DagB) 

DeRoyal, US  

Silver containing 

multi-layered 

polyurethane pad 

TheraHoney® Sheet 

Medline 

Industries, Inc. 

US 

100% Manuka 

honey impregnated 

gauze dressing 

Manukahd® 

 

ManukaMed 

USA, LLC 

 

Absorbent gelling 

fiber with high amount 

of Manuka honey 

Medihoney® 

 

Derma Sciences, 

Inc. US 

Calcium alginate pad 

incorporated with 

100% active 

Leptospermum honey 

http://www.woundsource.com/company/medtronic
http://www.woundsource.com/company/progressive-wound-care-technologies
http://www.woundsource.com/company/progressive-wound-care-technologies
http://www.woundsource.com/company/progressive-wound-care-technologies
http://www.woundsource.com/company/deroyal
http://www.woundsource.com/company/medline-industries-inc
http://www.woundsource.com/company/medline-industries-inc
http://www.woundsource.com/company/manukamed-usa-llc
http://www.woundsource.com/company/manukamed-usa-llc
http://www.woundsource.com/company/derma-sciences-inc
http://www.woundsource.com/company/derma-sciences-inc
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Aquacel® Ag Extra™ 

Hydrofiber® 

 

ConvaTec, US 

  

Ionic Silver with two 

layers of Hydrofiber® 

Technology 

Actisorb™ Silver 220 

Silvercel™ 

 

KCl, US 

 

Silver loaded in a non-

adherent nylon sleeve 

 

High G (guluronic 

acid) alginate, 

carboxymethylcellulose 

(CMC) and silver-

coated nylon fibers. 

Durafiber* Ag 

Algisite Ag® 

Iodoflex*  

 

Smith & Nephew, 

UK 

Ionic silver containing 

fibre 

Calcium alginate and 

silver 

Pad containing 0.9% 

cadexomer iodine 

3M™ Tegaderm™ Ag 

Mesh 

 

3M Health Care, 

US 

 

Silver sulphate 

containing gauze 

dressing 

Exsalt™ SD7 

 

Crawford 

Healthcare, US 

 

Silver 

http://www.woundsource.com/company/convatec
http://www.woundsource.com/company/3m-health-care
http://www.woundsource.com/company/crawford-healthcare
http://www.woundsource.com/company/crawford-healthcare
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Silverlon® Calcium 

Alginate 

 

Silverlon® Island 

Wound & Surgical 

Dressings 

Argentum 

Medical, LLC, US 

Calcium alginate and 

silver 

 

Incorporating a silver 

wound contact layer, an 

absorbent rayon pad 

covered with a film 

transparent (urethane) 

layer and an adhesive 

border. 

Simpurity™ Silver 

Alginate Dressing Pads 

Safe n' Simple, 

US 

Alginate and silver 

particles 

Biological 

dressings (Alginate, 

collagen and 

hyaluronic acid 

based dressings) 

DermaGinate/Ag™ 

DermaCol™ Ag  

 

 

SilvaKollagen® Gel 

 

DermaRite 

Industries, LLC, 

US 

 

Alginate and silver 

 

Collagen, sodium 

alginate, CMC, 

ethylenediamine 

tetraacetic acid 

(EDTA) and silver 

chloride 

Collagen gel added 

with silver 

Kaltostat®  ConvaTec, US Sodium alginate and/or 

calcium alginate 

Bionect® 

 

Dara VioScience, 

UK 

Hyaluronic acid 

sodium salt, 0.2% 

http://www.woundsource.com/company/argentum-medical-llc
http://www.woundsource.com/company/argentum-medical-llc
http://www.woundsource.com/company/safe-n-simple
http://www.woundsource.com/company/dermarite-industries-llc
http://www.woundsource.com/company/dermarite-industries-llc
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Unite® Biomatrix Synovis 

Orthopedic and 

WoundCare, Inc, 

US 

Non-reconstituted 

collagen 

Dermanet® Ag+ 

DeRoyal, US Ionic silver, alginate, 

and maltodextrin 

Regranex® Gel Healthpoint 

Biotherapeutics, 

US 

Rh PDGF-BB loaded 

in sodium CMC 

Maxorb® ES Ag+ 

Maxorb™ Extra Ag+ 

 

Opticell Ag+ 

 

Arglaes® Powder 

Puracol Plus Ag+ 

MicroScaffold 

Collagen 

Medline 

Industries, Inc. 

US 

CMC, alginate and 

silver 

 

Silver sodium 

hydrogen, zirconium 

phosphate, CMC and 

alginate 

Alginate and ionic 

silver 

 

Ionic silver in alginate 

powder 

 

Silver incorporated in a 

three-dimensional 

collagen microscaffold 

Algicell® Ag 

Derma Sciences, 

UK 

Alginate and silver 

http://www.woundsource.com/company/deroyal
http://www.woundsource.com/company/medline-industries-inc
http://www.woundsource.com/company/medline-industries-inc
http://www.woundsource.com/company/derma-sciences-inc
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Gentell Calcium 

Alginate Ag® 

Gentell Wound 

and Skin Care, 

USA 

Calcium alginate and 

silver sulfadiazine  

CalciCare™ 

 

Restore Calcium 

Alginate Dressing with 

Silver® 

Hollister 

Incorporated - 

Wound Car, UK 

high G (guluronic acid) 

calcium/sodium 

alginate and silver 

zirconium 

Calcium alginate and 

ionic silver 

Promogran prisma™ 

Matrix 

 

KCl, US 

 

Oxidized regenerated 

cellulose (44%), 

collagen (55%) and 

silver (1%) 

Sorbalgon Ag® 

 

Hartman, USA 

 

Calcium alginate and 

ionic silver 

Suprasorb A + Ag 

Calcium Alginate® 

L&R Inc, USA Calcium alginate and 

silver 

Askina Calgitrol Ag® B. Braun 

Hospicare Ltd, 

Ireland  

Calcium alginate and 

silver alginate with 

10% of bounded water 

Melgisorb® Plus 

BGC Matrix® 

Mölnlycke Health 

Care, LLC, US 

Calcium alginate 

Collagen based 

dressing with advanced 

carbohydrate beta-

glucan 

http://www.woundsource.com/company/gentell-wound-and-skin-care
http://www.woundsource.com/company/gentell-wound-and-skin-care
http://www.woundsource.com/product/restore-calcium-alginate-dressing-silver
http://www.woundsource.com/product/restore-calcium-alginate-dressing-silver
http://www.woundsource.com/product/restore-calcium-alginate-dressing-silver
http://www.woundsource.com/company/hollister-incorporated-wound-care
http://www.woundsource.com/company/hollister-incorporated-wound-care
http://www.woundsource.com/company/hollister-incorporated-wound-care
http://www.woundsource.com/company/l-r-usa-inc
http://www.woundsource.com/company/molnlycke-health-care-us-llc
http://www.woundsource.com/company/molnlycke-health-care-us-llc
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SeaSorb Ag® Coloplast, UK 

 

Calcium alginate and 

ionic silver 

Hydrogels 

SilvaSorb® 

SilverMed™ 

Medline 

Industries, Inc. 

US 

Hydrogel sheet with 

Ionic silver 

 

Amorphus hydrogel 

with silver 

DermaSyn/Ag™ Silver DermaRite 

Industries, LLC, 

US 

Hydrogel containing 

ionic silver 

Resta™ SilverGel® 

 

SteadMed 

Medical, LLC, 

US 

 

Ionic silver in hydrogel 

Solosite® Smith & Nephew, 

UK 

Polyethylene and 

polyurethane hy 

Silver-Sept® 

Anacapa 

Technologies, 

Inc. US 

Amorphous hydrogel 

with silver salt 

Silverseal® 

Alliqua 

Biomedical, US 

Hydrogel sheet with 

silver 

SilvrSTAT® 

 

Actiformcool® 

ABL Medical, 

LLC, US 

 

 

Amorphous hydrogel 

with silver 

nanoparticles 

 

Alginate 

http://www.woundsource.com/company/medline-industries-inc
http://www.woundsource.com/company/medline-industries-inc
http://www.woundsource.com/company/dermarite-industries-llc
http://www.woundsource.com/company/dermarite-industries-llc
http://www.woundsource.com/company/steadmed-medical-llc
http://www.woundsource.com/company/steadmed-medical-llc
http://www.woundsource.com/company/anacapa-technologies-inc
http://www.woundsource.com/company/anacapa-technologies-inc
http://www.woundsource.com/company/anacapa-technologies-inc
http://www.woundsource.com/company/abl-medical-llc
http://www.woundsource.com/company/abl-medical-llc
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Activa Healthcare 

Ltd, UK 

 

Films 

Silverlon® 

Argentum 

Medical, LLC, US 

Silver loaded 

polyurethane film 

OPSITE* 

Smith & Nephew, 

UK 

Transparent adhesive 

film dressing 

Hydrocolloids  

 

 

 

 

 

 

 

 

 

Silverseal® 

Hydrocolloid  

 

Medihoney® 

 

Derma Sciences, 

US 

 

Silver containing 

hydrocolloids 

 

100% active 

leptospermum honey in 

combination with a 

hydrocolloid gelling 

agent 

GranuDermTM 

SentryTM 

Acute Care 

Solutions, LLC, 

US 

Alginate hydrocolloid 

with polyurethane 

 

Granuflex® 

 

ConvaTec, US Hydrocolloid matrix 

bonded onto a vapour 

permeable film or foam 

backing 

Comfell®PlusUlcer Coloplast, UK 

 

Sodium-CMC and 

Calcium alginate 

hydrocolloid matrix 

layered with 

polyurethane film 

  

http://www.woundsource.com/company/argentum-medical-llc
http://www.woundsource.com/company/argentum-medical-llc
http://www.woundsource.com/company/convatec
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Table A1.2 Summary of empirical antibiotic regimens for the treatment of infection in the 

diabetic foot (Leese et al., 2009). 

Severity or extent of 

infection 

Recommended therapy Susceptible pathogens 

Mild (Treatment duration: 

1 to 2 weeks) 

Primary 

Flucloxacillin 1g orally four 

times a day 

Oral alternatives 

Doxycycline 100 mg orally 

twice per day, or 

 

Clindamycin 300-450 mg 

orally three times a day, or 

Cephalexin 500 mg orally 

four times a day. 

S. aureus 

Moderate (Treatment 

duration: 2 to 4 weeks, 

depending on the response 

to oral administration or 

parenterally followed by 

orally) 

Primary 

Flucloxacillin 1g orally or 

parenterally (IV) four times 

a day 

Oral alternatives 

Co-trimoxazole 960 mg 

orally twice a day, or 

Co-amoxiclav 625 mg orally 

three times a day 

If Allergic to penicillins 

S. aureus or 

Beta-haemolytic 

Streptococci 

 

 

 

Methicillin-resistant S. 

aureus (MRSA) 

Enterococcus 
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Clindamycin 300-450 mg 

orally four times a day, or 

Ciprofloxacin 500-750 mg 

orally twice a day 

-Add metronidazole 400 mg 

orally three times a day if 

anaerobes present 

 

Alternatives 

Ciprofloxacin 400 mg and 

metronidazole 500 mg IV 

three times a day, or 

Gentamicin 500 mg and 

metronidazole mg IV three 

times a day 

-Add vancomycin IV if 

MRSA infection suspected 

 

 

S. aureus or 

Beta-haemolytic 

Streptococci 

 

 

Anaerobes 

 

 

 

 

P. aeruginosa 

Anaerobes 

 

MRSA 

Severe (Treatment 

duration: 2 to 4 weeks 

depending on response; 

administered parenterally 

then switch to orally. If 

osteomyelitis is present, 

then treatment is 

continued for at least 4-6 

weeks.)  

Primary 

Co-amoxiclav 1.2g IV three 

times a day 

Oral switch 

Co-amoxiclav 625 mg three 

times a day, or 

Co-trimoxazole 960 mg 

twice a day 

 

Enterococcus 

 

 

Enterococcus 

 

MRSA 
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If allergic to Penicillin 

Ciprofloxacin 400 mg IV 

twice a day and 

metronidazole 500 mg three 

times a day, or 

Gentamicin IV (minor serum 

concentration) and 

metronidazole 500 mg IV 

three times a day 

-Add vancomycin IV (minor 

serum concentration) if 

MRSA present. 

Alternatives 

Ciprofloxacin 500-750 mg 

orally twice a day and 

metronidazole 400 mg orally  

three times a day 

If continued MRSA cover 

required 

Linezolid 600 mg orally 

twice a day, or 

Rifampicin 300 mg orally 

twice a day with either: 

-Doxycycline 100 mg orally 

twice a day 

-Trimethoprim 200 mg twice 

a day 

 

 

P. aeruginosa 

 

Anaerobes 

 

P. aeruginosa 

 

Anaerobes 

 

MRSA 

 

 

 

P. aeruginosa 

 

Anaerobes 

 

 

 

MRSA 
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-Fusidic acid 500 mg three 

times a day 

In case of osteomyelitis 

Sodium fusidate 500 mg 

orally three times a day, or 

Rifampicin 600 mg orally 

twice a day  

MRSA 

 

MRSA 
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A.2 FORMULATION DEVELOPMENT AND PHYSICO-CHEMICAL 

CHARACTERIZATION OF CALCIUM ALGINATE BASED DRESSINGS 

A.2.1 Solvent casting of films 

Solvent casting method involves several manufacturing steps such as preparation of gel, 

removal of air bubbles, transferring the appropriate amount of gel onto the casting surface, 

drying at a particular temperature, cutting the final dosage form to get adequate amount of drug 

and packing (Bala et al., 2013). Some important factors need to be considered during the entire 

manufacturing process including homogeneity and viscosity of the gel, entrapped air bubbles, 

content uniformity and residual solvent content in the final dosage form (Morales and 

McConville, 2011). During the preparation of gel, it needs to be stirred with or without applying 

heat that depends on the solvent, polymer and drug. Vigorous stirring creates air bubbles and 

these entrapped air bubbles can be removed by vacuum. Gentle stirring creates low air bubbles 

which can be withdrawn by keeping the gel steady state before pouring onto the casting surface. 

Solvent casting requires relatively lower temperature compared to hot-melt extrusion and 

therefore this method is ideal for manufacturing heat sensitive API (active pharmaceutical 

ingredient). The final dosage form can be cut into desired dimensions as it is an excellent 

advantage for wound dressing.  

Solvent cast technique has some drawbacks. Proteins or any biological API cannot be 

incorporated into polymeric matrix by solvent cast technique because of long manufacturing 

time and heat. Biological API may degrade or denature due to prolonged production time. 

Sometimes it is difficult to remove entrapped air bubbles due to homogeneity reasons and that 

also affects the content uniformity along the casting surface. Additionally slow solvent 

evaporation process retards manufacturing speed and therefore requires high energy and costs 

(Morales and McConville, 2011).    

A.2.2 Lyophilization 

Lyophilization or freeze drying is a technique in which water or another solvent is 

frozen, followed by its removal from the frozen sample by sublimation and then by desorption 

(Nireesha et al., 2013). Freeze drying involves three steps such as freezing, primary drying and 

secondary drying. In the freezing stage, some part of the liquid sample becomes ice crystal and 

the remaining part is freeze concentrated into the glassy state where the viscosity is too high to 

allow further crystallization. The next step is primary drying wherein the ice cake formed during 
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the freezing cycle is removed by sublimation under vacuum at low temperatures, resulting in a 

highly porous structure in the remaining amorphous solute that is typically 30% water. The final 

step is secondary drying, wherein most of the remaining water is desorbed from the glass as the 

temperature of the sample gradually is increased while maintaining low pressures. Ideally, the 

final dosage form is a dry, easily reconstituted cake with high surface area (Beaty, 2004).  

There are some advantages and limitations of freeze drying technique. Biological 

products such as vaccines or other injectable which are heat sensitive can be easily incorporated 

into the polymeric matrix as the method involves operating at lower temperature. The residual 

moisture content of final dosage is very low that enhancing stability and shelf-life of the 

products. The volatile compounds are difficult to freeze dry as it may be removed by the 

vacuum. Moreover, due to increased handling and processing time it loses acceptability. The 

cost may also an issue depending on the product (Nireesha et al., 2013). 

A.2.3 Texture analysis 

Texture analysis is used to characterize the tensile properties and mucoadhesion of the 

solvent cast films and lyophilized wafers. It is important to measure the tensile properties such 

as tensile strength, Young’s modulus, % elongation at break and hardness to achieve soft, 

durable, elastic, pliable, flexible and stress resistant dressings (Boateng et al., 2008). In 

addition, the dressings should have adequate adhesive properties such as stickiness, 

cohesiveness and work of adhesion (WOA) to adhere with the wound surface. The American 

Society for Testing and Materials (ASTM) states that the film’s thickness should be less than 1 

mm (ASTM, 1997).  

Tensile strength of a film is the maximum force applied to a point at which the film tears 

apart and describes how brittle and hard the film is (Boateng et al., 2008). The maximum peak 

from stress-strain curve (force vs distance curve) is recorded as maximum force. Young’s 

modulus is the measurement of rigidity or stiffness of the film. It is calculated from the slope 

of the initial linier portion of stress-strain curve. Percentage elongation at break is 

determination of elasticity or flexibility of the film. It is the measurement of maximum length 

before tearing apart from the original length when a tensile force is applied. Plasticizers such 

as GLY, sorbitol or polyethylene glycol (PEG) have effect on the above mechanical properties 

(Vieira et al., 2011; Lim and Hoag, 2013; Chamarthy and Pinal, 2008).  
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 Compressive test is applied to the sample of a greater thickness than film such as 

lyophilized wafer to characterize hardness by texture analysis. Hardness is the resistance of the 

sample to the compressive force (N) of deformation and ease of recovery (Boateng et al., 2008). 

Hardness is measured to check the brittleness and uniformity of texture. Adhesive test is also 

performed by texture analysis for stickiness, cohesiveness and total work of adhesion of the 

dosage forms. Stickiness is the maximum force (N) required to detach the sample from the 

model surface (gelatine gel or agar gel). This is also known as adhesive strength. The adhesive 

strength of wafer as a wound dressing is essential in wound healing where dressings should 

adhere with the wound bed and painless removal (Boateng et al., 2008). Cohesiveness is the 

ability of the sample to repel the detachment from the model surface. Inadequate cohesiveness 

of the sample leads to easy separation from the wound site. It is calculated by recording the 

distance travelled (mm) before detaching from the simulated wound surface (Momoh et al., 

2015). The total WOA indicates the amount of total energy involved in the probe during the 

separation from the simulated wound surface. It is computed by taking the area under the force 

versus distance curve (Boateng et al., 2015).  

A.2.4 Scanning electron microscopy (SEM)  

SEM is used to observe the surface morphology and topography of the dressings (Momoh 

et al., 2015). Lyophilized wafers are usually porous and this can be confirmed by SEM analysis. 

The uniformity, size and shape of the pores within the polymeric matrix can also be observed 

by SEM. In case of films the homogeneity of the polymer and drugs may be assumed with SEM 

observation. The homogenous surface indicates homogenous mixture of polymers and drugs 

(Boateng et al., 2013). Rough surface of the films indicate crystallization or recrystallization 

(Boateng et al., 2013). SEM observation is very important to understand the fact of fluid 

handling properties of the dressings.  

A.2.5 X-ray diffraction (XRD)    

XRD is performed to determine the physical form of the dressings, pure drugs and 

polymers. This analysis reveals whether the pure drugs and polymers are amorphous or 

crystalline. The changes in characteristic peaks of drugs or polymers can also be observed 

(Boateng et al., 2013). It also tells the changes in crystallinity after final formulation.  
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A.2.6 Fourier transform infrared (FTIR) spectroscopy 

FTIR is used to identify the characteristic functional groups present in the starting material 

(polymers and drugs) and their incorporation into polymeric matrix. It also confirms the 

possibility of interaction of chemical bonds between the drug and polymer. The peak absorption 

at specific wavenumber indicates the nature of peak assignment/vibration type such as 

asymmetric, symmetric bending etc. (Sahoo et al., 2012). FTIR is also helpful in identifying 

unknown sample with quality, purity and consistency of the sample (Sahoo et al., 2011).   

A.3 FLUID HANDLING FUNCTIONAL CHARACTERIZATION OF CALCIUM 

ALGINATE BASED DRESSINGS 

A.3.1 Porosity 

The ideal measurement of porosity of the dressings can be done by Brunauer-Emmett 

Teller (BET) analysis. The actual pore size can be determined by this method. Though in the 

project, solvent displacement method has been used to measure the percentage porosity. In this 

method ethanol is used as a solvent.  

A.3.2 Water absorption, EWC and swelling index  

Water absorption and EWC tests are performed to investigate the maximum water uptake 

and water holding capacities respectively of the dressings. In addition, swelling studies are 

undertaken to investigate the rate of water uptake capacity of the dressings. These tests are 

important to determine the appropriate dressings (Boateng et al., 2008).  

 

Algisite Ag® 

Figure A.3.1 SEM images of Algisite Ag® captured at x200 magnification. 

 

200 µm 200 µm 200 µm 
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A.3.3 Water vapour transmission rate (WVTR) 

WVTR indicates the ability of dressings to absorb fluid and draw it out from the wound 

bed across the materials into the atmosphere. Wound dressings require an adequate level of 

moisture transmission to keep the wound area comfortable and promote the healing process. 

Dry wounds exhibit the most water loss thus decrease body temperature and rate of metabolism. 

Therefore, the wound dressing should not reduce the body fluid significantly. The wound 

dressings should provide adequate moisture content by maintaining a balance between water 

absorption and transmission as well as humidity in the affected site (Kim et al., 2007. Higher 

water vapour transmission rate promotes epithelization process of wound healing. On the other 

hand, lower WVTR delays the healing process by accumulating excess wound exudates (Xu et 

al., 2016) and leads to skin maceration, excoriation and microbial growth. 

A.3.4 Evaporative water loss (EWL) 

EWL of the dressings is recorded to determine the behaviour of the dressings when 

exposed to air. The dressings should be able to take up and hold more exudate and oedema fluid 

quickly from the wound bed into its matrix by an active upward-directed process (Balakrishnan 

et al., 2005). After holding exudates, the dressings should promote evaporation of wound fluid 

from its surface to maintain moist wound environment.   

A.3.5 Moisture content 

After freeze drying or solvent casting the final dosage forms retain some moisture. This 

residual moisture content of the dressings is determined by thermogravimetric analysis (TGA). 

High residual water content into the dressings is susceptible to microbial growth and also retards 

stability by accelerating crystallization of the drug upon storage (Kianfar et al., 2013). 

Therefore, it is important to maintain low moisture content. However, high moisture content of 

the dressings can maintain the wound and surrounding skin in an optimum state of hydration 

thus implies the dressings to functions efficiently under compression (Thomas, 2008). 

A.3.6 Drug release 

Drug release depends on the type of polymer, drug and also type of delivery system. It also 

depends on the amount of drug and polymer. Higher amount of polymer decreases rate of drug 

release due to increase in mechanical strengths resulting slow hydration and dissolution. The 

wafers seem to higher rate of drug release than films because of porosity. The highly porous 
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wafers allow rapid water ingress than film. Therefore, the rate of swelling, dissolution and 

diffusion of drug from the resulting gel is faster from the wafers than films (Boateng et al., 

2009). The drug release mechanism of films and wafers involves water uptake and subsequent 

swelling to form a gel layer which controls drug release by viscous resistance to drug diffusion 

(Boateng et al., 2009). 

 

 

 

Figure A3.2 Standard calibration curve of CIP (a) and FLU (b) obtained by HPLC method. 
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Table A3.1 Surface pH of formulated dressings and commercial products (n = 3 ± SD). 

Films pH 

CA-0.00% GLY 9.61 ± 0.10 

CA-9.09% GLY 9.59 ± 0.13 

CA-20.00% GLY 9.61 ± 0.19 

CA-33.33% GLY 9.53 ± 0.18 

CA-42.86% GLY 9.43 ± 0.19 

CA-50.00% GLY 9.45 ± 0.11 

CA-CIP 0.005% 7.36 ± 0.04 

CA-CIP 0.010% 7.17 ± 0.17 

CA-CIP 0.025% 7.22 ± 0.10 

CA-FLU 0.05% 7.17 ± 0.19 

CA-FLU 0.10% 6.61 ± 0.07 

CA-FLU 0.20% 6.61 ± 0.05 

CA-CIP:FLU (1:10) 6.71 ± 0.02 

CA-CIP:FLU (1:20) 7.01 ± 0.07 

Wafers  

CA-BLK 9.24 ± 0.09 

CA-CIP 0.005% 6.94 ± 0.20 

CA-CIP 0.010% 7.30 ± 0.20 

CA-CIP 0.025% 7.42 ± 0.20 

CA-FLU 0.05% 7.07 ± 0.07 
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CA-FLU 0.10% 6.90 ± 0.13 

CA-FLU 0.15% 7.05 ± 0.09 

CA-FLU 0.30% 7.61 ± 0.13 

CA-FLU 0.40% 8.17 ± 0.18 

CA-CIP:FLU (1:10) 7.07 ± 0.20 

CA-CIP:FLU (1:20) 7.39 ± 0.18 

CA-CIP:FLU (1:30) 7.44 ± 0.09 

Algisite Ag® 6.04 ± 0.04 

Actiformcool® 5.91 ± 0.20 
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A.4 ANTIMICROBIAL PROPERTIES OF DRUG LOADED CALCIUM 

ALGINATE DRESSINGS TARGETTING BACTERIAL, FUNGAL AND MIXED 

INFECTIONS IN CHRONIC LEG AND DIABETIC FOOT ULCERS 

A.4.1 Antimicrobial study 

 Antimicrobial study is carried out to test the release of the drugs from the dressings in 

enough quantities to inhibit or kill microorganisms. The antimicroobial assay is done by 

turbidimetric and Kirby-Bauer disc diffusion methods. The CIP loaded dressings were tested 

against E. coli, S. aureus and P. aeruginosa. The FLU loaded dressings were tested against C. 

albicans. The combined DL (CIP and FLU) dressings were tested against the mixed infections 

(either E. coli and C. albicans, or S. aureus and C. albicans, or P. aeruginosa and C. albicans). 

In the broth dilution method, the cloudiness of the bacterial suspension is observed visually and 

spectroscopically after suspending the dressings into it. In this method, the number of cells can 

be counted after different times of incubation (Time-kill assay) to check how quickly the 

dressings eradicate microbial load. In Kirby-Bauer disc diffusion method zone of inhibition 

(ZOI) is measured. 
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A.5 IN-VITRO CELL VIABILITY AND MIGRATION STUDIES FOR SAFETY 

AND WOUND SCRATCH ASSAY 

A.5.1 Cell viability and migration study 

 When the dressing is applied onto the wound site, it also touches the normal healthy 

skin. Therefore, cell viability study is important to check whether the dressings are safe to 

normal healthy skin. The test is done by methyl thiazolyldiphenyl-tetrazolium bromide (MTT) 

assay. The dressings should be biocompatible with the human keratinocytes (skin cells) and 

should induce cell migration which is essential for complete wound closure. The cell migration 

study was performed by wound scratch assay.  

A.5.2 Procedure for cell trypsinization  

  

The cells were trypsinized when they had reached about 80-85% confluence. In the first 

step the cells were rinsed with Dulbecco’s phosphate buffered saline (D-PBS) (5 and 15 ml for 

25 and 75 cm2 culture flasks respectively). The D-PBS was discarded from the flask and the 

required amount of pre-warmed trypsin- EDTA solution (1 and 3 ml for 25 and 75 cm2 culture 

flasks respectively) was added to the flask. The flask was gently rocked to ensure complete 

coverage of the trypsin-EDTA solution over the cells. After that, the flask was incubated at 

37°C for 6 - 7 min. At this stage, the adherent cells started to detach from the surface of the 

flask. To ensure maximum detachment of cells, the flask was gently tapped from several sides. 

When the majority of the cells appeared to have detached, the same volume of trypsin 

neutralizing solution as trypsin-EDTA solution was added to the flask. The dissociated cells 

were transferred into a sterile centrifuge tube. At this point, the flask was microscopically 

observed to see any remaining cells in the flask, and any such additional cells were collected 

by adding D-PBS in the flask. After that, the cells were centrifuged at 150x g for 5 minutes. 

The neutralized dissociation solution was aspirated from the cell pellet and re-suspended cells 

in 2-8 ml fresh pre-warmed complete growth medium. The number of cells were counted with 

haemocytometer and seeded at the required density for the experiments.  
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Table A5.1 The microscopic observations of live/dead cells of human primary epidermal 

keratinocytes treated with CIP loaded films over 72 h of culture. Polygonal shape indicates live 

cells while black arrows indicate the floating round shape as dead cells. Images were taken by 

FLoid® Cell Imaging Station with 40x objective lens. 
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Table A5.2 The microscopic observations of live/dead cells of human primary epidermal 

keratinocytes treated with CIP loaded wafers over 72 h of culture. Polygonal shape indicates 

live cells while black arrows indicate floating round shapes as dead cells. Images were taken 

by FLoid® Cell Imaging Station with 40x objective lens. 
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Table A5.3 Representative photomicrographs (4x) of keratinocyte cells’ morphology based 

on viability test of FLU loaded dressings. Triton-X-100 and untreated cells were considered as 

positive and negative controls respectively. Scale bar: 500 µm. 
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Table A5.4 Photomicrographs (4x) showing the proliferation of human keratinocyte cells 

seeded at a density of 1 x 105 cells/ml with the combined DL dressings. Scale bar: 500 µm.   
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