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Abstract 

Chronic wounds and their management continue to present a huge financial burden to 

healthcare systems worldwide. With the population affected, expected to rise to 60 million 

people by 2026, there is a growing demand to produce novel wound dressing materials to 

facilitate effective wound healing. The invasion of pathogenic microorganisms at the site of 

the wound bed, can further stall the wound healing process. Infected, chronic wounds are 

responsible for significant morbidity and mortality rates across the globe, thus emphasis is 

placed on controlling infection and promoting an optimal wound environment, to enable rapid 

wound healing. Natural biosynthetic hydrogel wound dressings have revolutionised the field 

of wound management. Their unique properties and 3D fibrous network structure allow for the 

encapsulation of wound healing agents to enhance the wound healing process.  

In the present study, biosynthetic bacterial cellulose hydrogels were synthesised by 

Gluconacetobacter xylinus (ATCC 23770) and loaded with antimicrobial agents. 

Characterisation studies were carried out on these biosynthetic hydrogels for their wound 

healing properties. Due to the rise of antibiotic resistant bacterial strains, scientists are seeking 

other bioactive materials with wound healing properties. Silver has long been used as a broad-

spectrum antimicrobial agent in creams and dressings for the purpose of wound healing over 

many years, however its tendency to cause skin irritation has limited its use. In comparison 

with traditional drug delivery systems, liposomes have the advantage of controlling drug 

release thus reducing toxic side effects, in addition to protecting drugs from degradation and 

clearance. In this study, liposomes were produced via the reverse-phase evaporation (REV) 

method. The antimicrobial activity of liposomal silver nitrate embedded in a biosynthetic 

bacterial cellulose hydrogel for wound management applications was investigated. Liposomal 

silver nitrate in a bacterial cellulose hydrogel exhibited antimicrobial activity against two 

representative wound infecting pathogens, specifically Pseudomonas aeruginosa and 
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Staphylococcus aureus over a period of 48 hours. Silver exerted a stronger antimicrobial effect 

against P. aeruginosa compared with S. aureus due to differences in the structure of the 

bacterial cell walls. Nevertheless, liposomal silver nitrate in a bacterial cellulose hydrogel 

revealed broad-spectrum antimicrobial activity against both Gram-negative and drug resistant 

Gram-positive pathogenic bacterial strains.  

Furthermore, the drug release profile of liposomal silver nitrate embedded in bacterial 

cellulose displayed controlled silver release over 48 hours, indicating a potential decrease in 

toxic effects experienced compared with immediate release of silver nitrate when loaded 

directly into bacterial cellulose.  

The novelty aspect of my work lies in varying the surface charge of liposomes. A gap 

in the research suggested that antimicrobial efficacy of agents had not been tested when varying 

the surface charge of liposomes. Thus, liposomes with varied surface charge were formulated 

and investigated to optimise the antimicrobial delivery of agents to the wound site. Liposomal 

silver nitrate with an anionic surface charge embedded in a bacterial cellulose hydrogel exerted 

a stronger antimicrobial effect against the tested microbial strains compared with neutrally and 

cationic charged liposomal silver nitrate embedded in bacterial cellulose. This study confirmed 

that varying the charge density of the liposome structure can influence the liposomal 

characteristics, therefore enhance the formulation to provide optimal conditions for wound 

healing.  

The biosynthetic hydrogels exhibited antimicrobial activity against representative 

wound infecting pathogens, Pseudomonas aeruginosa and Staphylococcus aureus. To 

conclude, the results indicate the potential of the investigated biosynthetic bacterial cellulose 

hydrogels for application in wound management. Further research aims to optimise the 

formulation by use of in vivo animal studies to represent a true wound microenvironment. 
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1. Introduction 

1.1. Wounds: An Overview 

Skin is the largest organ in the human body, whose primary function is to be an interface 

with the external environment. In addition to its role as a protective barrier for the internal 

organs, skin also moderates moisture loss and prevents ingress of microorganisms (van Smeden 

et al., 2016; Bäsler et al., 2016; Montero-Vilchez et al., 2022). The skin is surrounded by many 

external factors and therefore extremely susceptible to trauma. Any loss of skin’s functional 

integrity due to physical, chemical, mechanical or thermal exposure, will result in a wound 

(Zomer and Trentin, 2018).  

By definition, a wound is where the integrity of the epidermis, mucosal surfaces or 

organ tissue has been compromised, hence disrupting the anatomical structure and natural 

physiology of the skin (Harper et al., 2014). The bodies’ immediate response to dermal injury, 

whether by acute trauma or surgery, is to initiate a cascade of wound healing events to 

ultimately achieve restoration of the skin’s barrier function and homeostasis (Akbik et al., 

2014). 

Chronic wounds and their management are a growing global problem, projected to 

potentially affect up to 60 million people by 2026 (da Silva et al., 2019). By their very nature, 

chronic skin wounds fail to progress through the healing stages in an orderly manner (≥12 

weeks) and frequently result in hospitalisation. Their direct burden on the health care system 

is difficult to estimate because of the multifaceted nature of chronic wound management, but 

includes medicines, devices, surgical intervention and staff resources, as well as the indirect 

costs of reduced productivity due to patient incapacitation. In addition to physical implications, 

chronic wounds impact emotionally on patients’ lives causing fear, anger, depression, low self-

esteem and social isolation (Olsson et al., 2019).  



3 
 

Wounds are classified as either chronic or acute, the former being associated with 

underlying health conditions and the latter generally resulting from trauma or surgical 

intervention (Nussbaum et al., 2018).  The most common types of chronic wounds are 

associated with diabetes mellitus, venous stasis, peripheral vascular diseases and pressure 

ulcerations (Sun et al., 2017).  

As displayed in Figure 1.1, wounds of surgical infection and diabetic infection-origin 

had the greatest percentage prevalence amongst a 2014 Medicare population, compared with 

those caused by skin infection (Nussbaum et al., 2018). Due to these uncontrolled infections, 

there is a need for further research and development of dressings more effective to tackle this 

issue.  

 

Figure 1.1: Prevalence of different types of wounds in the Medicare population based on 2014 

claims data. 

 

In chronic wounds, the normal process of wound healing is disrupted which results in 

delayed healing and dramatically increased direct and indirect costs in their management (Zhao 

et al., 2016).  The primary aim of wound management is therefore to restore the skin’s barrier 
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function as quickly as possible by using an overall holistic approach towards treatment 

recognising any complications such as infection and treating any underlying conditions in a 

timely manner (Dowsett, 2019).  

1.1.1. Incidence of Chronic Wounds  

Chronic wounds are a major cause of morbidity and mortality amongst the general 

populace. Globally, developed countries report approximately 1-2% of the population are 

diagnosed with a chronic wound in their lifetime; of these 0.6-3% are aged over 60 years and 

5% are aged over 80 years (Jarbrink et al., 2016; Agale, 2013). In the UK, it is estimated that 

in one year alone, approximately 4.5% of the adult population which equates to 2.2 million 

people will experience a wound (Jones, 2019). Table 1.1 provides a breakdown of the 

incidence of some of the common types of chronic wounds present in the UK.  

Table 1.1. Incidence of some of the common types of chronic wounds present in the UK (per 

annum)  

Type of Chronic Wound Incidence  Reference 

Abscess    159,000 Guest et al., 2016  

Burns 86,000 Guest et al., 2016 

Diabetic foot ulcers 58,000 Kerr, 2019 

Hospital Acquired Pressure Ulcers 29,000 Gefen et al., 2020 

Leg ulcers 730,000 Jones, 2019 

 

Table 1.1. shows leg ulcers to have the highest incidence amongst types of chronic 

wounds in the UK, almost 25 times higher than the incidence of hospital acquired pressure 

ulcers.  It seems that chronic wounds are an ever-growing concern for public health and with 

the diabetic population expected to rise to 400 million worldwide by 2025, it is predicted that 

15-25% of these patients will develop diabetic foot ulcers during their lifetime (Gupta et al., 
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2021). These statistics show an increasing need for research in the chronic wound management 

field  

1.1.2. Cost and societal implications  

According to figures presented in 2016, The National Health Service (NHS) spent 

approximately £5.3 billion per annum on the management of chronic wounds which accounts 

for 4% of total expenditure on healthcare budget (Jones, 2018; Guest et al., 2016). This cost 

can be broken down into two parts, i.e. £2.1 billion for effectively healed wounds and £3.2 

billion for unhealed wounds. Hence, choosing the correct type of wound care is not only 

important for cost efficiency but also has a huge impact on a patient’s quality of life (Browning, 

2016). This expenditure is predicted to rise substantially with the expanding aging population 

combined with the increased prevalence of risk factors for chronic wounds, including obesity, 

diabetes and arterial disease (Phillips et al., 2015; Sen, 2021).  

Some of the direct financial implications to the NHS are included in Table 1.2. These 

do not include the cost of wound dressings or staffing costs needed for regular dressing changes 

and although the cost of the dressing materials themselves may not be high; the type of dressing 

used can have a huge bearing on the extent of wound healing (Dowsett et al., 2012).   

Table 1.2. Financial implications of wound management to the NHS. 

Wound Care Cost References  

One day hospital stay £288/person Stephen-Haynes et al., 2011 

Amputation with complications £12,131/person Stephen-Haynes et al., 2011 

Diabetic Foot Ulcer £7800/person Guest et al., 2018 

Venous Leg Ulcer  £7600/person Guest et al., 2018 

Pressure Ulcer £14,108/person  Dealey et al., 2012 

Surgical site infection  £700 million/year Leaper et al., 2010 
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Table 1.2 shows that chronic wounds of pressure ulcer origin cost the NHS almost 

double to treat per patient compared with diabetic foot and venous leg ulcers. To overcome the 

financial burden of chronic wound management to the NHS, there needs to be a shift in service 

provision to improve wound healing times and prevent wound reoccurrence thus emphasis 

should be placed on selecting the correct types of wound dressings and treating any associated 

infections accordingly (Vowden and Vowden, 2016). 

1.1.3. Aetiology of Wounds  

The pervasiveness of chronic wounds has put an immense strain on the wound 

management sector. With the ever-increasing high-risk population spanning from the 

immunocompromised, obese, diabetic and geriatric population, it is not surprising that there is 

an urgent need to tackle the growing issue faced with chronic wounds.  

1.1.3.1. Lifestyle Factors  

Malnutrition in individuals is often overlooked, yet it plays a contributing factor to the 

delay of wound healing. Collagen synthesis and wound tensile strength; both important 

functions for efficient wound healing become compromised where lack of nutrition is 

concerned (Chan, 2017). The American Society for Parenteral and Enteral Nutrition 

recommend 30-35 kcal/kg/day calories as a guideline for optimum wound healing. In addition 

to calories, vitamins and minerals play an important role in wound healing especially vitamins 

A and C. They are fundamental in increasing collagen synthesis during the inflammatory and 

epithelialization stages (Stechmiller, 2010).  

However, there is a stage at which excess nutrition can become disadvantageous to 

wound healing, hence a correct balance is vital. Obesity is becoming a rising global issue and 

an increasing burden to the healthcare system. Studies have shown a correlation, between 
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obesity and its negative impact on wounds. The increase in adipose tissue causes vascular 

insufficiencies leading to a spectrum of wound complications (Pierpont et al., 2014).  

Besides patient malnutrition, other causes for delayed wound healing include 

underlying medical conditions and polypharmacy. Chronic medical conditions such as cardiac 

failure, diabetes, hypoxia, endocrine disorders, cancer and immunosuppression cause poor 

tissue perfusion and insufficient skin oxygenation, thereby halting the wound healing process 

at the inflammatory phase leading to chronic, non-healing wounds (Morton and Phillips, 2016).  

Patients with many of these comorbidities generally take medications of clinical 

relevance to their conditions but where some medications have positive impacts on their health, 

some may be detrimental to the wound healing process. This tends to occur in patients where 

polypharmacy is common but ceasing medication would have a negative impact on their health; 

medications include anticoagulants, antiplatelets and anticancer medication. These drugs affect 

the wound healing process by causing tissue necrosis, impaired collagen synthesis and 

increased risk of wound haematoma (Wigston et al., 2013).  The aging population account for 

5% of the UK population who suffer with a chronic wound. The skins natural aging process 

combined with an increase in comorbidities makes it more susceptible to damage (Todd, 2017).  

Other extrinsic lifestyle factors which can cause wounds to develop into chronic non-

healing wounds include alcohol consumption and smoking, these lifestyle habits can have a 

negative effect on wound healing (Guo and DiPietro, 2010). Both alcohol consumption and 

smoking can increase the excretion of vitamin C from the body which is a vital vitamin required 

for capillary formation and neutrophil activity (Stechmiller, 2010).  

Many of these factors influence the effectiveness of the immune system thus leading to 

the progression of chronic wounds. A host’s immune response to the development of a wound 
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could be the difference between a chronic non-healing wound and a healthy restored wound 

(Siddiqui and Bernstein, 2010).   

1.1.3.2. Healthcare Acquired Infections (HAI) 

The wound environment provides a niche for the mixed microbial communities that 

inhabit them, be they planktonic or biofilm resident, commensal or pathogenic (Martin et al., 

2015). Healthcare Acquired Infections (HAI) can occur in any part of the healthcare system 

from community to a nosocomial setting (Leaper et al., 2010).  

An estimated prevalence of 22% of a population suffering with pressure ulcers in an 

inpatient setting had been reported in 2015, of which 50-80% were contracted within a hospital 

(Dreifke et al., 2015). With the incidence of chronic wounds on the rise and their enormous 

burden on our healthcare economy, it is vital to restore the skins integrity in a timely manner 

to avoid a further magnitude of problems.   

1.1.3.3. Common Microbial Wound Flora 

1.1.3.3.1. Bacteria  

For almost 60% of chronic wounds, it is highly likely that at some point between the 

initial injury stage and complete resolution, there will be an ingress of bacteria that may result 

in colonisation (Suleman, 2016). Bacterial colonisation of wounds can prolong the healing 

process by stalling the sequential cascade in the inflammatory phase. Specifically, bacterial 

load and/or development of pathogenicity amongst those species present ultimately determine 

wound infection status (Powers et al., 2016). Infection status is one of the main reasons that 

wounds become classified as “chronic, non-healing” and is associated with a high rate of both 

patient morbidity and mortality (Scali and Kunimoto, 2013).  
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Chronic wound tissue is characterised by low oxygen levels due to ineffective 

peripheral vasculature which leads to wound hypoxia (Ochoa et al., 2018).  Effective collagen 

synthesis requires oxygen levels in chronic wounds to be between 30-40mmHg for efficient 

wound healing. Levels below this can impair wound healing (Brown et al., 2018). Wound 

hypoxia creates an optimum environment for anaerobic bacterial growth, the most common 

being Peptostreptococcus and Prevotalla species (Iqbal et al., 2017; Siddiqui and Bernstein, 

2010). Anaerobic bacteria induce tissue-damaging exoenzymes and anti-phagocytic factors 

causing bacterial biofilms, thus further delaying the wound healing process (Percival, 2010).   

Bacterial colonisation is one of the main factors responsible for the prolonged 

inflammation state in chronic, non-healing wounds (Wolcott, 2013). More than one type of 

bacteria usually presents in chronic wound beds and subsequently bacteria can develop 

biofilms which result in impaired healing. Furthermore, bacteria present in mature biofilms 

tend to grow at a slower rate due to a low nutrient availability which leads to the resistance of 

bacteria to antibiotics (Rahim et al., 2016).  

Antibiotic resistance remains a global issue and a continuing threat to modern medicine.  

It can affect various bacterial pathogens, causing a myriad of complications (Tzaneva et al., 

2016). Gram-positive Staphylococcus aureus, one of the most common bacteria present in 

chronic ulcers is one of the many bacterial species to develop antibiotic resistance and 

treatment poses a real challenge (Foster, 2017). Chronic wounds harbour a plethora of bacterial 

pathogens within their microenvironment, both Gram-positive and Gram-negative. Although 

Gram-positive Staphylococcus aureus and Gram-negative Pseudomonas aeruginosa are 

among some of the common chronic wounds infecting pathogens, other culpable pathogens 

include Streptococcus spp., Escherichia coli, Enterobacter spp., Klebsiella pneumoniae, 

Acinetobacter baumanii (Serra et al., 2015; Sienkiewicz et al., 2014).  
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1.1.3.3.2. Fungi 

Most research in chronic wound management focusses on bacterial colonisation of a 

wound bed, failing to mention the importance that fungi also play in chronic wound infection 

(Kalan et al., 2016). Alongside bacteria, fungi form a polymicrobial community in wound beds 

contributing to biofilm formation causing interruption of the typical wound healing pathway 

(Bertesteanu et al., 2014). The interaction between fungi and bacteria within a microbiome 

determines the severity of a wound (Kalan and Grice, 2018).  

A study carried out by Townsend and his co-workers showed that fungi played an 

imperative role in the delay of wound healing in diabetic foot ulcers. Moreover, it is necessary 

to consider a treatment plan which involves antifungals alongside antibacterials to disrupt the 

polymicrobial community in wounds and restore the original integrity of the skin (Townsend 

et al., 2017).  

The most abundant fungi detected in wounds are Candida albicans. However, a study 

carried out by Dowd and his team to assess the diversity of fungi in chronic wounds, discovered 

other fungi such as, Cladosporidium, Malessezia, Cladosporium, Engodontium and 

Trichtophyton also contributed to polymicrobial infections in chronic wound beds (Dowd et 

al., 2011).  

More recently, a pathogenic strain of Candida has emerged in hospital settings 

manifesting itself on the skins surface mimicking sweat. Candida auris is capable of surviving 

for weeks and spreads at a rapid rate resulting in harmful bloodstream infections. Its resistance 

to multiple commonly prescribed anti-fungal drugs presents a huge clinical concern. Given the 

associated high mortality rates, it is crucial to find ways of controlling this fungal species 

(Horton et al., 2020; Lara et al., 2020).   
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1.1.3.4. Biofilm Formation 

By definition, a biofilm is created by single or mixed polymicrobial communities 

becoming attached to biological and/or synthetic surfaces (Martin et al., 2015). Over 90% of 

chronic wounds are thought to be occupied by microbial biofilms predominantly composed of 

Pseudomonas aeruginosa and Staphylococcus aureus which are a participating factor for 

wound healing stalling at the inflammatory phase of the cycle (Attinger and Wolcott, 2012).  

Biofilms become entrapped within extracellular polymeric substances (EPSs) which are 

made up of proteins, lipids and polysaccharides (Percival et al., 2012). They generally tend to 

be resistant towards antimicrobials which is one of the difficulties faced with when treating 

wounds. The EPSs are partially responsible for antibiotic resistance of biofilms by acting as 

mechanical barriers, thereby slowing the diffusion of antibiotics towards the pathogen. 

Eventually when enough antibiotic reaches the pathogen; the EPS allows the pathogens to 

prepare for this in advance (Mendoza et al., 2019). In addition to EPS synthesis, microbes 

within the biofilm can produce signalling molecules involved in intracellular communication, 

also known as quorum sensing (QS) (Martin et al., 2015). The QS is necessary for biofilm 

formation and influencing virulence factors. This system acts as communication between cells 

and without the QS, there would be no biofilm formation and maintenance of virulence factors, 

thus the chronicity of wounds would not be affected (Das and Singh, 2018). 

1.1.4. Stages of Wound Healing 

Wound healing is a complex, biological process involving several cellular pathways 

with the aim of achieving restoration of the skin (Singh et al., 2017). The rate of healing 

depends on whether the wound is in an acute or chronic state. Where acute wounds follow the 

normal sequence of wound healing in a timely fashion (≤12 weeks), chronic wounds generally 
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tend to stall at the inflammatory phase and in severe cases can persist for years (Krzyszczyk et 

al., 2018).  

The wound healing cascade follows a series of four overlapping phases which include 

haemostasis, inflammation, proliferation and remodelling of the skin (Figure 1.2) (Grubbs and 

Manna, 2018).  
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Figure 1.2. Schematic illustration of the wound healing stages, (a) haemostasis & 

inflammatory stage with blood clot formation and signs of pain and inflammation, (b) 

proliferation stage with granulation tissue formation and (c) regenerative stage, characterised 

by scar tissue formation. (adapted from Jayaraman et al., 2013). 
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blood clotting at the site of the injury via platelet aggregation with the help of mediators which 

start the coagulation process (Figure 1.2(a)). Growth factors and cytokines are also involved 

in engaging inflammatory and immune cells. These cells then migrate to the site of injury. 

Initiation of the clotting cascade leads to the formation of a fibrin plug, which alongside 

fibronectin holds the damaged tissue together. Blood flow to the wound site is reduced by 

vascular smooth muscle cells which initiate constriction of the blood vessels to prevent 

excessive blood loss and possible haemorrhagic shock in heavily wounded patients (Sun, 2014; 

Das and Baker, 2016).  

Once haemostasis is achieved, platelet derived growth factors trigger an inflammatory 

response giving rise to an influx of neutrophils. These cells increase in number and peak 

between days 1-2 (Hesketh et al., 2017). Their role is to clear the wound microenvironment of 

any bacteria and initiate phagocytosis of microorganisms and damaged/necrotic tissue by 

attracting macrophages to the site of injury. Neutrophils and macrophages play an important 

role during early wound healing, hence any damage to these cells will lead to impaired healing. 

The estimated time taken for haemostasis and the inflammatory phases to be complete is 72 

hours if wounds follow the normal wound healing route (Lucas et al., 2010; Tymen et al., 2013; 

Häkkinen et al., 2015).  

Chronic wounds tend to halt at the inflammatory phase (Figure 1.2(a)) with possible 

bacterial colonisation, consequently failing to follow the normal wound healing pattern 

(Powers et al., 2016). Wound debridement involves the removal of necrotic tissue and microbes 

from the wound bed to reveal healthy, viable tissue and is an essential step towards progression 

in skin restoration. Debridement helps to reduce the microbial load and promotes the growth 

of granulation tissue. On the contrary, poor debridement will hinder proliferation and tissue 

regeneration (Madhok et al., 2013).  
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The proliferation phase (Figure 1.2 (b)) follows successful wound debridement usually 

3-10 days after the initial injury. This stage focusses on wound bed closure and re-establishing 

the vascular network. Granulation tissue covers the wound bed and re-epithelisation from the 

wound edges commences. Cytokines stimulate the fibroblast cells to produce collagen (type 

III) along with fibronectin to form the matrix of the connective tissue for the wound closure 

gaps restoring skin integrity (Reinke and Sorg, 2012). The vascular network is restored to 

ensure oxygen supply to the newly formed tissue (Schreml et al., 2010).  

The fourth and final remodelling phase (Figure 1.2 (c)) aims to restore the structure of 

the skin. Degradation of collagen type III takes place to make way for the formation of mature 

collagen I which in turn increases the tensile strength of the newly formed tissue. This step can 

take anywhere from 3 months to a few years for completion (Wang et al., 2018).   

1.1.5. Current Strategies for Wound Management 

1.1.5.1. Wound Dressings  

Advanced wound care has evolved tremendously not to mention the choices of wound 

dressings now available on the market. With wound care becoming more patient focussed 

rather than just simple dressing changes, a more holistic approach is being taken. Science and 

technology have allowed the area of wound management to make huge progression since the 

ancient civilisation. Traditional wound dressings played a passive role in the healing process 

focussing on providing a dry, protective barrier which could absorb exudate and prevent 

bacterial contamination, with linen type gauze being the preferred dressing material 

(Abdelrahman and Newton, 2011). Medical understanding of wound healing and 

antimicrobials improved, and the Egyptian civilisation shifted their focus to the antimicrobial 

aspect of wound healing using natural materials from honey pastes to herbal extracts as 

dressing materials (Uzun, 2018). Although a major improvement in wound management, the 
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key concept was to keep wounds dry and covered which offered protection to a certain extent 

but also made the wounds more susceptible to microbial infection, thus failure to progress 

through the orderly process of wound healing (Dhivya et al., 2015).  

An ideal wound dressing should not only act as a protective barrier but also be able to 

offer the following (Abdelrahman and Newton, 2011; Wang, 2012):  

• absorb excess exudate 

• moist wound healing environment  

• allow gaseous exchange 

• keep scar tissue formation at a minimum 

• provide antimicrobial activity 

• be non-toxic 

• be biocompatible  

• easy removal without causing any further pain and trauma  

• promote tissue regeneration 

It has been a common misconception that wounds need to be dry to heal effectively 

when in fact moisture has been shown to accelerate wound healing (Junker et al., 2013). It was 

the pioneering work of George Winter in 1962 who introduced the concept of moist wound 

healing which revolutionised the field of wound management (Korting et al., 2011). The results 

from Winter’s study later became one of the most accepted methods of wound management 

and a key marker for scientists for the future development of dressings (Dargaville et al., 2013).  

Contrary to traditional dressings, modern wound dressings not only cover and protect 

a wound but also create a moist wound healing environment to facilitate wound healing. Due 

to the benefits of advanced dressings over the traditional dressings, there is now a wealth of 

products available in the advanced wound care field. Correct selection of wound care products 
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is vital and this selection is driven on an individual basis to ensure clinical needs are met 

(Stephen-Haynes et al., 2014). Table 1.3. lists the advantages and disadvantages of some of 

the common types of wound dressings based on the concept of moist wound healing. 

Table 1.3. Advantages and disadvantages of commercially available wound dressings based 

on the concept of moist wound healing  

Type of 

wound 

dressing 

Advantages Disadvantages Commercial 

products 

Reference 

Film 

dressings 
• High moisture retention 

• No secondary dressing 

required 

• Semi-permeable to both 

water vapour and gases 

• Impermeable to bacteria 

• Waterproof and 

transparent 

• Adhesive 

therefore may 

cause pain 

removal on 

dressing changes  

3M™ 

Tegaderm 

Hydrofilm® 

Vowden, 

2017 

Alginate 

Dressings 
• For moderately to highly 

exuding wounds (highly 

absorbent) 

• Conform to the shape of 

the wound 

• They are non-

adherent 

therefore a 

secondary 

dressing is 

required 

Kaltostat™ 

Sorbsan ™ 

AlgiSite M 

(Smith & 

Nephew) 

Gupta et al., 

2019 

Wietlisbach, 

C. M. (2020) 

Hydrogel 

dressings  
• High moisture retention 

capacity 

• Non-adhesive allowing 

ease of removal 

• Can be loaded with 

antimicrobial agents 

• Some hydrogels 

have poor 

mechanical 

strength  

Intrasite®gel 

(Smith & 

Nephew) 

ActiGuard™ 

(Dynarex Inc.) 

Gupta et al., 

2019 

Brumberg et 

al., 2021 

Foam 

Dressings  
• Excellent water 

absorption capacity 

• Flexible and ease of 

removal 

• Can be loaded with 

antimicrobials 

• Contains a silicone 

membrane allowing 

exudate to pass into the 

foam 

• Not suitable for 

low exudating 

wounds as they 

may adhere to 

the wound  

• A secondary 

dressing may be 

required 

PermaFoam® 

(Hartmann) 

Lyofoam® 

Max 

(Molnycke) 

Allevyn (Smith 

& Nephew) 

Mepliex® 

Weller et al., 

2020 

 Some of the most common types of advanced wound dressings to provide an ideal moist 

wound healing environment include alginate dressings, hydrogels, film and foam dressings 

(Table 1.3) (Moura et al., 2013). There are many commercially available products which fall 

under these categories and provide a moist wound healing environment. These include 

Kaltostat™ (ConvaTec Ltd., Uxbridge, UK), an alginate dressing recommended for moderately 
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to highly exuding wounds with minor bleeding, Sorbsan™ (Aspen Medical Europe Ltd., 

Worcestershire, UK), an alginate dressing for moderately to highly exuding wounds that forms 

a gel once exudate is absorbed), Aquacel® (ConvaTec Ltd., Uxbridge, UK), offer a range of 

dressings from foam to silver impregnated, Vacutex™ (Richardson Healthcare, Hertfordshire, 

UK), a low-adherent capillary-acting dressing made up of two external polyester layers with a 

central polyester/cotton mix absorbent layer that is able to remove microbial exudate and 

BIOSTEP™ (Smith & Nephew, UK), a collagen matrix dressing which deactivates matrix 

metalloproteinases to enhance wound closure).  

Amongst these advanced wound dressings are hydrogel dressings which are one of the 

most versatile forms of dressing available, capable of providing an ideal moist environment for 

wound healing. Having been researched since the 1980’s, hydrogel dressings have come a long 

way and are commercially available in different forms from flat sheet dressings to amorphous 

gels, having the ability to fit into different types of wounds (Zeng, Shen and Fan., 2021).  

Examples of some of the proprietary hydrogel dressing products include ActiGuard™ (by 

Dynarex Inc.), a hydrogel sheet dressing that is permeable to both air and water vapours 

allowing gaseous exchange and Intrasite® gel (Smith & Nephew Inc.), an amorphous hydrogel 

dressing that facilitates in optimising wound environment for re-epithelialisation (Gupta et al., 

2019). 

The properties of a hydrogel wound dressing are predominantly determined by the type 

of polymer used. Wound dressings can be prepared from a variety of synthetic or natural 

polymers, using different compositions, in addition to, using physical or chemical cross-

linking/blending techniques to create dressings tailored for specific purposes (Tabasum et al., 

2018). 
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1.1.5.1.1. Synthetic Polymers  

Their mechanical strength, thermal stability and malleability render synthetic polymers 

excellent properties for wound dressing materials (Sionkowska, 2011). A plethora of synthetic 

polymers have been used in wound dressing applications from polyurethanes, nylon, 

methacrylate to carboxymethyl-cellulose (Maitz, 2015).  

Owing to its good biocompatibility, one of the oldest synthetic polymers; poly (vinyl 

alcohol) (PVA) has been used in a variety of biomedical applications including wound 

dressings, drug delivery systems, contact lenses and artificial organs. Although its use is quite 

diverse, the major disadvantage of using PVA hydrogel for wound dressing applications is its 

reduced flexibility and limited hydrophilicity characteristics. Nevertheless, studies reveal PVA 

blended with other synthetic polymers produce hydrogels with good biocompatibility and can 

be chemically modified resulting in additional desirable characteristics (Kamoun et al., 2015; 

He et al., 2020).   

Synthetic polymers such as polyglycolic acid, polylactic acid, polyacrylic acid and 

polyethylene glycol produced via the electrospinning process have been used as wound and 

burns dressings on account of their in vivo and in vitro wound healing properties. Due to their 

good biocompatibility, biodegradability and good mechanical properties, they provide the ideal 

environment for cell proliferation and thus enhance the wound healing process. These polymers 

have also been used as skin substitutes and in tissue engineering by cross-linking with natural 

polymers such as chitosan and gelatin. These blends of tissue engineered skin are compatible 

with fibroblasts, hence ideal for skin remodelling especially useful for partial thickness burns 

or severe skin defects (Mogoşanu and Grumezescu, 2014; Manoukian and Sardashti, 2019).  
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1.1.5.1.2. Natural Polymers  

Due to their similar nature to living tissue in terms of biocompatibility, their features of 

biodegradability, non-adhesive nature and high-water content, generally up to 99.5%, many 

natural polymers such as alginates, cellulose, chitin, chitosan, collagen and gelatin have 

become the perfect candidates for wound dressing materials (Mogoşanu and Grumezescu, 

2014). Being synthesised by microbes, plants and animals means that not only are these 

biopolymers highly compatible but, properties such as being antimicrobial and cell 

proliferative create the optimal microenvironment for wound healing (Sahana and Rekha, 

2018). Naturally derived polymers have the advantage of being able to promote growth factors, 

improve tissue adhesiveness and create a moist healing environment, thereby resulting in 

quicker wound healing thus reduced scar formation (Arif et al., 2021). Their high abundance 

and cost effectiveness have seen an increased commercial desire to use natural polymers over 

synthetic polymers for biomedical applications (Sonia and Sharma, 2012). The main drawback 

is the relatively low mechanical strength that natural polymers present, nonetheless by 

crosslinking or blending with synthetic polymers; desirable characteristics can be achieved 

(Zhong et al., 2010).  

The diversity of natural biopolymers has found them to be advantageous in various 

applications from food, cosmetics, textiles, paper, wound dressing applications through to the 

pharmaceuticals industry to name a few (Anwunowbi and Emeje, 2011). Natural polymers can 

be classified as either plant origin (plant cellulose, starch, agar, guar gum, pectin, aloe vera 

gel), animal origin (chitin, alginates, xanthan gum) or bacterial origin (bacterial cellulose, poly-

ɣ-glutamic acid). Their properties, applications alongside existing commercially available 

products on the market are summarised in Table 1.4 below (Kulkarni et al., 2012).   
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Table 1.4.  Summary of the advantages and disadvantages of natural biopolymers and their applications along with existing commercial 

products available on the market.  
 
Biopolymer Source Advantages  Drawbacks Applications  Commercial products References 

Chitosan  Chitin derivative • Biodegradable 

• Biocompatible 

• Non-toxic 

• High abundance    

• Antimicrobial nature 

• Antifungal properties 

• Accelerates wound healing 

process 

• Good haemostatic properties 

• Good water absorption capacity 

• Haemostatic activity 

 

• Low cost 

• Possible contamination by 

organic and inorganic 

impurities 

• Poorly soluble except in acidic 

medium  

• Wound dressings  

• Tissue engineering  

• Dental and bone implants 

• Drug delivery systems 

• Edible films and coatings  

• Biosensors  

• HemCon® Bandage PRO 

(Tricol Biomedical, Inc, 

USA) 

Bano et al., 2017 

Croisier and Jérôme, 

2013 

Elsabee and Abdou, 

2013 

Jayakumar et al., 

2010 

Xie et al., 2018 

Alginate  Brown algae 

(Phaeophyceae)  

• Biocompatible  

• Low toxicity 

• Low cost 

• Flexible and easily moulded 

into different shapes  

• Degradable  

• Good scaffold-forming property 

• Biodegradable  

• Non-immunogenic  

• High abundance  

 

• Poor mechanical properties 

• Poor cell adhesion  

• Not effective haemostatic 

materials  

• Wound healing  

• Drug delivery  

• Tissue engineering  

• Food industry e.g. 

thickener, emulsifying 

agent  

• Cosmetics 

• Urgosorb® (Urgo 

Medical, Loughborough, 

UK)  

Lee and Mooney, 

2012 

Venkatesan et al., 

2015 

Xie et al., 2018 
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Bacterial 

cellulose  

Synthesized by 

G. xylinum  

• High abundance  

• High purity 

• High tensile strength  

• High crystallinity  

• Good water absorption capacity 

• Good biocompatibility  

• Low toxicity 

• Non-allergenicity 

• High network structure  

• No antimicrobial activity 

• Biochemically inert 

• Textiles  

• Paper  

• Speaker diaphragms  

• Scaffolds for tissue 

engineering  

• Wound dressings 

• Food & cosmetics  

• Artificial blood vessels  

• Dental implants  

 

• Biofill® dressing 

(Cellulose Solutions, 

LLC., USA) 

• XCell® dressing (Xylos 

Corporation., USA) 

• Bioprocess® 

• Gengiflex® 

 

Lin et al., 2013 

Shi et al., 2014 

Barud et al., 2016 

Gelatin Collagen 

derivative 

• Biodegradable  

• Biocompatible  

• Excellent film-forming 

properties  

• High water absorption capacity  

• Low hydrophilicity  • Gelatin hydrogels act as 

delivery systems for release 

of growth factors  

• Wound dressing  

• Cell carriers for tissue 

engineering  

 

• Hystem®-C™ (Biotime., 

INC) 

Li et al., 2012 

 

Xanthan 

Gum 

Produced by 

Xanthomonas 

campestris 

bacteria 

• Good water solubility  

• Excellent biocompatibility  

• Non-toxic  

• Immunological agent  

• Poor mechanical property • Food & food packaging  

• Cosmetics & toiletries 

• Building materials  

• Drug delivery  

 

• GRINDSTED® Xanthan Kumar et al., 2018 

Hyaluronic 

acid 

Extracted from 

vertebrate 

organisms  

Present in 

bacteria 

• Ability to promote wound 

healing by providing a moist 

environment and reducing scar 

formation  

• Good hydrophilic property 

• Viscoelastic properties  

• Bifunctionality  

• Can cause inflammation and 

dyspigmentation  

• Wound dressing material  

• Tissue engineering and 

regenerative medicine  

• Eye surgery  

• Drug delivery 

• Acts as a lubricant and 

shock absorber in joints  

• Regenecare® HA Anisha et al., 2013 

Burdick and 

Prestwich, 2011 

Schanté et al., 2011 

Park et al., 2011 
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• High water holding capacity 

• Exhibits anti-angiogenic & 

anti-inflammatory properties  

• Anaesthetic medicine  

• Soft tissue augmentation 
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1.1.5.2. Antimicrobial Wound Dressings  

An antimicrobial agent either destroys pathogens or inhibits their growth to avoid 

potential damage to the host. Based on their action, antimicrobial agents can be divided into 

bacteriostatic agents which inhibit bacterial cell growth and bactericidal agents which kill 

bacterial cells (Radecka et al., 2015).  

Microbial bioburden is a leading cause of chronic, non-healing wounds and as such to 

progress through the wound healing stages effectively, the microbial load needs to be 

controlled. The incorporation of antimicrobial agents into polymeric substances has become 

increasingly popular for the treatment of infected wounds. Signs that a wound may be infected 

include pain, erythema, purulent exudate, heat, discolouration of granulation tissue and odour, 

thus compromising the normal wound healing process (Kramer et al., 2018). 

Wound infections are associated with high morbidity and high mortality rates, with 

many chronic wounds often lasting years. With cases of chronic wounds on the rise, treatment 

needs to be focussed on improving wound healing. In addition to systemic antibiotics, 

antimicrobial dressings have become key in treating infections.  

The advanced wound care industry houses a plethora of antimicrobial dressings which 

should be carefully selected for the appropriate type of wound. Although many antibiotics exist, 

of these less than 1% are currently prescribed, due to toxicity problems or lack of uptake by 

the host cells. Of these antimicrobials, only aminoglycosides, beta-lactams, glycopeptides, 

quionolones, sulphonamides and tetracyclines have been used to fabricate wound dressings 

demonstrating antimicrobial activity. The antibiotics work by interfering with the metabolic 

pathways or structure of the bacteria (Simōes et al., 2018). Many antibiotics and natural 

antimicrobials have been incorporated into polymeric wound dressing materials including 

tetracycline, ciprofloxacin, gentamicin, honey and essential oils (Simões et al., 2018). 
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Commercially available products include Tetracycline 3% antibiotic ointment and Gentamicin 

Sulfate Cream, both used for the treatment of minor skin infections such as burns/cuts. 

Activon® Manuka Honey (Advancis Medical, UK) wound dressing is non-adherent and coated 

with 99% antimicrobial Manuka honey for the treatment of exuding wounds. With so many 

antimicrobial wound dressings currently available on the market, it is not surprising that 

dressing choices can be made difficult for clinicians. 

Though several antibiotics are available to treat skin infections, their use has become 

limited due to bacterial resistance. Statistics show that more than 70% of wound infecting 

pathogens exhibit resistance against at least one type of antibiotic currently prescribed amongst 

clinicians. This emerging problem has triggered the need for new antimicrobial agents with 

non-antibiotic origin (El-Aassar et al., 2021).  

Amongst these antimicrobial agents is broad-spectrum silver which has been used since 

the 19th century attributing to its strong antimicrobial activity against a variety of antibiotics 

resistant bacteria, such as Gram-negative bacteria; multi-drug resistant Pseudomonas 

aeruginosa, Escherichia coli (E.coli), Gram-positive bacteria, Staphylococcus aureus (S. 

aureus) and methicillin-resistant S. aureus (MRSA), viruses, fungi and yeasts in addition to its 

low reported bacterial resistance (Chalitangkoon et al., 2020; Möhler et al., 2018; Ju et al., 

2021). The increasing problem of antibiotic resistance means interest in silver has risen. The 

mode of action of silver involves disruption of the external bacterial cell wall in addition to 

interfering with internal DNA and proteins (Wei et al., 2009). The ability of silver to target 

different cellular pathways also reduces bacterial resistance. With only a few cases of silver 

resistance having been reported, there is no wonder silver has been used in over 400 medical 

and consumer products ranging from wound dressings and catheters to their use in disinfectants 

and coatings (Shah et al., 2020).  
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A range of silver-based antimicrobial dressings are available on the market; silver 

nitrate, silver sulfadiazine and silver nanoparticle-impregnated dressings to be precise (Ross et 

al., 2020). Silver nitrate and silver sulfadiazine have been used primarily in wounds with a high 

microbial bioburden such as partial thickness burns, but the last few decades have seen a peak 

in the use of nanosilver. Some commercially available wound dressings loaded with nanosilver 

include Acticoat™ (Smith & Nephew Ltd) and PolyMem Silver® (Ferris Manufacturing 

Corporation) (Levi-Polyachenko et al., 2016). 

Jackson et al., 2021 demonstrated the use of silver nitrate-loaded/poly (vinyl alcohol) 

(PVA) film for the treatment of burn wounds. Their research showed that heat-curing of the 

PVA films converted the silver to nanoparticles which when swelled in water produced 

hydrogels capable of controlled release of the silver nanoparticles. The optimal formulation 

containing 5% silver nitrate presented effective antimicrobial activity against both Gram-

positive and Gram-negative bacteria. Whilst an economical stable hydrogel wound dressing for 

the emergency treatment of burn wounds was produced, this study used planktonic bacteria, 

not taking bacterial biofilms into consideration. Nevertheless, the achievement of a controlled 

release drug delivery system avoids the problem of silver toxicity which is one of the major 

problems which limits the use of silver.   

Silver has been known to also be compatible with other biosynthetic hydrogels. 

Rodriguez-Acosta et al., 2021 loaded chitosan-based hydrogels with silver nanoparticles and 

calendula extract. Antibacterial behaviour was observed against both E.coli and S. aureus. The 

final hydrogel formulation was tested on two diabetic patients showing a positive wound 

healing effect after a few weeks to which suggests the silver nanoparticles and calendula loaded 

chitosan hydrogels are a promising candidate for chronic wound management. The 

combination of calendula extract with silver nanoparticles provides a natural substitute for 

commonly prescribed antibiotics and alongside this, the nanoparticles provide controlled 
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release of the silver reducing the possibility for silver toxicity. Latest advances show silver to 

be used in a wide range of applications such as food, textiles, baby products, cosmetics, 

detergents, medical coatings and toothbrushes. Despite all these endless applications, studies 

have shown the release of silver from some of these products passing on to the consumer or 

into the environment (Mackevica et al., 2017).   

McGillicuddy et al., 2017 reported the release of silver from silver nanoparticle 

consumer products into the aquatic environment, however the exact quantity was difficult to 

determine due to reduced characterisation techniques of nanosilver in aquatic waters suggesting 

there needs to be a gold standard for toxicity testing. 

Commercial dressings containing ionic silver include Aquacel® Ag Extra™ (ConvaTec 

Inc., UK), SilvaSorb® (Medline Industries, Inc., USA), Mepilex® Ag (Mölnlycke®, UK) and 

ACTICOAT◊ 7 (Smith & Nephew plc, UK). All these dressings exhibit antimicrobial activity, 

but their mode of action differs. Aquacel® Ag Extra™ releases ionic silver in a controlled 

manner sustaining activity for up to 14 days for exuding wounds. SilvaSorb® is a hydrogel 

sheet dressing containing controlled-release ionic silver offering antimicrobial protection for 

up to 7 days. Mepilex® Ag is a foam dressing for low to medium exuding wounds and finally 

ACTICOAT◊ 7 is an absorbent layered dressing with a silver coating offering antimicrobial 

action for up to 7 days.  

Despite their use in many commercially available products and existing clinical trials, 

the use of silver nitrate is limited due to the possible absorption of ions into epidermis cells and 

sweat glands, thus leading to toxic side effects (Dallas et al., 2011). The production of reactive 

oxygen species (ROS) of Ag particles by the release of Ag+ ions could lead to oxidative stress 

which in turn causes protein denaturation, DNA damage and cell apoptosis. Hence, ROS 

overproduction is one of the leading causes of silver toxicity (Chalintangkoon et al., 2020; 
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Shah et al., 2020). Nevertheless, clinicians should weigh the benefits and risks associated with 

the use of silver containing products, as opposed to other existing products when selecting 

treatment options for the intended prognosis (Politano et al., 2013).   

The introduction of silver particles into biopolymers such as hydrogel wound dressings 

could control the release of silver particles and thus offer a solution for effective antibacterial 

activity whilst also decreasing toxicity.  

1.1.5.3. Smart / Indicator Dressings  

As useful as antimicrobial dressings are, they tend to be contraindicated unless a clear 

indication of infection is present in the wound. Diagnosing infected wounds can be quite 

difficult since presenting clinical symptoms can often be the result of underlying health 

conditions. The only certain way to determine infection status of wounds is via swabs and 

biopsies but prognosis can take several days. This is where smart/indictor dressings have 

become very beneficial. Advances in wound management have led to the development of 

wound dressings capable of using biomarkers to indicate the presence of infection (Rivero et 

al., 2020).   

The pH of wound fluid can also have a bearing on infection status of a wound. Wound 

fluid is typically around pH 7.4; the optimum pH to prevent infection and microbial growth. 

However, bacteria favour alkaline microenvironments thus if wounds are not regulated, 

infection can occur. This is common practice in chronic wounds which fail to progress due to 

an increase in wound fluid pH. To this end, wireless electrochemical smart dressings have been 

developed with a view to monitor certain parameters of the wound bed without causing stress 

of constant dressing changes for the patient (Kassal et al., 2015). The development of smart 

wound dressings and the incorporation of biosensors/fluorescence markers having the 
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capability of responding to the wound microenvironment, have been a major discovery in 

chronic wound management (Qiao et al., 2020).  

1.2. Drug Delivery Systems & Controlled Release Strategies for Wound healing 

1.2.1. Drug Delivery Systems  

Drugs can be delivered by various routes including oral administration, inhalation, 

transdermal, topical and injections. Topical administration of antimicrobials has become one 

of the most important ways of fighting infection against pathogens, in the case of wound 

healing. Advanced wound dressings have adopted controlled release drug delivery methods 

which presents advantages in providing delivery of antimicrobials in a controlled manner to 

avoid drug toxicity, yet also prolonging the release preventing the need for frequent dressing 

changes (Tamahkar et al., 2020).  

Conventional oral dosage forms of drugs tend to have a limited bioavailability, 

therefore frequent dosing is required to maintain an effective therapeutic concentration in the 

body. Frequent dosing regimens can lead to poor patient compliance, thus differing levels of 

the drug concentration in the plasma, which is a huge concern especially in chronic disorders. 

To overcome this challenge, modified drug delivery systems have been developed to enhance 

the drug bioavailability (Pund et al., 2021). These modified drug delivery systems can be 

classified into extended-release delivery systems (controlled release, sustained release) and 

delayed release delivery systems, hence have the advantage of prolonging the release and 

action of the drug. These modified drug delivery systems also have added benefits to the patient 

by helping to improve patient compliance, due to a reduction in the frequency of dosing, 

decreased risk of overdose, lower rate of adverse reactions and more stable plasma drug 

concentrations (Garbacz and Klein, 2012). 
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Targeted specific drug delivery systems have been designed to enable the specific 

targeting of a therapeutic agent to the site of action at a steady rate and dosage whilst trying to 

minimise adverse reactions. An advantage is any drug leakage is avoided before reaching the 

target however the opposite end of the spectrum faces the challenge of premature drug release. 

Considering this, controlled stimuli-responsive DDS have been developed to offer sustained 

drug release improving efficiency and avoiding premature drug release (Wen et al., 2017).  

1.2.2. Advantages and disadvantages of drug delivery systems  

 Encapsulation of drugs within suitable carriers for targeted delivery has become 

common practice in the pharmaceutics industry. Targeted drug delivery systems are one of the 

fastest growing fields in the industry bringing an upwards annual revenue of almost one 

hundred billion pounds which is not only remarkable for the economy but also for research 

funding allowing further development and continuous research of novel systems (Anselmo and 

Mitragotri, 2014).  

It is ideal for a DDS to be be biocompatible, biodegradable (depending on the type of 

DDS), non-toxic with the ability to provide controlled drug release, adopt a high drug loading 

capacity and be suitable for large scale production (Ghasemiyeh and Mohammadi-Samani, 

2018). One of the major advantages of these novel targeted DDS systems is their ability to 

provide a therapeutic dosage to the targeted site of action, thus reducing toxic effects to host 

cells and allowing reduced dosing frequency (Wilczewska et al., 2012). This in turn allows 

better patient outcomes by improving patient compliance and ease of dosing regimens (Kost 

and Langer, 2012). Furthermore, chronic wound beds are characterised by inefficient 

vasculature which can prevent effective delivery of drug to the tissue when administered 

systemically, hence targeted DDS can provide a more efficient route of administration 

(Saghazadeh et al., 2018).    
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Despite these advantages, there are drawbacks associated with these systems; a common one 

being low drug loading capacity. Due to the size limitation of some of these systems, a lower 

drug release is achieved. High production costs can also be associated with both controlled and 

targeted drug delivery systems, though this can be overcome with the use of natural polymers 

(Patra et al., 2018).  

1.2.3. Controlled release DDS examples and their applications in biomedicine 

 Drug delivery systems present in many different forms e.g., micelles, liposomes, nano 

and micro particles, hydrogels, cyclodextrins, emulsions and polymeric carriers (Tagami and 

Ozeki, 2017). Table 1.5 demonstrates examples of drug delivery systems and their associated 

biomedical applications.  
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Table 1.5. Examples of drug delivery systems and their various applications in biomedicine.  

Drug Delivery System       Advantages        Disadvantages     Biomedical applications  Reference  

Polymeric micelles • Improve the delivery of hydrophobic drugs  

• Biocompatible shell to avoid non-specific 

interactions with biological cells  

• Size in the nanorange  

• Longevity in vivo 

• Target tumours by enhanced permeability and 

retention (EPR) effect  

 

• Reduced stability due 

to high critical 

micelle 

concentrations  

• Premature 

degradation in 

systemic circulation 

• Nanomedicine 

• Delivery of 

chemotherapeutic 

drugs  

Talelli et al., 2015; 

Miyata et al., 2011; 

Kedar et al., 2010 

Liposomes  • Range of sizes (nanometre to micrometre) 

• Physicochemical properties can be modified to 

influence characteristics  

• Universal drug carriers for both hydrophobic 

and hydrophilic drugs  

• Non-toxic 

• Excellent carrier properties  

• Liposome surface modification  

• Biodegradability  

• Low antigenicity 

 

• Short shelf-life which 

can limit drug 

stability 

• In vivo drug stability 

• Gene delivery 

• Antibiotic drug 

carriers 

(MiKasome®, 

Fluidodomes® fluid 

vesicles) 

• Biosensors 

• Vaccination 

adjuvants 

 

Balazs and Godbey, 

2010; Drulis-Kawa 

and Dorotkiewicz-

Jach, 2010; 

Liu and Boyd, 2013; 

Daraee et al., 2014 

     

     

Emulsions • Range in size (micro and nano-emulsions) 

• Preferred dosage form to incorporate drugs 

prone to degradation by first pass metabolism 

• Preferred dosage form to incorporate drugs 

prone to causing gastro-intestinal irritation   

• Less stable compared 

with other dosage 

forms  

• Exhibit a short shelf-

life  

• Cracking & 

flocculation common 

during storage  

• Pharmaceuticals Kale and Deore, 

2017 
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• Production costs of 

nano-emulsions are 

high 

 

Cyclodextrins  • Enhance aqueous solubility of poorly soluble 

drugs  

• Increase drug permeability through biological 

membranes  

• Improve drug bioavailability  

• Ability to form inclusion complexes  

 

• Limited solubility in 

water  

• Pharmaceuticals  Jansook et al., 2018 

Hydrogels  • Biodegradability & Biocompatibility  

• Ability to load a wide range of drugs and 

protect them from physiological conditions  

• Can be developed into controlled drug release 

systems  

• Non-toxic 

• High water content  

• High porous framework 

• Facilitate wound healing process  

• Some hydrogels 

exhibit poor 

mechanical strength 

• Wound dressings 

• Injectable hydrogels 

for cartilage and 

bone tissue 

engineering   

Wang et al., 2017; 

Liu et al., 2017 
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1.2.4. Role of drug delivery systems in wound management  

 Wound healing is a complex process influenced by a variety of factors and there is no 

single agent, drug delivery system or a matrix which can facilitate all aspects of the wound 

healing cascade. Growth factors play a critical role in regulating immune and inflammatory 

cells, improving granulation tissue formation and stimulating angiogenesis. Any deficiency in 

growth factors as observed in chronic pressure ulcers can deter healing and prevent effective 

scar formation. Hydrogels have been found to serve as a promising DDS for the stability and 

release of growth factors to facilitate wound healing (Park et al., 2017). 

 Goh and his co-workers demonstrated the effectiveness of an epidermal growth factor 

loaded heparin-based hydrogel sheet for wound healing by creating full thickness wounds in 

an animal model. The hydrogel dressing exhibited a sustained release drug profile and results 

indicated accelerated wound closure by increased granulation tissue formation, angiogenesis 

and epithelialisation in wounds, compared with the non-treated group. The ideal hydrogel 

characteristics of high-water uptake ability, reasonable mechanical strength and good water 

vapour transmission rate also facilitated the process of wound healing (Goh et al., 2016). 

1.3 Hydrogels  

1.3.1. Introduction to hydrogels  

Hydrogels are composed of a three-dimensional water insoluble network of hydrophilic 

polymers (Hoffman, 2012). Dependent upon the nature of the polymer used, hydrogels can 

have a variable affinity for water. The type of polymer used can influence the hydrophilicity 

and porosity of the hydrogel, allowing them to absorb and retain a significant amount of water 

which can be several times greater than their original dry weight (Ahmed, 2015).  
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Hydrogels have unique properties of being non-adhesive, malleable, biocompatible 

with a high affinity for water and ability of donating moisture (Li et al., 2011; Capanema et al., 

2018) lead them to be a promising candidate for use as a wound dressing material. Due to their 

high moisture content, hydrogels provide a cooling effect on the skin offering a huge advantage 

of reducing pain associated with removal of dressings. Their non-adhesive nature also allows 

the dressings to be easily removed without causing any further trauma to the patient (Gonzalez 

et al., 2014). Furthermore, some hydrogel dressings have the advantage of being transparent 

allowing the wound to be monitored and clinically assessed without having to remove the 

dressing. 

1.3.2. Structure of hydrogels  

The interspersed voids within the three-dimensional fibrous network structure of 

hydrogels can imbibe up to 99% of water or biological fluids (Ulijn et al., 2007). Hydrogels 

have many unique properties resulting in a range of applications. Their resemblance to the 

tissues’ extracellular matrix (ECM) and the soft consistency of hydrogels mimic the nature of 

natural living tissue (Sivashanmugam et al., 2015). This feature combined with its highly 

swollen network structure are responsible for drug loading and release from their gel like 

matrix (Zhu and Marchant, 2011). The network structure of hydrogels comprises of entangled 

fibres of differing lengths held together by cross-links which are responsible for the physical 

integrity of hydrogels. In addition, the density of cross-linking of hydrophilic groups such as 

hydroxyl, amino and carboxyl groups give rise to the swelling behaviour of hydrogels, a key 

feature for wound management applications (Majee, 2016; Miguel et al., 2014).  

1.3.3. Composition of hydrogels  

Hydrogels can be formed from many different synthetic or natural polymers, (as 

discussed in section 1.1.5) using various combinations and cross-linking techniques. Most 
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hydrogels are prepared via physical or chemical cross-linking (Wathoni et al., 2016). The type 

of cross-linking that occurs largely determines the hydrogels physicochemical characteristics 

such as elasticity, compressibility, tensile strength and viscoelastic behaviour (Zhao et al., 

2016). Examples of some physical and chemical cross-linking methods to design hydrogels 

include hydrogen bonding, ionic interactions, enzyme cross-linking and radical polymerisation 

(Hennink and Nostrum, 2012). 

1.3.3.1. Physical cross-linking  

 Hydrogels designed by physical cross-linking of polymer chains are often referred to 

as ‘physical’ gels and arise by intermolecular interactions such as hydrogen bonding, van der 

Waals forces, ionic interactions, or crystallisation (Table 1.5.) (Rezvanian et al., 2017). In 

physical gels, the cross-linking is reversible and can be altered by stress or changes in physical 

conditions. Physical gels are sometimes preferred over hydrogels formed by chemical cross-

linking since there is no need for the addition of cross-linking agents which can limit the 

entrapment of certain substances such as proteins into the hydrogels (Carpi, 2011).  
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Figure 1.3. Diagrammatic representation of hydrogen bonding present in bacterial cellulose 

hydrogel (Adapted from Esa et al., 2014). 

 

1.3.3.2. Chemical cross-linking  

 Hydrogels formed by chemical cross-linking via covalent bonding usually adopt very 

high mechanical strength. Chemical cross-linking methods include chain growth 

polymerisation and high energy irradiations (see Table 1.6). 

Figure removed – unable to gain permission to use  



38 
 

Table 1.6. Formation of hydrogels via different physical and chemical cross-linking methods  

 Method  Details        Characteristics  Examples  Reference 

Physical  Hydrogen bonding  These hydrogels are 

formed by lowering pH of 

polymer solutions, with 

carboxylic groups on the 

chain. Acidic pH reduces 

aqueous polymer stability 

resulting in H-bonding.  

  

• Excellent elasticity 

• High tensile strength 

• High modulus (28 MPa) 

• Fast recovery of shape 

Chitosan  Hu et al., 2015 

Gupta et al., 2019 

 Crystallisation/ Freeze-

thawing  

Involves formation of 

microcrystals in the 

structure due to freeze-

thawing   

 

• High Crystallinity 

compared with other 

polymeric gels  

• Increase in stability 

upon swelling  

Polyvinyl alcohol  

Xanthan 

PVA/PEG polymers  

Gulrez et al., 2011  

 Ionic Interactions Formed by complexation 

of polyanions with 

polycations  

• Crosslinking can occur 

at physiological pH 

therefore commonly 

used for encapsulation 

of living cells  

 

Alginate  

Chitosan hydrogels 

(complex formation 

between chitosan and 

polyanions) 

Hennink and 

Nostrum, 2012 

 Protein Interactions Formation by crosslinking 

recombinant proteins 

caused by protein-protein 

interactions or 

arrangement of 

polypeptides by phase 

transition.  

• Can mimic features of 

the extracellular matrix, 

beneficial for wound 

management 

applications  

• Suitable materials for 

encapsulation of agents  

• Excellent 

biocompatibility  

Silk fibroin 

Keratin 

Elastin 

Silva et al., 2014 
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• High mechanical 

strength  

 

Chemical  Chain growth 

polymerisation 

Free radicals initiate the 

polymerisation process 

with chain elongation by 

the addition of monomers. 

The polymer chain is 

crosslinked using a 

crosslinking agent.  

 

• Commonly used for cell 

encapsulation  

• Good flexibility  

• High water absorption 

capacity  

Poly(ethylene glycol) 

diacrylate (PEGDA) 
Gupta et al., 2019; 

Lin and Shih, 2011) 

 High energy radiations  Radicals are formed on 

polymer chains once 

exposed to radiation 

which initiates free radical 

polymerisation  

• Cost-effective 

• Avoids the use of 

chemical crosslinking 

agents  

PVA/gum acacia 

Nanosilver loaded 

gelatin/carboxymethyl 

chitosan hydrogels 

produced by gamma 

(cobalt-60) irradiation 

technique adopts 

antimicrobial properties  

Gupta et al., 2019; 

Juby et al., 2012  
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1.3.4. Formation of hydrogels  

 As discussed before, hydrogels can be prepared from a variety of polymers and their 

versatility has led to a wide range of biomedical applications such as drug delivery, tissue 

engineering and biosensing (Su, 2018). 

1.3.4.1. Synthetic Hydrogels 

 Hydrogels derived from synthetic polymers offer a diverse range of applications owing 

to the ease of manipulation of the structures to produce desirable characteristics (Matsumura, 

2020). Examples of such polymers include poly(vinyl alcohol) (PVA), poly(N-vinyl-2-

pyrrolidone) (PVP), poly(ethylene glycol) (PEG) and poly(2-hydroxyethyl-methacrylate) 

(PHEMA) (Gupta et al., 2019).  

 PVA, a widely used synthetic polymer in the biomedical field adopts biocompatibility, 

biodegradability and a hydrophilic nature. Its similar nature to arterial tissue has led to its rise 

in biomedical and wound care applications, such examples include heart valves and corneal 

implants (Jiang et al., 2011).  

Ajovalasit et al. (2018) demonstrated that xyloglucan (XG) based wound dressings 

conferred softness, resilience and conformability when chemically cross-linked with PVA. 

They achieved XG-PVA hydrogel films with chemical crosslinking induced by glutaraldehyde 

and glycerol. The authors proposed that the poor mechanical properties of XG were overcome 

once blended with PVA. In addition to good cytocompatibility, protecting against bacterial 

infiltration and its non-toxic nature, it was deduced XG-PVA films had the ability to absorb 

aqueous fluids and proteins indicating they could mimic this behaviour in wounds whilst 

maintaining a moist healing environment. To conclude, XG-PVA films demonstrated to be a 

suitable candidate for wound dressing materials.  
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PVA/PEG hydrogel films loaded with asiaticoside for wound dressing applications 

were synthesised by Ahmed et al. (2018). The authors achieved successful physical 

crosslinking between PVA/PEG and asiaticoside by repeated freeze thaw cycles. The hydrogel 

films were characterised in terms of their swelling behaviour, mechanical strength and water 

vapour transmission rate and the 5% PVA and 8% PEG 400 formulation was found to be the 

optimised formulation. The formulation was further characterised in terms of drug release, 

microbial studies, morphology and cytotoxicity. The final formulation was biocompatible, 

inhibited microbial growth and a drug release rate of over 90% was achieved at 12 hours.  The 

formulation was a promising material for wound management applications.  

1.3.4.2. Biosynthetic Polymers 

 The last few decades have seen an increasing demand for natural polymeric materials 

especially in pharmacy and medical sectors. Their likeness to natural living tissue has made 

them attractive alternatives to their synthetic counterparts particularly in the field of wound 

management. Examples of such polymers include collagen, silk fibroin, chitosan, cellulose and 

alginate to name a few (Mele, 2016). 

 Bacterial cellulose (BC), a natural polymeric hydrogel derived from aerobic bacteria, 

has gained major interest in the biomedical field owing to its high purity and crystallinity 

compared with that of plant cellulose (Moniri et al., 2017). Aside from these properties, BC 

has excellent biocompatibility, very good mechanical properties and its highly porous structure 

allows for the transfer of biological fluids and therapeutic agents (Torgbo and Sukyai, 2018). 

BC was approved by the FDA in 1996 as a material for clinical wound applications (Bodin et 

al., 2010).  

Ye et al. (2018) formulated amoxicillin-grafted bacterial cellulose (BC) hydrogel 

sponges for wound management applications. Results from microbe testing showed 
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antimicrobial activity against fungus, Gram-negative and Gram-positive bacteria. Moreover, 

toxicity testing (rat model) revealed the biocompatibility feature of the sponges both in vitro 

and in vivo. The authors demonstrated the production of a novel BC hydrogel sponge for the 

application of wound management.   

 Chitosan is a natural cationic copolymer composed of glucosamine and N-

acetylglucosamine units linked together by β-1,4-glycosidic linkages (Shanmugapriya et al., 

2018). Its good biocompatibility, biodegradability and excellent gel forming properties have 

led to a diverse range of applications in biomedicine (Chen et al., 2017). Moreover, the 

antimicrobial and haemostatic features grant chitosan an attractive biopolymer for wound 

healing applications (Singh et al., 2017). Chitosan-calcium alginate dressings were developed 

by Zhao et al. (2019) using low to high molecular weight chitosan with calcium alginate being 

the carrier using the impregnation method. Wound healing studies on full-thickness wounds in 

Sprague-Dawley rats showed the dressing to promote angiogenesis by increasing vascular 

endothelial growth factor leading to improved wound healing. The composite dressing also 

displayed good antimicrobial activity, biocompatibility, high water absorption and non-

cytotoxicity features.  

 Their biocompatibility, biodegradability, non-toxic nature and low costs make alginate 

hydrogels an ideal candidate for biomedicine (Ching et al., 2017). Alginates are sourced from 

different types of algae with brown seaweed having a higher abundance of alginic acid 

compared with red and green seaweed. The natural linear polysaccharide is composed of β-(1-

4)-D-mannuronic (M-blocks) and α-L-guluronic acid (G-blocks), with the ratio of these M and 

G blocks largely influencing the properties of alginate. For instance, a high M block content is 

favourable for chronic wound healing applications due to the ability to stimulate cytokine 

production which facilitate the wound healing process (Varaprasad et al., 2020). 
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 Zhang et al. (2020) proposed a novel biomimetic calcium alginate hydrogel wound 

dressing. The dressing was prepared by blending 2,2,6,6-tetramethylpiperidine-1-oxyl 

(TOBC), a BC nanofiber with alginate solution to produce a uniform hydrogel. The process 

involved releasing calcium ions slowly with D-glucono-δ-lactone (GDL)-calcium carbonate 

system and zinc, thought to have antimicrobial properties was introduced by embedding into 

the hydrogel. The resultant hydrogel dressings had good swelling behaviour and mechanical 

strength, in addition to good biocompatibility and antimicrobial properties, all advantageous 

for the process of wound healing.  

1.3.5. Mechanisms of drug loading and release from hydrogels  

The highly porous nature of hydrogels and high affinity for aqueous medium allows 

drugs to be loaded into the matrix (Hamidi, Azadi and Rafiei, 2008). Hydrogels are receiving 

great interest for the controlled delivery of therapeutic agents (Giri et al., 2012). Owing to their 

mucoadhesive and bioadhesive features, hydrogels are also very good buccal drug delivery 

vehicles (Rizwan et al., 2017). Drug loading occurs either during hydrogel formation whereby 

the hydrogel monomer is mixed with the drug and polymerized by trapping the drug within its 

matrix, or via placing the produced hydrogel in a drug solution and swelling to equilibrium. 

The latter approach is advantageous due to possible detrimental effects on the properties of the 

drug when loaded during hydrogel production (Kim, 1992). 

There are numerous factors which can affect the absorption and diffusion of drugs into 

hydrogels including the amount of water present, pore size and the interaction between the 

pores. These factors are influenced by the arrangement of the hydrogel crosslink network. 

Additionally, solute size, shape and hydrophobic/hydrophilic nature can also determine its 

absorption through hydrogels (Rosiak, 1999).  
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The mechanism of drug release from hydrogels has been studied extensively in 

literature. Understanding the mechanisms of drug release by individual drugs and their 

hydrogel vehicles are key for optimising controlled drug delivery to the host for biomedical 

applications. Subsequently drug delivery through the polymeric membranes are released 

through diffusion via simultaneous absorption of water and desorption of drug by a swelling 

controlled mechanism, ultimately altering the physical or chemical characteristics of the 

hydrogel (Gupta, Vermani and Garg, 2002). Other mechanisms of drug release from hydrogels 

are via osmotic and chemically controlled systems (Gutowska et al., 1997). The rate of 

diffusion and swelling highly depend on drug-polymer interactions (Pimenta et al., 2016).   

As discussed, hydrogels can imbibe a vast amount of water into their matrix. The 

amount of water present in a hydrogel strongly influences the diffusion of solute through the 

membrane thus water uptake is a strong indicator for drug release. Contrary to this, an excessive 

water uptake can have a negative impact on properties of the biopolymer such as porosity and 

mechanical stability. Hence, a balance needs to be achieved to favour both drug release and the 

properties of the biopolymer (Silva et al., 2018). 

1.3.6. Applications of hydrogels 

Hydrogels are fast becoming a huge part of research worldwide and have been used in 

a variety of applications from the production of contact lenses, tissue engineering scaffolds, 

drug delivery systems and wound dressings to agriculture, water purification and regenerative 

medicine (Caló, 2015; Chang, 2011; Slaughter, 2009).  

 A moist wound healing environment has been established as providing the optimum 

conditions for wound healing to progress through to complete restoration of the skin, thus an 

ideal dressing should possess this vital feature (Winter, 1962).  
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Hydrogels can imbibe up to 99% of their own weight in water. Their high affinity for 

water allows them to absorb excess wound fluids, whilst at the same time donating moisture to 

the wound site to promote healthy wound healing (Martin et al., 2013; Fan, 2016). Hydrophilic 

residues within hydrogels allow them to swell further without altering their structure which 

make them the perfect candidates for wound dressing materials (Jones and Vaughan, 2005). 

Their ability to conform to the shape of the surface they are being applied to is especially 

important in the case of highly exuding and granulating wounds (Hoare and Kohane, 2008).  

Furthermore, the transparency of hydrogels has an added advantage for allowing the 

wound to be monitored without the need for dressing removal (Balakrishnan et al., 2005). They 

provide a cooling effect on the skin which acts as pain relief for the patient at the same time as 

promoting healthy wound healing (Zhao, 2017).  

Hydrogel wound dressings are available in different forms from amorphous, 

impregnated gauze and sheet dressings. Amorphous hydrogels tend to be packaged in tubes 

and the contents applied directly to the wound. An impregnated gauze dressing is filled with 

an amorphous hydrogel and tends to be non-adherent to the skin meaning a secondary dressing 

is usually required to keep the hydrogel intact. Sheet hydrogels are a gel that is reinforced by a 

network fibre mesh; they can either be adhesive along the border or non-adhesive in which case 

a secondary dressing would be required to keep it in place (Hess, 2000).  

1.4. Biosynthetic bacterial cellulose  

1.4.1. Introduction to bacterial cellulose  

The past few decades have seen a peak in the use of natural polymers in the biomedical 

industry especially for wound management applications. Cellulose is one of these promising 

candidates, being one of the most abundant and readily available form of renewable 
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carbohydrate biopolymers on Earth, obtained from both microbial and plant sources 

(Vasconcelos et al., 2017). Bacterial cellulose (BC) in particular, is gaining a lot of interest as 

a potential wound dressing material either alone or blended with other natural or synthetic 

polymers. BC production is obtained from a variety of bacterial species belonging to 

Acetobacter, Achromobacter, Aerobacter, Agrobacterium, Escherichia, Rhizobium, 

Salmonella and Sarcina genus (Khalid et al., 2017).   

1.4.2. Structure & composition of bacterial cellulose   

BC is made up of adjacent glucose molecules attached by β (1-4) glycosidic linkages, 

with a high degree of polymerization. BC shares the same molecular formula as plant 

cellulose i.e. (C6H10O5)n. Microfibrils span the network alongside polymeric chains and 

glucose units densely packed together and organised into a ribbon like structure. This 

microfibril network structure gives rise to the high mechanical strength of BC (Cacicedo et 

al., 2016).  

1.4.3. Biosynthesis of bacterial cellulose  

 Although BC is produced by different bacterial species, its most efficient producer is 

from the aerobic, Gram-negative bacteria; Gluconacetobacter xylinus (also known as 

Acetobacter xylinum). It is one of the most abundant strains found in fruit products and 

generally produces higher yields of BC (Bilgi et al., 2016).  

 The most common method used for biosynthesis of BC is based on Hestrin-Schramm’s 

(HS) medium (Please see Appendix 3 for Preparation of HS medium). HS medium is sterilised 

by autoclaving at 121°C for 15 mins, once cooled is then inoculated with G. xylinus and 

incubated statically at 30°C for between 7-14 days to obtain a hydrogel sheet/pellicle. This 

sheet is then washed with 1% sodium hydroxide to remove any remaining bacterial cells and 
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impurities. The final product is a three-dimensional structure possessing a high fibre network 

of cellulose nanofibers and can be utilised for a range of applications (Kida et al., 2018). 

1.4.4. Mechanisms of drug loading and release 

BC has a high-water holding capacity and porosity making it the perfect candidate for 

drug loading. The most generally accepted method of drug loading into BC is by immersing 

the pure BC pellicle (freeze dried or padded dried) into a given concentration of drug solution 

and leaving to soak overnight. Once the BC disc has been removed from the solution, any 

excess solution is wiped off with filter paper. The drug loaded BC pellicle is ready for testing.  

Drug release is investigated by placing loaded BC discs into release medium and 

incubating under agitated conditions for a given period. A sample of release medium is then 

drawn from the holding container at selected time points and analysed spectrophotometrically 

to measure the concentration of drug (Mohite et al., 2014).   

1.4.5. General applications  

 Unlike plant cellulose, BC has a high degree of purity due to the absence of lignin, 

pectin and hemicellulose contaminants. This property along with its high biocompatibility and 

excellent mechanical stability make BC an attractive biopolymer for several applications in the 

food, pharmaceutics, biomedical and cosmetics industries (Picheth et al., 2017). 

 BC displays unique physicochemical characteristics compared with other biopolymers 

(Stumpf et al., 2018) such as:  

• High crystallinity 

• Ultrafine fibrous network structure 

• High porosity  

• High water holding capacity (ability to absorb up to 100 times its own weight) 
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• Flexibility (adopts the shape of the culture vessel)  

• Non-toxic 

• Transparency 

Due to the extensive list of properties associated with BC, it has become a rapid 

growing field in scientific research. The applications of BC alongside their necessary properties 

are listed below in Table 1.7.  
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Application       Property of BC responsible for application Reference  

Artificial skin, artificial blood vessels, vascular grafts & 

scaffold in tissue engineering   

• Biocompatibility  

• Flexibility 

• High degree of purity 

• High water holding capacity 

• Large surface area  

 

Picheth et al., 2017; Esa et al., 

2014; Shah et al., 2013 

Paper making and packaging industry • High mechanical strength  

• Low density 

• High crystallinity  

• Biodegradable 

 

Paximada et al., 2016; Esa et al., 

2014 

Food as a thickener, stabiliser, texture modifier and packing 

material, nata-de-coco 

• High degree of purity 

• Non-toxic  

• Non-allergenicity 

• Biodegradability 

 

Shi et al., 2014 

Drug delivery  • High microfibrillar structure  

• High porosity 

• High water holding content  

• High absorption ability  

 

Shi et al., 2014 

Wound dressing  • Biocompatibility  

• High water holding content  

• High absorption capacity  

Shah et al., 2013 

Table 1.7. Applications of bacterial cellulose  
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• Slow water evaporation capability  

• Ability to be moulded during synthesis  

Electronic devices • High mechanical strength  Shah et al., 2013 
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1.4.6. Application of BC in wound healing  

BC displays some desirable characteristics for wound healing including high-water 

absorption capacity, high elasticity, conformability and not to mention a highly porous 

structure allowing for the diffusion of solutes into and out of its matrix and thus the transfer of 

drugs to the wound bed (Czaja, 2006). Although, BC possesses many ideal characteristics for 

use as a wound dressing material, its main limitation is the lack of antimicrobial activity when 

used alone (Lin, 2013). 

1.4.7. Commercially available BC products  

Bacterial cellulose has become a widely researched polymer and has gained interest in 

many fields including biomedical, electronic and the food industry (Esa, 2014). Due to the high 

biocompatibility that BC possesses, it has been used as temporary skin substitutes, artificial 

blood vessels, dental implants and wound healing products to name a few (Picheth, 2017).  

Cellulose-based products are also currently available on the market. They include 

Biofill®, Gengiflex® and XCell® used for wound healing. Their low production costs, non-

toxic nature and biocompatibility make them good candidates for biomedical applications 

(Laçin, 2014). 

1.5. Liposomes  

The three-dimensional porous architecture of BC makes it an excellent substrate for 

controlled drug delivery. By combining hydrogels with drug loaded carriers such as liposomes, 

drugs can be protected from degradation, thus improving absorption into host cells (Shtenberg 

et al., 2018).  
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1.5.1. Introduction to liposomes and their history 

Liposomes are spherical vesicles with one or more phospholipid bilayers, which can 

self-assemble upon hydration to entrap an aqueous inner core for encapsulation and delivery 

of medicinal agents (Mazur et al., 2017). The discovery of liposomes is owed to Alec Bangham 

who in 1964 demonstrated that phospholipids become swollen membranes upon hydration with 

the ability to entrap water and solutes (Velluto and Ricordi, 2017). His pioneering work was 

confirmed with electron microscopy images of multilamellar phospholipid vesicles and 

provided the basis for all future liposome research (Deamer, 2010). Not long after, another 

early pioneer; Gregory Gregoriadis established that liposomes could be used as drug delivery 

systems. Banghams’ initial discovery of liposomes and Gregoriadis finding led to the first FDA 

approved liposomal drug delivery agent, DOXIL® in 1995 (Barenholz, 2012).  

1.5.2. Structure  

Liposomes are composed of one or more phospholipid bilayers encompassing an 

internal aqueous inner core (Tai et al., 2018). The structure of the phospholipid molecule 

consists of a hydrophobic tail (non-polar) and a hydrophilic head (polar) (Colin and Jaillais, 

2020). When in contact with aqueous medium, the hydrophilic head turns towards the aqueous 

medium whilst the hydrophobic tails orientate inwards towards each other. The subsequent 

liposomal structure consists of a hydrophilic inner core entrapping aqueous medium bound by 

a phospholipid bilayer (Martin et al., 2015).  

1.5.3. Composition  

Liposomes can be derived from either natural phospholipids such as egg 

phosphatidylethanolamine or synthetic based phospholipids like 

dipalmitoylphosphatidylcholine (DPPC) (Taladrid et al., 2017). Other phospholipids such as 
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soybean and hydrogenated phosphatidylcholine are also amongst those used in various 

liposome formulations (Ahmed et al., 2019). Liposomes may also integrate sterols like 

cholesterol and proteins into their formulation (Martin et al., 2015; Tai et al., 2018).   

1.5.4. Classification  

Liposomes can be classified either by lamellarity or via vesicle size with the most 

common type of liposome produced being the multilamellar vesicles (MLV). These liposomes 

consist of more than one lipid bilayer and are >500nm in size. Unilamellar liposomes (ULV) 

are composed of a single bilayer and range in size; they can be modified to produce small 

unilamellar vesicles (SUV, 20-100nm) or large unilamellar vesicles (LUV, >100nm) (Emami 

et al., 2016).  

1.5.5. Formation methods  

There are a variety of liposome formation methods which are discussed in Table 1.8. 

The reverse-phase evaporation vesicle (REV) method was used during this investigation and 

thus is discussed in further detail (section 1.5.5.1.).  

1.5.5.1. Reverse-phase Evaporation Vesicle (REV)  

The formation of liposomes via the REV method was first introduced by Szoka & 

Papahadjopoulos in 1978. Vesicles are produced when the aqueous phase is slowly introduced 

into the organic phase and the organic solvent is then allowed to evaporate under pressure 

(Szoka and Papahadjopoulos, 1978). This method generates mostly large multilamellar 

vesicles. Although a very simple and efficient method of producing liposomes, the only 

drawback is the use of organic solvent (Tsai and Rizvi, 2016).  



54 
 

Table 1.8. Methods of liposome formation  

Method Details of procedure Resultant vehicle 

characteristics/prope

rties 

Example of encapsulated 

materials 

Advantages Disadvantages References  

Reverse-phase 

Evaporation 

Vesicle (REV) 

Lipid emulsion 

formation consisting of 

an organic phase and 

an aqueous phase with 

evaporation of the 

organic solvent, 

hydration and the 

formation of 

liposomes. 

• High 

encapsulation 

efficiency 

• Commonly 

produces 

large 

unilamellar 

vesicles 

(LUV) 

• Monoclonal 

antibody-liposomal 

UK 

• High 

encapsulation 

efficiency 

• Enhances 

hydrophilic drug 

encapsulation 

• Requires 

organic solvents 

that may be 

harmful to the 

environment 

and to human 

health 

• The solvents 

although 

removed by 

reverse phase 

evaporation 

may still remain 

in small traces 

posing a risk to 

human health 

and possibly 

effecting vesicle 

stability.  

 

Imura, 2003; 

Cortesi, 

1999; 

Bhowmick et 

al., 2010; 

Eloy et al., 

2014; 

Koudelka et 

al., 2016 

Thin film 

hydration 

Involves the dispersion 

of the lipid film within 

an aqueous solution 

followed by freeze 

drying the liposomes 

and the drug. The 

powder is then 

redispersed in a buffer 

solution. 

 

• Produces 

multilamellar 

nanosized 

liposomes  

• Dexamethasone 

hemisuccinate 

loaded liposomes  

• Most favoured 

method for 

vaccine 

formulations  

• Not suitable for 

large scale 

production of 

liposomes  

• Sensitive to the 

type of 

phospholipids 

used and 

physical 

conditions such 

as temperature 

Isailovic et 

al., 2013; van 

Swaay & 

deMello, 

2013; 

Bhowmick et 

al., 2010; 

Eloy et al., 

2014; Al-

Amin et al., 

2020 
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and pH need to 

be controlled 

• Difficult to 

achieve a high 

loading yield  

 

Sonication Uses ultrasonic waves 

to alter irregular lipid 

molecules and 

arrangement into 

liposomes. 

 

• Produces 

liposomes in 

the nano 

range with a 

reduced 

number of 

bilayers  

• Liposome-based 

vitamin delivery 

system  

• Reduces the size 

of the liposomes 

producing 

vesicles in the 

nanosize range.  

• Easy to perform 

• Sometimes 

produces 

liposomes that 

are too small 

affecting the 

encapsulation of 

drug 

Putri et al., 

2017; 

Bochicchio et 

al., 2016 

Extrusion 

 

Liposome suspension 

is passed through a 

membrane filter of 

known size using an 

extruder. Examples of 

extruders include 

Extruder®, Dispex 

Maximator® and 

Avestin Liposo-Fast™-

50. 

• Produces 

liposomes 

with 

homogeneous 

size 

distributions 

• Archaeobacterial 

liposomes for 

applications in 

biotechnology 

• Produces 

nanoliposomes. 

• Process is 

reproducible, 

rapid and gentle  

• Results in non-

uniform 

liposomes (by 

size, lamellarity 

and 

polydispersity 

index) 

• Scaling up is 

challenging 

 

Shah et al., 

2019; Ong et 

al., 2016; 

Choquet et 

al., 1994 

Freeze-thaw 

method 

The complex is frozen 

in liquid nitrogen and 

thawed in a water bath.  

• Produces 

multilayer 

structure 

• siRNA 

encapsulation 

• Enhances 

hydrophilic drug 

encapsulation  

 

• Increased 

encapsulation 

efficiency of drug 

Eloy et al., 

2014; Koide 

et al., 2016 

Ethanol 

injection 

An ethanol solution is 

injected into the lipid 

solution under 

controlled conditions. 

• Produces 

small 

unilamellar 

vesicles (20-

200nm) with 

one 

phospholipid 

bilayer 

• Encapsulated 

quercetin for 

antitumour, anti-

inflammatory and 

antiviral effects 

• Method is easy to 

scale up and also 

safe to use for 

liposomal food 

appliactions 

• Encapsulated 

product is 

exposed to 

organic solvent  

• The liposomes 

produced are 

heterogenous in 

size  

 

Dua et al., 

2012; Jaafar-

Maalej et al., 

2010; 

Toniazzo et 

al., 2017 
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Detergent 

dialysis 

Detergent based 

solution is added to 

lipid films 

• Produces 

large 

unilamellar 

vesicles 

• Liposome-supported 

enzymatic peritoneal 

dialysis (LSEPD) 

• Good reproducibility 

and liposomes created 

are homogenous in 

size  

• The retention of 

small traces of 

detergent within 

the liposomes  

Dua et al., 

2012; 

Pratsinis et 

al., 2017 
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1.5.6. Mechanisms of drug release  

 Liposomes are some of the most common nanocarriers for targeted drug delivery. Their 

ability to entrap both lipophilic and hydrophilic agents allows for a wide range of drugs to be 

encapsulated. Lipophilic compounds tend to be incorporated into the lipid bilayer and 

hydrophilic molecules become entrapped in the aqueous inner core. Liposomes have the 

capacity to carry high drug payloads preventing drug degradation and are biocompatible 

offering a wide range of physicochemical properties (Sercombe et al., 2015).   

Drug release from liposomes can be affected by both liposome composition and 

external environment. Such factors include the liposome membrane, nature of encapsulated 

drug and external stimuli such as heat or presence of enzymes (Lindner and Hossann, 2010).  

Liposomes release their drug contents to site-specific regions via active or passive 

targeting. Active targeting is mediated by conjugating ligands such as antibodies or peptides to 

the liposome which then recognise and bind to site-specific cell receptors, resulting in 

internalization or drug release. Passive targeting results from localised high concentrations of 

drug release via the bloodstream (Malam et al., 2009; de la Rica et al., 2012).  

1.5.7. Commercial liposome products  

Many liposome preparations have surpassed the clinical trial stages and are now 

popular products used in medicine. In fact, the first FDA-approved liposome formulation was 

Doxil® in 1995 used to target tumour cells. The doxorubicin is released slowly, however the 

exact mechanism of release is still unknown (Barenholz, 2012). Doxorubicin entrapped in 

thermally sensitive liposomes named ThermoDox® have been approved for use in 

investigations as a broad-spectrum cytotoxic agent. Its use has been demonstrated in Phase III 

clinical trial studies although the study did not reach its intended outcome of 33% improvement 

in progression-free survival of solid tumours. Nevertheless, early phase studies showed that 
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using ultrasound-mediated hypothermia, enhanced the safety and delivery of the liposome 

encapsulated chemotherapeutic agents against liver tumours (Lyon et al., 2017). 

Additionally, liposomal amphotericin B (AmBisome®) has an improved toxicity 

profile compared with conventional amphotericin B deoxycholate (DAmB) while still 

maintaining the antifungal effect of the active agent, however current studies are delving deeper 

to better understand the pharmacokinetics and pharmacodynamics of this formulation (Stone 

et al., 2016).  

Other commercial FDA-approved liposome products include Myocet™ liposomal 

(doxorubicin) used in the treatment of metastatic breast cancer, Marqibo® (vincristine sulfate); 

an approved treatment for acute lymphoblastic leukemia, DepoDur™ (morphine sulphate) used 

for treating pain and finally Inflexal®V (inactivated influenza virus strains A and B) used for 

vaccinating against influenza (Panahi et al., 2017).  

1.5.8. Biomedical applications  

 There is an increasing interest in producing liposomes for new biomedical applications 

due to their similar nature to cells and their biological environment. Some of these applications 

include drug delivery, tissue engineering, regenerative medicine and more recently liposome 

encapsulated in biosynthetic hydrogels for wound therapy (Grijalvo et al., 2016).  

1.5.9. Liposomal delivery of antimicrobials  

 Antimicrobial drugs are well established, however ineffective delivery can lead to a 

low therapeutic index thus side effects such as local skin irritation, scaling and reduction of gut 

flora. Liposomes overcome these limitations avoiding toxic effects whilst still retaining the 

activity of the drug (Zhang et al., 2010). They have an improved antimicrobial efficacy 

compared with the conventional agent allowing for site-specific targeting of the encapsulated 

drug to the pathogen (Brandelli et al., 2017).     
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 Trucillo et al. (2020) developed nanoliposomes using supercritical fluid applications 

for the delivery of amoxicillin to assert its antimicrobial action against Escherichia coli. An 

increase in concentration of amoxicillin paired with enhanced lipid content within the 

liposomes inhibited the growth of E. coli.   

1.5.10. Application in wound healing  

 As discussed, liposomes have been used in a variety of applications. One such use is 

for advanced wound management applications. Many studies have shown the advantage of 

using liposome encapsulated drugs compared with free drug to promote the wound healing 

process.  

Chhibber et al. (2018) demonstrated that diabetic wound infections displayed a better 

treatment outcome with liposome encapsulated bacteriophages compared with the free phage 

cocktail. There was an increased phage persistence at the wound bed with the encapsulated 

bacteriophages indicating potential for enhanced wound treatment.  

 A further study carried out by Nguyen et al. (2020) compared the effectiveness of 

curcumin-oligochitosan nanoplexes with liposomes. Findings revealed that the liposomes 

exhibited higher in vivo effectiveness than the nanoplexes with faster wound healing and scar 

treatment. 

1.6. Rationale of my research  

Unlike conventional passive wound dressings, hydrogels have been proven to facilitate wound 

healing. Bacterial cellulose is highly pure, biocompatible and adapts to the shape of the wound. 

BC is free from biogenic compounds which make it chemically pure and suitable for wound 

management applications (Savitskaya et al., 2019). In addition, its nanofibrillar structure and 

its ability to provide a physical barrier against infections, biocompatibility, non-pyrogenicity, 

hydrophilicity and transparency have generated commercial applications in the wound 
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management sector including XCell®, Bioprocess®, Gengiflex® and Biofill®. My research 

will take the concept of hydrogels further by involving the addition of a liposomal drug delivery 

system. Furthermore, there is a gap in the research for investigating drug-loaded charged 

liposomes and their antimicrobial efficacy against Gram-positive and Gram-negative bacteria.  

1.7. Aims of this research  

 The aim of this research is to produce and characterise a biosynthetic hydrogel with 

antimicrobial properties for use as a wound dressing material. Natural biopolymers with non-

adhesive properties will be selected as the matrix to produce a hydrogel wound dressing. 

Biosynthetic hydrogels will be loaded with bioactive agents which exhibit antimicrobial 

properties. Furthermore, a liposomal drug delivery system will be produced using the REV 

method and loaded with antimicrobial agents to control the drug release which could potentially 

minimise side effects and reduce toxicity of the agent. A key feature of liposomes is that they 

are composed of biocompatible and biodegradable lipids which make them an ideal candidate 

for drug delivery in wound management. The novelty of my work lies in investigating the 

impact of varying surface charge of drug-loaded liposomes on the antimicrobial efficacy 

against tested microbial strains which has not been explored previously. Liposomes with 

varying surface charge will be produced with a view to optimise antimicrobial efficacy and 

optimise the formulation of the overall drug delivery system.  

The idea is to increase bioavailability of the drug by using liposomes as the drug 

delivery system, to ultimately achieve controlled release of the drug over time within the 

biosynthetic hydrogel matrix for use as a potential candidate in wound management 

applications.  

1.8. Objectives set to achieve the aim of the study 

1. Production of bacterial cellulose hydrogel as the matrix for the wound dressing material  
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2. Characterisation of the bacterial cellulose hydrogels for the application of wound 

healing 

3. Production and characterisation of silver nitrate-loaded bacterial cellulose hydrogels as 

a potential wound dressing material 

4. Production and characterisation of silver nitrate-loaded liposomes with varying surface 

charge using the REV method  

5. The loading and characterisation of silver-nitrate loaded liposomes in a bacterial 

cellulose hydrogel for potential wound management applications  
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2. MATERIALS & METHODS  

2.1. Materials  

Chemicals used in the investigation were analytical, reagent or ultrapure grade, used as 

received unless otherwise stated. Details of all chemicals and reagents are provided in 

Appendix 1.  

The microbial strains used throughout the investigation; Gluconacetobacter xylinus 

(ATCC 23770), Pseudomonas aeruginosa (NCIMB 8295) and Staphylococcus aureus 

(NCIMB 6571) were obtained from the University of Wolverhampton culture collection. All 

three microorganisms were maintained at -20°C in a lyophilised form.  

Human epithelial type 2 (HEp-2) cells used for cytocompatibility studies were obtained 

from the University of Wolverhampton tissue culture collection.  

2.2. Methods 

 

2.2.1. Preparation of microbial growth media 

Tryptone soy broth (TSB), tryptone soy agar (TSA) and mannitol agar were obtained 

from Lab M, Bury, UK and prepared according to the manufacturer’s instructions (refer to 

Appendix 2).  

Hestrin and Schramm (HS) medium used to produce bacterial cellulose (BC) was 

prepared following the standard protocol (Hestrin and Schramm, 1954) (see Appendix 3 for 

composition). Medium was prepared using deionised water (DI H₂O). The pH of the HS 

medium was adjusted to 6.0 using glacial acetic acid and sterilised by autoclaving (Priorclave, 

UK) at 121°C for 15 minutes using saturated steam under at least 15 psi pressure, then cooled 

to room temperature (RT) prior to use. 
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2.2.2. Preparation of microbial cultures 

G. xylinus lyophilized culture obtained from the University of Wolverhampton culture 

collection was packaged in ampoules and stored at -20°C for preservation. Stock cultures of G. 

xylinus were revived on sterile mannitol agar and incubated at 30°C for 48 hrs under static 

conditions. Before each experiment, broth cultures were freshly prepared aseptically in HS 

medium following the standard protocol (Hestrin and Schramm, 1954).  

Similarly, lyophilized stock cultures of P. aeruginosa and S. aureus obtained from the 

University of Wolverhampton culture collection were reconstituted in sterile TSB. The cultures 

were revived by overnight growth at 37°C in a controlled aerobic environment orbital shaker 

(New Brunswick Innova 43, Eppendorf, Hamburg, Germany) at 120 rotations per minute (rpm) 

prior to experimental use. 

2.3. Hydrogel biosynthesis & processing  

2.3.1. Biosynthesis of BC hydrogel pellicles 

Fresh HS medium (100 mL) was added into a 200 mL sterile Erlenmeyer flask and 

autoclaved for 15 mins at 121°C and allowed to cool to R.T. before use. The starter culture was 

prepared by aseptically inoculating a colony of G. xylinus in 100 mL of the autoclaved HS 

medium and then transferred to a controlled aerobic environment orbital shaker (New 

Brunswick Innova® 43, Eppendorf, Hamburg, Germany) maintained at 30°C and 120 rpm for 

72 hrs.  

After the incubation period, 10 mL of the original G. xylinus starter culture (inoculum) 

was transferred into a 500 mL sterile Erlenmeyer flask containing 200 mL freshly prepared 

sterile HS medium, under aseptic conditions and incubated at 30°C under static conditions for 

7-21 days, depending upon the thickness of BC sheets required.  
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2.3.2. Purification of BC 

During G. xylinus cultivation, biosynthetic BC pellets were observed floating on the 

surface of the HS culture medium during the first few days. Between 7-14 days, 80.0 mm 

diameter BC pellicles were produced that adopted the shape of the culture vessel. After the 

desired BC pellicle sheet thickness (average 9 ± 0.79mm) was achieved (between 7-14 days), 

the biopolymer was harvested.  

BC pellicles were purified to remove bacterial cells and components of the growth 

medium by boiling in 1.0% (w/v) aqueous sodium hydroxide (NaOH) for 1 hr, then further 

boiling in DI H2O, until the resultant BC sheets became colourless and transparent.  

Purified BC sheets were separated into two groups of sterile glass Schott bottles each 

containing 500 mL purified DI H2O for storage at 4°C:  One bottle was designated hydrated 

BC, and the second bottle was designated for storage of freeze-dried BC after lyophilisation. 

BC Pellicles were stored in an ultra-low temperature freezer (U101 Innova, New Brunswick, UK) 

at -80°C overnight prior to freeze drying (Christ β 1,8-LSC plus, Martin Christ GmbH, 

Osterode am Harz, Germany). The freeze-dried BC pellicles were used for experiments 

involving hydrogel characterisation and antimicrobial studies. 

Freeze-drying was the chosen method to obtain lyophilised BC pellicles. It was the 

gentler and safer option compared with conventional drying methods. The purpose of freeze-

drying is to remove water from a frozen material via sublimation whilst retaining the original 

structure and characteristics of the product. The safer and inexpensive method of freeze drying 

is thus preferred over the traditional more costly method of supercritical drying (Padmanabhan 

et al., 2021).  
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2.3.3. Process optimisation of BC biosynthesis 

High cost and a low yield production have limited the use of BC on an industrial scale 

(Esa et al., 2014). By altering cultivation conditions such as temperature and incubation time 

during the BC biosynthesis process, the yield of BC can potentially be influenced (Fernandes 

et al., 2020).  

The two-step BC purification process involving boiling the pellicles in 1% NaOH 

followed by DI H2O including the number of washes and BC incubation time were 

parameters altered and investigated for their effect on BC pellicle thickness and morphology. 

2.3.3.1. Effect of progressive purification stages on BC morphology   

The effect of repeat purification washes on BC morphology were observed with 

Scanning Electron Microscopy (SEM) (Zeiss Evo®50 EP, Carl Zeiss AG, Oberkochen, 

Germany). Photomicrographs using SEM were taken as follows: 

• Before the purification process 

• After boiling in 1% (w/v) NaOH:  

o at 30 mins  

• After further boiling in 1% (w/v) NaOH for an additional 30 mins then two subsequent 

washes in DI H2O for 1 hour  

The colour change of the biosynthetic hydrated BC pellicles was tracked photographically 

using a Sony α5100 digital camera.  

2.3.3.2. Effect of incubation time on BC thickness and morphology  

BC pellicles biosynthesised for 7, 14 and 21 days were harvested and purified as 

described in section 2.3.1. and 2.3.2 to investigate the effect of incubation time on BC thickness 

and morphology. Half of the BC pellicles were stored at -80°C overnight prior to freeze drying; 
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freeze-dried BC morphology was investigated by SEM, whilst colour changes of the other half 

of hydrated BC pellicles were tracked photographically using a Sony α5100 digital camera.  

2.3.4. Freeze Drying 

2.3.4.1 Optimisation of rehydration procedure in terms of water absorption capacity 

(WAC%) 

Water absorption and water holding capacity of wound dressing materials are known 

to increase wound healing rates, protect the wound from infection whilst also reducing pain 

experienced during frequent dressing changes (Portela et al., 2019).  

In the current study, the effect of a range of rehydration variables on water absorption 

capacity (WAC%) of rehydrated BC pellicles were investigated. BC pellicles (≈30mm 

diameter and average thickness of 9 ± 0.79mm) were freeze-dried for 48 hrs prior to 

investigating the effect of time, temperature, rehydration volume and BC biosynthesis time 

following rehydration of BC with DI H2O. Results are expressed as n  S.D. (standard 

deviation) where n represents the mean of three experiments. WAC% was calculated as 

follows: 

 

---------------------------------------------------------------------------------------------------------------- 

Water absorption capacity (%) = 
(𝑾𝒘−𝑾𝒅)

𝑾𝒘
  x 100 

Where: Ww = wet mass (g); Wd = dry mass (g) 

Equation 2.1 

---------------------------------------------------------------------------------------------------------------- 
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2.3.4.1.1. Effect of rehydration time on WAC% 

Freeze-dried BC pellicles were rehydrated under temperature controlled, static 

conditions and maintained for 1, 2, 4, 6 and 8 hrs, respectively. The initial (dry) weight of the 

freeze-dried pellicle was recorded before the addition of 100 mL DI H2O at 37°C. After each 

designated time, the swollen, rehydrated BC was removed, gently blotted with filter paper to 

remove any excess water, and reweighed. WAC (%) was calculated according to Equation 2.1 

and results expressed as n  S.D. where n = 3.  

2.3.4.1.2. Effect of temperature on WAC% 

Freeze-dried BC pellicles were rehydrated in 100 mL D.I. H2O at either 30 or 37°C for 

24 hrs under controlled static conditions. WAC% was determined as described above (2.3.4.1.1 

Effect of rehydration time on WAC%) and calculated according to Equation 2.1. Results are 

expressed as n  S.D. where n = 3.  

2.3.4.1.3. Effect of rehydration volume on WAC% 

Freeze-dried BC pellicles were rehydrated under controlled, static conditions for 24 hrs 

using either 50, 100 or 150 mL of DI H2O at 37°C. WAC% was determined as described above 

(2.3.4.1.1 Effect of rehydration time on WAC%) and calculated according to Equation 2.1. 

Results are expressed as n  S.D. where n = 3.  

2.3.4.1.4. Effect of BC biosynthesis time on WAC% 

BC pellicles biosynthesised for 7, 14 and 21 days were harvested and purified as 

described in section 2.3.2. to investigate the effect of incubation time on WAC%. After freeze 

drying, the BC pellicles (≈30mm diameter) were rehydrated under controlled, static conditions 

for 24 hrs in 100 mL DI H2O at 37°C. WAC% was determined as described above (2.3.4.1.1 

Effect of rehydration time on WAC%) and calculated according to Equation 2.1. Results are 

expressed as n  SD where n = 3. 
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2.3.5. Preparation of silver nitrate, silver zeolite and liposomal silver nitrate loaded BC 

hydrogels  

As discussed in Chapter 1, silver is a common antimicrobial agent which paved its 

way into the wound management field as early as the 18th century. However, with the 

introduction of organic antimicrobials, the use of silver declined. Now, with the challenging 

problem of antibiotic resistance, interest in silver as a broad-spectrum antimicrobial has 

resurfaced (Dutta and Wang, 2019).  

Padded dry BC pellicles loaded with either 1% (w/v) silver zeolite, 1% or 2.5% (w/v) 

silver nitrate or 1% or 2.5% (w/v) liposomal silver nitrate were investigated with a range of 

physicochemical characterisation studies, including but not limited to antimicrobial activity, 

swelling capability and water vapour permeability. 

2.3.5.1. Preparation of silver nitrate loaded BC hydrogels   

Aqueous solutions of silver nitrate (AgNO3) (≥99.0%, Sigma-Aldrich, UK) were 

aseptically prepared in sterile DI H2O and syringe filtered (0.22 μm). AgNO3 solution was 

freshly prepared before each experiment and stored in sterile universal tubes wrapped in 

aluminium foil to reduce light and air oxidation. Silver nitrate is light-sensitive especially when 

in solution, therefore extra measures need to be taken to protect from the light (Kasuga et al., 

2006). Hydrated purified BC (≈80mm diameter) was first padded dry with filter paper to 

remove as much water as possible and then immersed in 1% (w/v) AgNO3 solution overnight 

at 37°C under constant agitation (120 rpm) in an orbital shaker (New Brunswick Innova 43, 

Eppendorf, Hamburg, Germany).  

2.3.5.2. Preparation of silver zeolite loaded BC hydrogels  

Silver zeolite (AgZ) granules (silver-exchanged zeolite, +20 mesh (Sigma-Aldrich, 

Gillingham, UK) were finely ground using a pestle and mortar and then suspended in sterile 

DI H2O to produce a final concentration of 1% (w/v) AgZ; samples were protected from light 
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with aluminium foil to minimise oxidation of the silver. Hydrated purified BC (≈80mm 

diameter) was first padded dry with filter paper to remove as much water as possible and then 

immersed in 1% (w/v) AgZ suspension; BC was incubated overnight at 37°C under static 

conditions. It was noticed that some AgZ had settled at the bottom of the loading vessel, and 

thus did not effectively load into the BC pellicle. The procedure was then repeated by 

immersing purified padded dry BC in 1% AgZ suspension overnight under constant agitation 

(120 rpm) in an orbital shaker (New Brunswick Innova 43, Eppendorf, Hamburg, Germany).  

2.3.5.3. Liposome preparation (REV method)  

2.3.5.3.1. Preparation of liposome encapsulated silver nitrate (Lipo-Ag+) via Reverse-

phase Evaporation Vesicle (REV) method  

Neutral liposomes composed of phosphatidylcholine (PC) (Lipoid S100 Soybean 

Lecithin, Lipoid GmbH, Ludwigshafen, Germany) kindly provided by Lipoid (Germany) and 

cholesterol (CH) (Sigma grade ≥ 99%, Sigma-Aldrich, Gillingham, UK), in a 2:1 molar ratio, 

were produced via the REV method (Szoka and Papahadjopoulos, 1978). Lipids were 

solubilised in chloroform (HPLC grade, ≥99.9%, Sigma-Aldrich, Gillingham, UK) to produce 

an organic lipid solution; the bulk aqueous phase consisted of either 100 mL of sterile D.I. H2O 

or aqueous AgNO3 (≥99.0%, Sigma-Aldrich, Gillingham, UK) (1.0% or 2.5% (w/v)) which 

was slowly added to the organic lipid phase in a 10:1 (v/v) (aqueous: organic phase) ratio under 

constant magnetic stirring (Progen Scientific Limited, UK). Beakers were loosely covered with 

aluminium foil to reduce light and air oxidation of the silver whilst at the same time allowing 

the solvent to evaporate. Lipid emulsions were left to stir for 8 hrs after which homogenous 

liposome suspensions were formed. Liposome suspensions were subsequently centrifuged 

(Mistral 1000 centrifuge, MSE, London, UK) at 4000g for 15 mins; the supernatant was 

discarded leaving the resulting pellet (liposome encapsulated 1.0% (w/v) and 2.5% (w/v) 

AgNO3 or Lipo-H2O) which was resuspended in sterile DI H2O up to the initial volume and 
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centrifuged an additional three times to remove any unencapsulated silver. The final liposome 

suspension was loaded onto either hydrated (padded dry) or dehydrated (freeze-dried) BC 

sheets (≈ 80mm diameter) under controlled, agitated conditions (120 rpm in orbital shaker at 

37°C) overnight. A portion of each of the 1.0% and 2.5% w/v Lipo-Ag+ suspensions were 

removed and stored at 4°C for further analysis.  

2.3.5.3.2. Liposomes with varied surface charge  

            The introduction of drug delivery systems has sparked interest due to their 

improvement in drug targeting efficacy, thereby reducing side effects/toxicity of the 

encapsulated drug to the patient (Liu et al., 2016).  

 Liposomes with varying surface charge were prepared and their physical properties, 

antimicrobial activity and cytotoxicity evaluated. Neutral, cationic, and anionic liposomes 

were produced via the REV method as described in section 2.2.2.3.1. Cationic liposomes 

were composed of PC, CH and stearylamine (SA), 7:2:1 molar ratio; anionic liposomes were 

composed of PC, CH and dicetylphosphate (DCP), 2:1:1 molar ratio. The bulk aqueous phase 

for all liposome formulations consisted of sterile DI H2O (control), 1.0% or 2.5% (w/v) 

AgNO3.  

2.3.6. Hydrogel characterisation  

Pure BC, 1% and 2.5% (w/v) BC-AgNO₃, 1% (w/v) BC-AgZ, and 1% and 2.5% (w/v) 

BC-Lipo-Ag+ hydrogels were characterised using various analytical techniques and reviewed 

for their potential in wound management applications.   

2.3.6.1. Fourier transform infrared (FTIR) spectroscopy  

 FTIR method was used to identify the functional groups in the BC pellicles, both 

purified and those loaded with silver. In addition, the technique could confirm that impurities 

such as bacterial cells and other medium components had been removed, thus leaving purified 
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BC (Fuller et al., 2018). By establishing the characteristic peaks, the method can confirm the 

structure of the material in addition to confirming the incorporation of a drug (Zhao et al., 

2022).  For this reason, FTIR was a suitable method to determine the structure of BC but also 

confirm the loading of silver into the BC. 

 FTIR was assessed using a Bruker, Alpha, Platinum-ATR (Germany) spectrometer to 

detect functional groups and ultimately deduce the structure of the individual samples by way 

of an infrared absorption spectrum. The FTIR spectra of lyophilised purified BC, 1% (w/v) 

silver nitrate loaded BC (BC-AgNO₃), 1% (w/v) silver zeolite loaded BC (BC-AgZ), and 1% 

(w/v) liposomal silver nitrate loaded in BC (BC-Lipo-Ag+) (neutral, cationic & anionic) in 

addition to AgNO3, AgZ and the individual components of the liposomes i.e., PC, CH, SA and 

DCP were assessed. Before any IR spectra were produced, the loading compartment of the 

spectrophotometer was cleaned with acetone and a background scan performed. A small, 

lyophilised BC sample was then placed on the disc hole on the diamond attenuated total 

reflector and scanned. The subsequent samples were then also analysed using the same method 

ensuring the disc surface on the reflector was cleaned with acetone during each run. All the 

FTIR absorption spectra were recorded over the wavenumber range of 400-4000 cm-1 at a 

resolution of 4 cm-1, with 16 scan settings for each sample run. Data were collected as % 

transmittance. FTIR spectra of the samples were examined, and functional groups detected. 

The peaks obtained for the BC samples were compared with standard peaks of commercially 

available microcrystalline cellulose (Sigma Aldrich) to provide confirmation of the structure.   

2.3.6.2. Morphological study by Scanning Electron Microscopy (SEM) 

SEM permits the morphological study of specimens by using a high energy beam of 

focussed electrons to produce an image. These electrons produce signals which can be in the 

form of backscattered electrons or characteristic x-rays and interact with the sample; 
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consequently, information such as composition and surface topography can be gathered 

(Goldstein et al., 1975).   

Freeze-dried BC before purification, partially purified BC, purified BC, 1% (w/v) BC-

AgNO3, 1% (w/v) BC-AgZ (loaded under static and agitated conditions) and 1% (w/v) Lipo-

Ag+ (neutral, anionic, cationic) were analysed via SEM to determine the morphology and extent 

of purification of BC. Liposome formulations were freeze-dried for 48 h prior to SEM analysis 

with the addition of 20% (w/v) sucrose to act as a lyoprotectant (Izutsu, 2018).  

Samples (≈8.0mm diameter) were placed on carbon stubs and sprayed with compressed 

air to remove any traces of dust which could affect the clarity of images. The samples were 

coated with a fine gold film with an approximate thickness of 400nm prior to analysis using an 

SC500 fine sputter coater (Emscope, Kent, UK) using argon as the purging gas. The samples 

were coated with gold to improve the conductivity and image quality of the sample. The 

morphology of the samples was analysed using Zeiss Evo®50 EP, SEM (Carl Zeiss AG, 

Oberkochen, Germany) and magnified up to 15,000x magnification. The images were taken at 

an acceleration voltage of 10.00kV and probe current of 100pA (picoamps). SEM analysis is 

presented in the form of photomicrographs.  

2.3.6.3. Energy-Dispersive X-Ray Spectroscopy (EDX) 

Energy-Dispersive X-Ray (EDX) spectroscopy is an analytical method used to identify 

and quantify elements in a sample (Newbury and Ritchie, 2012).  

EDX (Zeiss Evo®50 EP, SEM, Carl Zeiss AG, Oberkochen, Germany) was used to 

provide composition of the elements in freeze-dried BC-AgNO3 and BC-Lipo-Ag+ and confirm 

the presence of ionic silver (Ag+); pure BC was used as a control. EDX spectroscopy was 

concurrently determined with SEM image capture, and as such samples were prepared and 

analysed as described in section 2.2.4.2 but without the gold coating. Results are demonstrated 

as elemental peaks in EDX spectra. 
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2.3.6.4. Antimicrobial activity by disc diffusion assay 

The antimicrobial effect of BC-AgNO3, BC-AgZ and BC-Lipo-Ag+ was investigated 

using an adaptation of the British Society for Antimicrobial Chemotherapy (BSAC) standard 

disc diffusion assay method (Low et al., 2016).  

TSB and TSA (both Lab M, Bury, UK) were prepared as per the manufacturer’s 

instructions and sterilised by autoclaving (Tactrol 2, Priorclave Ltd, London, UK) at 121°C for 

15 mins prior to use. TSA was cooled to R.T. before pouring 20 mL into sterile plastic Petri 

dishes under aseptic conditions.  

Freeze-dried stock cultures of P. aeruginosa and S. aureus (both obtained from the 

University of Wolverhampton culture collection) previously maintained at -20°C were revived 

on sterile TSA and incubated at 37°C for 48 hrs under static conditions. Overnight broth 

cultures were prepared under aseptic conditions in sterile TSB using the prepared stock plates; 

broth cultures were placed at 37°C under aerobic conditions in an orbital shaker (New 

Brunswick Innova 43, Eppendorf, Hamburg, Germany) at 120 rpm overnight.  

 The antimicrobial activity of BC-AgNO3, BC-AgZ and BC-Lipo-Ag+ loaded under 

agitated conditions against P. aeruginosa and S. aureus was investigated using the standard 

disc diffusion method. Discs (≈8.0mm diameter) of 1% & 2.5% (w/v) BC-AgNO3, 1% (w/v) 

BC-AgZ, 1% & 2.5% (w/v) BC-Lipo-Ag+, BC-Lipo-H2O, 1% (w/v) zeolite loaded BC (BC-Z) 

and BC (latter three being negative controls) were cut using a biopsy punch (Miltex GmbH, 

Germany) under aseptic conditions. Overnight cultures (0.5 mL) of either P. aeruginosa or S. 

aureus were added to 4.5 mL Ringer’s solution in sterile glass universal tubes (based on BSAC 

disc diffusion method guidelines). The individual BC discs were aseptically transferred onto 

TSA plates seeded with either P. aeruginosa or S. aureus 250 µL diluted overnight culture. 

TSA plates were incubated at 37°C for 24 hrs, after which the zone of inhibition (ZOI) was 

measured (mm); four measurements along the x, y and both z axes were taken, and the average 
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diameter calculated. The zone of inhibition was taken as the clear zone around the disc. 

Individual discs were subsequently aseptically transferred to fresh TSA plates, again seeded 

with fresh diluted overnight cultures of either P. aeruginosa or S. aureus and incubated under 

the same conditions for a further 24 hrs to ensure bacterial growth was consistent and 

reproducible. This process was repeated until no ZOI could be observed. ZOI was calculated 

as diameter of BC disc (mm) (8.0 mm) subtracted from the average ZOI for each disc. Results 

are shown as average ZOI (n = 3  standard deviation (SD)) at 24, 48, 72 and 96 hrs.  

2.3.6.5. X-ray diffractometric analysis (XRD)  

XRD is used to identify the crystalline phases in a material, hence revealing the 

chemical composition of a structure. XRD of pure freeze-dried BC pellicles, BC flakes 

(mechanically ground pellicle) and BC powder (finely milled) were determined by a 

Panalytical Empyrean Alpha 1 X-ray diffractometer (Empyrean, PANalytical, Netherlands) 

with Copper as a source of radiation from 5 to 80° (2θ angle), to establish any differences 

between the three forms. The X-ray diffractometer was set at a voltage of 40kV and a current 

of 40mA to determine the % crystallinity for each sample. Step size was 0.0130 (2Theta(°)) 

with a count time of 8.6700 (sec) per point. The % crystallinity was calculated by area under 

peaks / area under background.  

2.3.6.6. Thermal gravimetric analysis (TGA)  

 TGA is an analytical technique used to assess the thermal decomposition of a material 

by monitoring the change in mass of a heated sample at a constant rate (Yan et al., 2017).  

The thermal decomposition behaviour of pure biosynthetic BC was evaluated using 

TGA (TGA7, Perkin Elmer, UK). Samples of freeze-dried BC pellicles (7.0mm diameter) were 

heated from 20 - 500°C at 5°C/min under constant nitrogen flow (20 mL per minute). Results 

are expressed as % weight loss and displayed as a TGA degradation curve (Figure 3.18).   
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2.3.6.7. In vitro Ag+ release  

 1% and 2.5% (w/v) BC-AgNO3, 1% (w/v) BC-AgZ, 1% and 2.5% (w/v) BC-Lipo-Ag+ 

(neutral, anionic and cationic) alongside negative controls of pure BC, BC-Z and BC-Lipo-

H2O were cut into similar sized discs (≈ 8.0mm diameter) using a biopsy punch. Individual BC 

discs were transferred to sterile plastic universal tubes containing 30 mL freshly prepared 

sterile phosphate buffered saline (PBS) solution release medium. Each BC formulation was 

incubated under agitated conditions (120 rpm, 37°C orbital shaker) over 96 hrs; at 

predetermined times (1, 2, 4, 8, 24, 48, 72 and 96 hrs), a 20 mL aliquot of release medium was 

withdrawn at each timepoint and an equal volume (20 mL) of fresh sterile PBS was added to 

maintain sink conditions. Each BC formulation was tested in triplicate and experiments were 

conducted in light limited conditions to reduce silver oxidation. The amount of silver present 

in the release medium was measured by Inductively Coupled Plasma (ICP) spectrometry 

(Agilent Technologies 5100 ICP-OES, Agilent Technologies Inc., Santa Clara, CA) and 

reported as cumulative silver release (% w/v) presented in silver release graphs.   

2.3.6.8. Water vapour transmission rate (WVTR) 

Water vapour permeability is of paramount importance when assessing the 

effectiveness of wound dressing materials (Namazi et al., 2016).  

The WVTR of 10 BC hydrogel dressings was determined gravimetrically using the 

desiccant method according to the basic testing method as stated by the American Society for 

Testing and Materials (ASTM) (E96) (Singh et al., 2016).  

Padded dry pure BC pellicles were rehydrated under agitated conditions (orbital shaker) 

at 120 rpm and 37°C overnight in either DI H2O (control hydrogel denoted as pure BC) or the 

appropriate suspensions to produce the following: 

1. pure BC (control) 

2. 1% (w/v) BC-AgNO3 
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3. 2.5% (w/v) BC-AgNO3 

4. 1% (w/v) BC-AgZ  

5. 1% (w/v) BC-Lipo-Ag+ neutral formulation (PC:CH 2:1 molar ratio) 

6. 1% (w/v) BC-Lipo-Ag+ anionic formulation (PC:CH:DCP 2:2:1 molar ratio) 

7. 1% (w/v) BC-Lipo-Ag+ cationic formulation (PC:CH:SA 7:2:1 molar ratio) 

8. 2.5% (w/v) BC-Lipo-Ag+ neutral formulation (PC:CH 2:1 molar ratio) 

9. 2.5% (w/v) BC-Lipo-Ag+ anionic formulation (PC:CH:DCP 2:2:1 molar ratio) 

10. 2.5% (w/v) BC-Lipo-Ag+ cationic formulation (PC:CH:SA 7:2:1 molar ratio) 

 

Variables were measured and controlled in a temperature and humidity-controlled room 

(Edward Elgar Building, University of Worcester) with an average temperature of 21.4 – 

21.7°C and 50% relative humidity (RH) for the entirety of the experiment. An analytical 

balance was used to weigh all assemblies.   

The thickness of the BC pellicles after rehydration was measured using digital Vernier 

callipers (Whitworth Digital calliper, UK). Four measurements were taken for each pellicle 

and the average thickness calculated. Prior to securing the hydrogels, the test tubes were 

weighed using an analytical balance and weights were recorded ranging from 14.45 - 15.41  

0.27g.  

One gram of silica gel beads that were previously stored in a desiccator to prevent any 

moisture loss, were added to each test tube (diameter 1.7 cm). Each hydrogel formulation (≈2.8 

cm diameter) was secured over the mouth of a test tube using a rubber band; tubes were then 

inverted above a tray containing 200 mL DI H2O. Tubes were positioned so the BC hydrogel 

dressing just touched the surface of the water and were held securely in place with clamp 

stands. For the first 30 mins, the samples were equilibrated with DI H2O. WVTR of the samples 

was determined by weighing the complete test tube assembly every 30 mins over 1 hr and 

calculated using Equation 2.3: 
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---------------------------------------------------------------------------------------------------------------- 

WVTR = 
slope x 24

test area in m2
 g/m²/day 

Where: g = gram, m = metre 

Equation 2.3 

---------------------------------------------------------------------------------------------------------------- 

  

Results are expressed as Mean  SD and tabulated.    

2.3.7. Liposome characterisation  

An array of analytical techniques was used to characterise liposomes produced via the 

REV method including but not limited to fluorescence microscopy, silver release studies and 

particle size distribution. The methodologies are provided below.  

2.3.7.1. Fluorescence microscopy for morphological study 

Liposome suspensions were prepared according to the REV method (as described in 

section 2.2.2.3.1.) but the liposome pellet was suspended in the bulk aqueous phase which 

consisted of a 1% (v/v) solution of the hydrophilic fluorescent dye, acridine orange. The 

working stock solution of acridine orange was prepared by dissolving 50 mg of the fluorescent 

dye in 10 mL DI H2O; a 1 mL aliquot of this acridine orange stock solution was mixed with 

0.5 mL glacial acetic acid before being further diluted up to 50 mL with DI H2O. Immediately 

after preparation, liposomal suspensions were centrifuged at 4000g for 15 mins, the supernatant 

decanted, and the liposome pellet resuspended in sterile DI H2O; this process was repeated 

until the discarded supernatant ran clear. A small sample of the liposome pellet was mounted 
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onto a glass microscope slide using a Pyrex glass capillary tube and a cover slip placed on top 

to avoid any rapid movement of the sample. Liposomes were imaged by fluorescence 

microscopy (Nikon ‘Eclipse’ ME600, Nikon Corp., Japan; Camera: Spot RT Color, Diagnostic 

Instruments Inc., Michigan, USA) using the Nikon G2A filter at 1000x magnification. This 

method was repeated for Lipo-Ag2+ (neutral, anionic and cationic).  

2.3.7.2. Encapsulation efficiency  

Lipo-Ag+ stock suspensions were prepared via the REV method with a bulk aqueous 

phase of either 1% (w/v) AgNO3 or 2.5% (w/v) AgNO3. A lipo-H2O suspension was used as 

control. After centrifugation of the liposome suspensions, the resultant pellet was assessed for 

encapsulation efficiency (EE%). The EE% of silver in the liposomal pellet was quantified by 

ICP spectrometry. One mL of liposome pellet was dissolved in 5 mL nitric acid and 0.5 mL 

hydrogen peroxide and micro-digested for 15 mins; samples were then transferred to clean 

glass test tubes containing ultrapure water and the volume made up to 20 mL, prior to analysis 

by ICP spectrometry (Agilent Technologies 5100 ICP–OES, Agilent Technologies Inc., Santa 

Clara, CA). Results are expressed as parts per million (ppm) and tabulated in Chapter 3.  

2.3.7.3. In vitro release of silver using ICP        

           The methodology for the release of silver from BC-Lipo-Ag+ is discussed in 2.2.4.8. 

Release of silver from lipo-Ag+ (1% & 2.5% w/v) suspensions (neutral and anionic liposomes) 

and lipo-H2O (neutral and anionic) was conducted in triplicate as follows: 50 mL of each 

liposome formulation suspended in sterile PBS release medium was decanted into a sterile 50 

mL centrifuge tube and transferred to an orbital shaker (120 rpm at 37°C). After 1 hr, the tubes 

were removed and centrifuged (4000g for 15 mins), after which 20 mL of supernatant was 

removed for testing and replaced with 20 mL fresh PBS. This process was repeated over 72 hrs 

at time intervals of 1, 2, 4, 8, 24, 48 and 72 hrs and silver release measured by ICP spectrometry 
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(Agilent Technologies 5100 ICP-OES, Agilent Technologies Inc., Santa Clara, CA).  Results 

are expressed as % (w/v) and displayed in release graphs.   

2.3.7.4. Particle size analysis (Laser Diffraction) 

 Liposome size was measured via dynamic light scattering with a Malvern MasterSizer 

3000 (MasterSizer 3000 particle size analyser, Malvern Panalytical Ltd, Malvern, United 

Kingdom). The MasterSizer 3000 allows particles within the sample to scatter light 

proportionally to their size (Lee and Gagnon, 2016). The liquid system was used with an 

1800rpm stirrer attachment and sufficient deagglomeration was achieved by vortexing the 

samples beforehand. Analytical parameters were set as spherical, lipid and with a refractive 

index (RI) of 1.33. Results are expressed as an average of five readings for each sample, mean 

 SD and displayed in a size distribution curve.  

2.3.7.5. Particle size distribution (Image-Pro software) 

 Lipo-Ag+ and lipo-H₂O were analysed via fluorescence microscopy (Nikon ‘Eclipse’ 

ME600, Nikon Corp., Japan; Camera: Spot RT Color, Diagnostic Instruments Inc., Michigan, 

USA) (protocol described in 2.2.5.1) to confirm particle size and size distribution of the 

liposomes using Image-Pro software. Results are displayed as photomicrograph images 

showing liposome measurements accordingly. 

2.3.7.6. Determination of Ag+ content and Incorporation Efficiency (IE%) (% liposomal 

Ag+ incorporated into BC)   

 Liposome encapsulation of Ag+ within BC was quantified by ICP (Agilent 

Technologies 5100 ICP-OES, Agilent Technologies Inc., Santa Clara, CA) as previously 

described in section 2.2.5.2. BC-Lipo-H2O samples were used as control. IE% of Ag+ content 

in BC was recorded in ppm and converted to % (w/v); calculations provided in table format. 
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2.3.7.7. Confocal microscopy 

 The structure and morphology of Lipo-Ag+ and BC-Lipo-Ag+ hydrogels were observed 

by confocal microscopy (Zeiss LSM 880, Carl Zeiss Ltd., Cambridgeshire, UK). Samples were 

visualised with the addition of 0.01% acridine orange, fluorescent dye to formulations prior to 

observation. Confocal microscopy also enabled the determination of how far liposomes were 

able to migrate into the BC structure using the splicing method. Results are displayed as 

photomicrographs. 

2.3.7.8. Antimicrobial activity  

The antimicrobial activity of Lipo-Ag+ (1%, 2.5% w/v) (neutral, anionic & cationic) and 

Lipo-H2O was investigated against P. aeruginosa and S. aureus using the disc diffusion assay 

(according to the method previously described in section 2.2.4.4.). Lipo-H2O were used as a 

control. Fresh TSA plates were seeded with 250µl of either P. aeruginosa or S. aureus (1:10 

dilution) of overnight culture with Ringer’s solution and wells (≈8.0mm diameter) were 

created using a biopsy punch under aseptic conditions. 100 µL of 1% (w/v) Lipo-Ag+ 

suspension (neutral, anionic & cationic), 2.5% (w/v) Lipo-Ag+ suspension (neutral, anionic & 

cationic) or Lipo-H₂O suspension were transferred into the wells of pre-seeded TSA plates 

and incubated at 37°C for 24 hrs. ZOI was measured after 24 hrs. The only modification to 

the protocol described in section 2.2.4.4. was due to the nature of the liposome suspensions, 

they could not be transferred to fresh seeded TSA plates past 24 hrs. Results are presented in 

bar graphs for ZOI (mm) at 24 hrs where mean  SD (n = 3).  

Determination of minimum inhibitory concentration (MIC) / minimum bactericidal 

concentration (MBC) of AgNO₃ 

The MIC/MBC of AgNO3 against Pseudomonas aeruginosa (NCIMB 8295) and 

Staphylococcus aureus (NCIMB 6571) were determined using the broth culture dilution assay. 

TSB and TSA were both prepared according to manufacturer’s instructions. Both media were 
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sterilised at 121°C for 15 mins then cooled to RT prior to use. TSA was poured into sterile 

plastic Petri dishes (Sarstedt, Leicester, UK) under aseptic conditions and left to set. Serial 

dilutions of AgNO3 in sterile test tubes each containing 5 mL TSB were prepared in triplicate 

under aseptic conditions. A starting stock solution with a final concentration of 1% (w/v) 

AgNO3 was prepared by adding 5.0 mL of filter sterilised 2% (w/v) aqueous AgNO3 to 5.0 mL 

of sterile TSB medium. This stock solution was further diluted by two-fold serial dilution; the 

dilution series from 1 – 4.8x10ˉ4 % (w/v) Ag+ was repeated in triplicate. To each tube in the 

dilution series, 50 μL of fresh overnight culture of either P. aeruginosa or S. aureus was 

aseptically transferred to achieve a final concentration of 1x105 to 1x106 colony forming units 

(CFU) per tube, and the tubes incubated at 37°C for 24 hrs (controls in each series contained 5 

mL TSB with either 50µL of P. aeruginosa or S. aureus). After 24 hrs, tubes were mixed using 

a vortex mixer (Vortex-Genie 2, Scientific Industries, Germany) and examined for turbidity as 

follows:  

• low turbidity = + 

• medium turbidity = ++ 

• high turbidity = +++  

 

The MIC level was the lowest concentration of Ag+ along the dilution series to display no 

visible growth. To confirm the MIC/MBC determined by turbidity, samples with no visible 

growth were plated onto sterile TSA plates to examine for bacterial colonies and incubated at 

37°C for 24 hrs. The absence of viable colonies provided confirmation of the MIC/MBC levels. 

If control tubes displayed turbidity due to silver light/air oxidation; all tubes in the dilution 

series were plated and inspected for viable growth to confirm MBC levels. The MIC/MBC 

values were used as a guidance in subsequent antimicrobial studies. 
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2.3.8. Biocompatibility/cytotoxicity studies  

 Cytocompatibility studies as determined by MTT 3-(4,5-Dimethyl-2-thiazolyl)-2,5-

diphenyl-2H-tetrazolium bromide (MTT) assay were performed to investigate the effect silver 

released from BC hydrogels has on the viability of HEp-2 cells.  

 The MTT assay is a colorimetric assay used to assess the metabolic activity of cells. 

The mechanism of this assay involves NAD(P)H-dependent cellular oxidoreductase enzyme 

which converts the yellow tetrazolium MTT into insoluble formazan which can be observed as 

a purple colour with an absorption of 540nm. The intensity of this purple colour is a clear 

indicator of cell viability (Bahuguna et al., 2017).   

2.3.8.1. Biocompatibility studies - Hydrogel  

 The biocompatibility of BC hydrogels was studied using HEp-2 cell line; a type of 

cervical cancer cell line. Cell lines were cultured using Dulbecco’s Modified Eagle’s Medium 

(DMEM) (refer to Appendix 4 for composition) and incubated at 37°C in a humidity incubator 

with 5% CO2. The biocompatibility of pure BC, BC-AgNO₃ (1%, 2.5% (w/v)), BC-AgZ (1% 

(w/v)) and BC-Z (1% (w/v)) was investigated with DMEM conditioned with either of the BC 

pellicles (pure or loaded) and transferred to an orbital shaker maintained at 37°C and 120rpm 

for 24 hrs. Approximately 5000 HEp-2 cells (ATCC) per well were seeded onto sterile 96 well 

plates for 24 hrs at 37°C in a 5% CO2 incubator. After 24 hrs, the cells were then exposed to 

either 200 µL BC-conditioned medium or drug loaded-BC conditioned medium for 24, 48 or 

72 hrs and incubated at 37°C in 5% CO2. After 24 hrs incubation, cell morphology and viability 

were observed by inverted light microscopy (Nikon, Japan).  

 The effect of the BC-conditioned medium and loaded-BC-conditioned medium on cell 

viability was additionally confirmed using the standard MTT cytotoxicity assay by the addition 

of 100µl of 5 mg/ml MTT solution (Sigma-Aldrich, UK) to all the wells and then incubating 

for 2 hrs. Dimethyl sulfoxide (DMSO) and Sorensen’s glycine buffer (pH 10.5) were then 
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added to the wells to solubilise the formazan crystals before UV spectroscopic measurement at 

540 nm determined the percentage cell viability. All experiments were performed in triplicate 

and cell viability was calculated using the mean absorbance readings. Results are displayed as 

bar graphs showing cell viability after 24, 48 and 72 hrs exposure to varying concentrations of 

BC-AgNO3 and BC-AgZ hydrogels with their representative optical micrographs of cells 

captured.  

2.3.8.2. Biocompatibility studies - Liposomes  

 The biocompatibility of silver-loaded liposomes was determined using HEp-2 cells 

(according to the method previously described in section 2.2.6.1.). Cell lines were cultured 

using DMEM and incubated at 37°C in a humidity incubator with 5% CO₂. The 

biocompatibility of Lipo-H2O and Lipo-Ag+ suspensions were investigated using conditioned 

DMEM and carried out in triplicate, cell viability was calculated from mean absorbance 

readings. Results are displayed as bar graphs showing cell viability after 24, 48, 72 hrs exposure 

to varying concentrations of Lipo-Ag+ with their representative photomicrographs of cells 

captured.  

2.3.8.3. Biocompatibility studies - Liposome-loaded hydrogel  

 The biocompatibility of liposome-loaded hydrogels was determined using HEp-2 

epithelial cell lines (according to the method previously described in section 2.2.6.1.) The 

biocompatibility of BC-Lipo-H₂O (neutral, anionic, cationic), 1% (w/v) BC-Lipo-Ag+ (neutral, 

anionic, cationic), 2.5% (w/v) BC-Lipo-Ag+ (neutral, anionic, cationic) was investigated using 

conditioned DMEM and carried out in triplicate, cell viability was calculated from mean 

absorbance readings. Results are displayed as bar graphs showing viability of the cells after 24, 

48 and 72 hrs exposure to BC-Lipo-Ag+ (neutral, anionic, cationic) with their representative 

photomicrographs of cells captured.  
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2.3.9. Statistics 

 Statistical analysis of data was performed by one-way analysis of variance (ANOVA) 

using Microsoft Excel Office 365.  A comparison was statistically significant if the p value 

was ≤ 0.05. All the data were expressed as mean ± standard deviation (SD). 
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3. BIOSYNTHESIS AND PREFORMULATION STUDIES ON BACTERIAL 

CELLULOSE 

3.1. Aims and Objectives  

This section of my thesis focuses on the findings of the production and characterisation 

of bacterial cellulose hydrogels for potential as wound dressing applications.  

3.2. Introduction 

Bacterial cellulose adopts fundamental properties ideal to produce hydrogels. For these 

properties to translate into wound dressing applications, numerous characterisation techniques 

were performed. The structure and properties of BC hydrogels were characterised by different 

techniques including: SEM, FTIR, XRD and TGA. 

3.3. Production of Bacterial Cellulose (BC) 

When Gluconacetobacter xylinus ATCC 23770 was inoculated and grown in HS 

medium at 30°C under static conditions, BC pellets (≈10mm) were observed on the air-liquid 

interface by day 2. These pellets gradually transformed into BC pellicles (≈80mm) adopting 

the shape of the culture vessel between days 7-10 with an average thickness of 9 ± 0.79mm 

(Figure 3.1). Once harvested, these BC pellicles were purified and ready for characterisation 

and preformulation studies. 
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Figure 3.1. Raw BC pellicles produced statically at the air-liquid interface, adopting the shape 

of the culture vessel during the BC biosynthesis process (Photo credit: Parmjit Rai). 

 

3.3.1. Purification of BC: Effect of washing steps/cycles  

After harvesting BC pellicles, they are purified to remove entrapped bacterial cells, 

residual medium, and fermentation by-products/debris. The two-step purification process was 

investigated for its effect on BC morphology and appearance.  

3.3.1.1. Visual appearance of BC  

Upon visual inspection, raw, untreated biosynthetic BC pellicles were opaque with a 

dark mottled brown colour (Figure 3.2 (a)), due to entrapped bacterial cells and residual media. 

This dark brown colour gradually transformed to a lighter brown, almost beige colour after 

boiling in 1% (w/v) NaOH for 30 minutes, at which stage the pellicles were partially transparent 

(Figure 3.2 (b)). After a further 30 mins of washing in 1% (w/v) NaOH and further boiling in 

DI H2O for 1 hour, the resultant purified BC pellicles became clear and transparent (Figure 3.2 

(c)). The colour changes of the BC pellicles (Figure 3.2) incurred at the different stages 

throughout the purification process confirmed the gradual removal of entrapped fermentation 

debris and residual medium. The complete removal of bacterial cells within the BC pellicles 

was evaluated using Scanning Electron Microscopy (SEM) (Section 3.3.1.2).  
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Figure 3.2: Photographs to show the effect of progressive purification stages on the colour 

change of biosynthetic BC pellicles; (a) before the purification process; (b) after boiling in 1% 

(w/v) NaOH for 30 mins and (c) after boiling in 1% (w/v) NaOH for an additional 30 mins and 

further boiling in D.I. H₂O for 1 hour (Photo credit: Parmjit Rai). 

 

       

(a) 

(b) 

(c) 
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3.3.1.2. Morphology of BC via SEM 

The morphological properties of BC were investigated using SEM. SEM was 

performed on lyophilised samples of raw untreated BC, partially purified BC after boiling in 

1% (w/v) NaOH for 30 mins and purified BC after further boiling in 1% NaOH and deionised 

water.  

 G. xylinus produces ribbons of cellulose which intertwine with each other forming a 

closely packed dense fibre network structure comprising of micropores as captured by SEM 

imagery (Figure 3.3). Raw, untreated BC pellicles show the presence of bacteria and 

entrapment of fermentation by-products/debris within the cellulose fibre network (Figure 

3.3(a)) and following the progressive purification stages, the presence of bacterial cells slowly 

diminishes with the subsequent purified BC pellicles revealing no visible bacteria confirming 

that the purification process was effective (Figures 3.3(b) & (c)). The purification process of 

washing the BC pellicles in hot NaOH following by boiling in deionised water resulted in the 

removal of bacterial cells and other fermentation debris, revealing a network of fibres (Figure 

3.3(c)). It is important to note that even with the chemical and thermal steps involved in BC 

purification, the fibrous network structure of BC remains intact. Figure 3.3(c) also shows that 

when the ribbons of cellulose entangle with each other, the dense network structure contains 

interspersed voids of varying sizes. The high mechanical strength of BC is owed to this ultra-

fine microfibrillar structure (Gea et al., 2011). 
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Figure 3.3. SEM images showing the effect of the progressive purification stages on BC morphology for; (a) raw, untreated BC, entrapped G. xylinus    

highlighted; (b) partially purified BC, entrapped residual G. xylinus highlighted, and (c) purified BC, fibre network highlighted.

(a) (b)  

(c) 
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3.3.2. Biosynthesis of BC: Effect of incubation time  

During the BC cultivation process, it was important to investigate the effect incubation 

time had on the thickness of BC pellicles to optimise BC biosynthesis. It is thought that 

increasing incubation time is associated with a higher production of BC yield and ultimately 

thicker resultant BC pellicles with increased cellulose fibre packing density (Rastogi and 

Banerjee, 2019).  

An increase in incubation time from 7 to 21 days, resulted in an increased thickness of 

BC pellicles. The average thickness of BC pellicles at day 7 were 9 ± 0.79mm compared with 

11.88 ± 0.44mm at day 21 (Figure 3.4). After 14 days there was only a slight increase in the 

thickness of BC pellicles suggesting that 14 days is the maximum time needed for optimal BC 

growth. The thickness of the BC pellicles was also confirmed upon visual inspection which 

was captured photographically (Figure 3.5).  

 

Figure 3.4. Thickness (mean ± SD) of raw BC pellicles (mm) produced by G. xylinus ATCC 

23770 in HS medium at 30°C under static conditions at different incubation times (n=5). 
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Figure 3.5. Photographs displaying view from above and side view of BC respectively to show 

colour intensity and the effect of incubation time on the thickness of raw, non-purified BC 

pellicles after harvesting on day 7; (a(i) & (ii)), 14; (b(i) & (ii)) and 21; (c(i) & (ii)) (Photo 

credit: Parmjit Rai). 

a(i) 

b(i) 

c(i) 

a(ii) 

b(ii) 

c(ii) 
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The SEM images of raw, untreated BC (Figure 3.6) confirmed the presence of the rod-

shaped Gram-negative bacterium; Gluconacetobacter xylinus (Jozala et al., 2015). The images 

show a progressive increase in bacterial cells embedded within the BC microfibrillar network 

structure, as the incubation time of BC pellicles increases from day 7 to day 21 since the 

bacteria feed on the remaining medium, increasing the number of bacterial cells. 
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Figure 3.6. SEM images of untreated BC revealing progressive increase in bacteria cells and other fermentation debris after (a) 7 days incubation; (b) 14 days 

incubation, and (c) 21 days incubation, all images showing entrapped G. xylinus highlighted. 

(b) 

(c) 

(a) 
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The average thickness of the purified BC pellicles increases as the incubation time 

increases from day 7 to day 21 (Figure 3.7), however the thickness of the purified BC is lower 

than that of the raw, untreated BC. The two-step purification process may be responsible for 

this; boiling in 1% (w/v) NaOH and further boiling in deionised water removes all fermentation 

debris and by-products causing the thickness of pellicles to decrease once purified. 

 

 

 
 

Figure 3.7. Thickness (mean ± SD) of purified BC pellicles (mm) produced by G. Xylinus 

ATCC 23770 in HS medium at 30°C under static conditions at different incubation times (n=5). 

 

 

On visual presentation, there is no visible colour change as all purified BC pellicles 

were colourless and transparent (Figure 3.8). The process of BC purification  resulted in the 

removal of bacterial cells and fermentation by-products to reveal a clear, colourless 

biosynthetic hydrogel. The transparency of BC hydrogels is a huge advantage for clinicians as 

they can monitor the state of a wound without having to remove the dressing. This not only 

benefits health professionals but also reduces any pain caused to the patient by constant 

dressing changes.  
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Figure 3.8. Photographs displaying view from above and side view of BC to show the effect 

of incubation time on the thickness of purified BC pellicles after harvesting on day 7; (a(i) & 

(ii)), 14; (b(i) & (ii) and 21; (c(i) & (ii) (Photo credit: Parmjit Rai). 

a(i) 

b(i) 

c(i) 

a(ii) 

b(ii) 

c(ii) 
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SEM uses freeze-dried BC pellicles for analysis (Figure 3.9). Images reveal a high 

fibrous network structure of the BC which is thought to be produced by the cellulase synthase 

complex present in the cell membrane of Gluconacetobacter xylinus (Numata et al., 2019). The 

microfibrils interwine with one another to reveal enclosed pores and become more densely 

packed together as the BC incubation time increases (Figure 3.10). SEM imagery also shows 

no bacterial cells remain within the structure confirming effective purification with 1% NaOH 

and DI H2O. The images confirm BC has a dense three-dimensional microfibrillar network 

structure with a high surface area and porous nature (Esa et al., 2014). 

 

        
 

Figure 3.9. Photograph of freeze-dried purified BC pellicle after 14 days incubation displaying 

(a) view from above of BC and (b) side view of BC annotated with the thickness of the pellicle 

for SEM analysis. 

 

 

 

 

a) b) 

10.8mm 
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Figure 3.10. SEM images of purified BC after (a) 7 days incubation; (b) 14 days incubation, and (c) 21 days incubation, all images showing fibre network 

highlighted.  

(a) (b) (a) 

(c) 
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  3.4. Fourier Transform Infrared Spectroscopy (FTIR) 

It was important to deduce the structure and thus confirm identity of the obtained 

biopolymer. The polymer produced by G. xylinus in the HS medium was subjected to freeze 

drying before analysis. The FTIR spectra of a commercially available cellulose sample and 

purified BC are shown in Figure 3.11.  

The biopolymer obtained from HS medium were identified by FTIR as being BC 

(Figure 3.11(b)) showing similar characteristic peaks to FTIR spectra of commercially 

available cellulose (Figure 3.11(a)) at around band regions 3273 cmˉ1, 2931 cmˉ1, 1624 cmˉ1, 

1230 cmˉ1, 1159 cmˉ1 and 1034 cmˉ1.  

  

         

3273 

2931 
1624 

1230 

1159 1034 

2894 

3330 

1641 

1370 

1159 

1056 

(a) 

(b) 

Figure 3.11. FTIR spectra of (a) commercially available microcrystalline cellulose and (b) purified 

BC produced by G.xylinus ATCC 23770 in HS medium statically at 30°C for 14 days measured from 

400 to 4000cm-1.  
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The FTIR spectra of purified BC (Figure 3.11(b)) has similar characteristic absorption 

peaks to commercially available cellulose (Figure 3.11(a)) at band regions of 3273cmˉ1, 

2931cmˉ1, 1624cmˉ1, 1230cmˉ1, 1159cmˉ1 and 1034cmˉ1 (Vasconcelos et al., 2017). FTIR 

analysis confirms that purified biosynthetic BC hydrogel produced by G. xylinus echoes the 

structure of commercial cellulose (Figure 3.11(a)). The broad absorption peak at 3273cmˉ¹ is 

within the category of 3200-3500 cmˉ1 which is associated with stretching of hydroxyl (O-H) 

groups (Liyaskina et al., 2017). C-H stretching of the CH2 and CH3 group and O-H bending of 

absorbed water molecules are responsible for the peaks at 2931cmˉ1 and 1624cmˉ1 respectively. 

C-H bending is accountable for the peak at 1230cmˉ1, also indicating the presence of crystalline 

regions within the BC hydrogel (Castro et al., 2011). Finally, -C-O-C asymmetric bridge 

stretching and C-O symmetric stretching account for the peaks at 1159cmˉ1 and 1034cmˉ1 

respectively and confirm the structure of BC (Table 3.1) (Barud et al., 2008).  
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Table 3.1. Assignments of main infrared absorption bands in BC and commercial cellulose 

(Adapted from Barud et al., 2008). 

 

Wave number (cm-1) Assignment  

Bacterial Cellulose Commercial cellulose 

3273 3643 OH stretching  

 

2931 2961 CH stretching of CH₂ and 

CH₃ groups  

 

1624 1755 H-O-H bending of absorbed 

water and/or C=O stretching 

of amid 

 

1230 1237 C-O stretching of acetyl 

group 

 

1159 1167 C-O-C asymmetric bridge 

stretching  

 

1034 1054 C-O symmetric stretching of 

primary alcohol  

 

 

 

All the characteristic absorption peaks of the FTIR spectrum for purified BC and 

comparison with available literature suggests that the BC hydrogel produced by G. xylinus 

ATCC 23770 is similar to commercially available cellulose which confirms the structure of 

BC (Müller et al., 2011; Qiu et al., 2016).   

3.5. Crystallinity of BC  

An additional feature of BC is its high crystallinity which has a huge influence on its 

structure, porosity and drug transfer in the role of wound management (Santos et al., 2015). It 

is important to determine the crystallinity of a polymer as it can influence such properties like 

tensile strength and solubility. In this case, the mechanical properties of BC heavily rely on the 

crystallinity of cellulose which influences the BC structure formed during the biosynthesis 

process (Ruan et al., 2016).  
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XRD is an important tool for analysis of the structural features of pure polymers. XRD 

patterns allow the determination and quantity of crystalline phases in a polymer, in addition to 

ascertaining if any amorphous material is present. In this case pure freeze-dried BC was 

analysed and XRD was used to determine any differences in patterns of BC powder, 

mechanically ground flakes and the pellicle form (Figure 3.12). 
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Figure 3.12. Three different forms of BC, a) finely milled powder, b) flakes ground 

mechanically in a coffee grinder; and c) freeze-dried pellicle used for X-ray diffraction.  

 

a)  

b) 

c) 
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The x-ray diffraction patterns for BC in three different lyophilized forms i.e. milled 

powder, flakes and the original pellicle were obtained by an x-ray diffractometer (Empyrean 

PANalytical, Netherlands). The XRD spectra are shown in Figure 3.13.  

Cellulose biopolymer is a semi-crystalline material exhibiting both crystalline and 

amorphous regions (Ul-Islam et al., 2019). BC predominates from the cellulose Iα (triclinic 

unit cell) polymorph thus the crystal form of the structure is dictated by this (de Oliveira et al., 

2017).  

The semi-crystalline nature of BC finely milled powder, flakes and the pellicle form 

are indicated by the presence of broad crystalline peaks in the XRD spectra at 2-θ angles 14° 

and 22° assigned to the planes of 110 and 200 respectively which is typical of BC with an 

associated amorphous halo (Khalid et al., 2017). Peak intensity of the BC in its flake and 

pellicle form were slightly lower than BC milled powder which also reflects in the % 

crystallinity of each form. This is due to the differences in orientation of cellulose crystals in 

the powder sample compared to the mechanically ground and pellicle form of BC (Panaitescu 

et al., 2016).  

Results confirm that BC adopts a crystalline structure indicated by the characteristic 

peaks which goes hand in hand with the findings in literature (Mohammadkazemi et al., 2015).  
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Figure 3.13. X-ray diffraction patterns and corresponding % crystallinity for BC (a) powder, (b) flakes and (c) pellicle with the two major characteristic peaks 

at 2 theta, 14° and 22° and amorphous halo annotated.  

(a) 12.27% 

(b) 5.16% 

(c) 5.86% 

Amorphous 

halo 
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3.6. Water absorption capacity   

Owing to its porous microstructure and hydrophilic nature, BC has a high-water 

absorption capacity with the ability to retain water and maintain a moist wound healing 

environment (Portela et al., 2019). Despite the high-water retention of BC, the polymer remains 

intact due to its tightly packed cross-linked microfibrillar structure (Wang et al., 2016).  

In the current study, the effect of time, temperature, volume of water and BC 

biosynthesis time on rehydration of freeze-dried BC pellicles in deionised water were evaluated 

and water absorption capacity (WAC %) determined.   

3.6.1. Effect of rehydration time  

The flexibility of BC hydrogels allows them to alter size according to the environment 

they are in by absorbing and releasing free water (Shi et al., 2014). This is an important 

characteristic for wound dressing materials to provide moisture to a wound bed whilst also 

absorbing excess wound exudate to enhance wound healing.  

There was a slight decrease in WAC (%) of the BC pellicles from 1 to 4 hrs, after which 

a gradual increase up to 8 hrs can be observed (Figure 3.14). The longer the contact period 

between the freeze-dried BC pellicle and deionised water, the higher the WAC (%) indicating 

that WAC of a BC hydrogel is influenced by time. The highly porous and flexible structure of 

BC promotes water absorption thus the longer the BC pellicle is immersed in the water, the 

higher chance of the water becoming entrapped into the interspersed voids within the structure 

(Kirdponpattara et al., 2015).   
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Figure 3.14. The effect of rehydration time on the water absorption capacity of freeze-dried 

BC pellicles over an 8-hour period (mean ± SD) (n=3). 

 

BC has a high-water holding content due to its high porosity and large surface area 

which allow entrapment of large quantities of liquid (Chang and Chen, 2016). The longer the 

BC pellicle is in contact with the water, the higher the chance for hydrogen bond interactions 

resulting in a higher water holding content. It is not only important for BC to have the ability 

of absorbing a high amount of water but also to be able to retain the water for a long period of 

time. This property is vital for BC to act as an antimicrobial wound dressing to slowly release 

the antibiotic at the wound site over time but also to be able to absorb any exudate from sloughy 

wounds. The high moisture of a BC hydrogel also allows for ease of dressing changes causing 

minimal pain to the patient and reduced damage to newly formed skin (Mohite et al., 2014).  

3.6.2. Effect of rehydration temperature  

 Gao et al. (2011) showed that as temperature increased, the microfibrillar structure of 

BC starts to degrade and any water retention is compromised. Therefore, high temperatures can 

impact water absorption of a BC hydrogel.   
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Figure 3.15. The effect of rehydration temperature on the water absorption capacity of freeze-

dried BC (mean ± SD) (n=3). 

 

As temperature increases, the WAC (%) of the BC pellicle increases by 2.85% (Figure 

3.15). BC is known to have excellent thermal properties without its structure being disrupted 

up to a temperature of approximately 227°C (Barud et al., 2008; George et al., 2011). This 

could explain why BC can absorb more water at a higher temperature; it is possible that the 

increase in temperature encourages the formation of hydrogen bond interactions.  
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3.6.3. Effect of rehydration volume  

 The water absorption capacity of BC is dependent upon the arrangement of fibrils, 

surface area and porosity within the structure (Ul-Islam et al., 2012). The effect of rehydration 

volume using 50ml, 100ml and 150ml on WAC (%) were investigated (Figure 3.16). 

 

 

Figure 3.16. The effect of rehydration volume on the water absorption capacity of freeze-dried 

BC (mean ± SD) (n=3). 

 

 

As the rehydration volume of deionised water increases, the WAC (%) of BC increases 

(Figure 3.16). Due to the high surface area and highly porous nature of BC, the water collects 

within the pores and bonds to the cellulose fibres via hydrogen bonding (Ul-Islam et al., 2012). 

For this reason, BC has a higher WAC (%) with a higher rehydration volume of deionised 

water, as there is increased contact of the enclosed pores within BC and the water to form 

hydrogen bonds.   

This high-water holding capacity of BC is vital for the release of active substances into 

the wound site which is facilitated by a moist wound healing environment. In addition, this 

property also allows for ease of removal between dressing changes (Shezad et al., 2010). 
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3.6.4. Effect of incubation time on the water absorption capacity of BC  

 In addition to promoting the penetration of therapeutic substances into a wound, a moist 

environment also protects wounds against microbial invasion (Lin et al., 2013). 

 

Figure 3.17. The effect of BC incubation time on the water absorption capacity of freeze-dried 

BC (mean ± SD) (n=3). 

 

 

As the BC incubation period increases, the WAC (%) of the BC increases from 7 to 14 

days, after which there is a considerable decrease at 21 days (Figure 3.17). After 14 days 

incubation, BC growth is hindered due to the lack of oxygen available for the bacterial cells. 

This is especially true for BC production under static conditions (Ruka et al., 2012). BC 

produced at 14 days may have a larger surface area and thus higher porosity than that produced 

at 21 days due to excess HS growth medium and other fermentation debris leading to fewer 

voids available between the microfibres for water to collect. Referring to the SEM image of 

purified BC after 21 days incubation (Figure 3.10 (c)), although there is an increased fibre 

network, there is reduced porosity leading to less water becoming entrapped compared with 

BC after 14 days incubation.         
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3.7. Thermogravimetric analysis (TGA) 

 An ideal wound dressing needs to withstand temperatures of the wound 

microenvironment. Dini et al. (2015) study found the temperature of wound beds to be between 

31°C and 35°C for data based on 24 patients with skin ulcers. 

 The freeze-dried BC hydrogel pellicles were analysed in terms of thermal 

decomposition by thermogravimetric analysis (TGA) (Figure 3.18), a widely used technique 

for pre-formulation studies. TGA is an analytical tool used to assess the thermal decomposition 

of a material by monitoring the change in mass that occurs as a sample is heated at a constant 

rate. Thermal analysis can determine changes in physical and chemical properties of the BC 

hydrogel. Any degradation due to high temperatures could lead to unwanted properties like BC 

discoloration, in addition to poor mechanical stability (Poletto et al., 2012). Furthermore, TGA 

allows us to understand the thermal decomposition reaction and helps in determining storage 

conditions. 
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Figure 3.18. TGA curve of freeze-dried BC pellicle heated from 20-500°C at 5°C/min under 

constant nitrogen flow (20 mL per minute) annotated with % weight losses. 

 

 The TGA curve of freeze-dried BC pellicle (Figure 3.18) showed percentage weight 

losses between room temperature and 100°C (≈10%) and 100°C to 220°C (≈90%). The initial 

reduction in weight of 10% could be due to the BC losing surface water, while thermal 

degradation of the BC accounted for the second weight loss (90%), corresponding to the 

removal of water and decomposition of the BC including depolymerization of the glucose 

respectively.  
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Literature suggests that the crystallinity of a sample could be responsible for its thermal 

stability. Although BC is a highly crystalline structure; XRD results for this BC sample show 

it to have a crystallinity of 12.27% which could explain the reason for such a high percentage 

weight loss in the BC sample (Mohammadkazemi et al., 2015).  

Nevertheless, BC can withstand temperatures of between 31°C and 35°C of the wound 

microenvironment and is not required to withstand exceptionally high temperatures.  

3.8. Discussion  

Wound healing involves a cascade of complex interactions between different types of 

cells, growth factors and cytokines, with the aim of achieving restoration of tissue integrity 

(Totolli et al., 2020). Chronic non-healing wounds are defined as those which do not follow 

the sequential pathway of the wound healing process, thus fail to restore the skins integrity at 

the injured site (Gupta et al., 2021). These wounds generally have an underlying cause such as 

venous or arterial disease, diabetes mellitus or pressure ulcers and they present a growing 

global health concern due to the increase in the elderly, obese and diabetic population 

(Krzyszczyk et al., 2018). Some of the key features exhibited by most chronic non-healing 

wounds include prolonged inflammation, recurrent infections, and the formation of drug-

resistant microbial biofilms (Li et al., 2021; Lombardi et al., 2019).  

Many antibiotic and non-antibiotic therapeutic treatments exist to alleviate the signs of 

chronic wound infection, but the occurrence of multi-drug resistant bacterial strains is 

becoming an increasing problem and continues to cause a challenge in the wound management 

field (Qiao et al., 2019; Salisbury et al., 2018). 

The conventional approach to wound healing involves forming a barrier against the 

external environment and keeping the wound dry, but this method fails to promote healing in 

chronic non-healing wounds. The concept of moist wound healing in advanced wound 
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management introduced by Winter in 1962, facilitates healing in such wounds by promoting 

the epithelialisation process allowing easy migration of the epithelial cells to the wound bed 

and thus promoting rapid wound healing (Nuutila and Eriksson, 2021; Tan and Dosan, 2019). 

This idea of moist wound healing has been at the forefront in the development of advanced 

wound care products such as hydrogels, hydrocolloids, foams and film dressings (Weller et al., 

2019). 

Hydrogel wound dressings have revolutionised the field of wound management. These 

promising materials fulfil requirements of keeping the wound moist while absorbing excess 

exudate, providing pain relief by having a cooling effect on the skin and have the potential for 

providing drug delivery to the wound site to facilitate wound healing (Koehler et al., 2018). By 

incorporating other biomaterials, hydrogels have the additional advantage of being 

multifunctional to achieve antibacterial, antioxidant and mechanical properties (Asadi et al., 

2021).   

In the current study, BC was selected as the biopolymer of choice to produce hydrogels 

for wound management applications. BC is highly pure, biocompatible, non-toxic, provides a 

moist wound healing environment whilst also controlling wound exudates, can be applied to 

the wound bed painlessly and removed without causing any pain to the patient and provides a 

good physical barrier displaying mechanical strength (Savitskaya et al., 2019). Although 

chemically equivalent, unlike plant cellulose which contain hemicellulose, pectin and lignin, 

bacterial cellulose is free from these impurities making it highly pure, thus suitable for use in 

biomedical applications (Illa et al., 2019).  

Bacterial cellulose was synthesised from G. xylinus ATCC 23770 at the air-liquid phase 

in HS medium under static conditions at 30°C. After 7 days, the BC pellicles produced had an 

average thickness of 9 ± 0.79mm, which could be observed floating in the HS medium and 

took the shape of the culture vessel (Figure 3.1). After 14 days, there was only a slight increase 
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in thickness of the pellicles indicating that 14 days was the optimal time needed for maximum 

growth of BC pellicles. After this time, the bacterial cells become starved of oxygen due to the 

limited oxygen supply under static conditions which hinders further growth of the BC (Ruka 

et al., 2012). Agitated fermentation is known to produce a higher BC yield, however the 

presence of mutants which can spread at a rapid pace are harmful to BC and this can lead to a 

considerable reduction in BC yield (Fernandes et al., 2020).  

After incubation, the BC pellicles were harvested and ready for the purification process 

to remove entrapped bacterial cells and excess HS medium. The SEM results confirm the 

progress of the purification stages (Figure 3.3). The SEM micrograph of raw, non-purified BC 

confirms the presence of the rod-shaped G. xylinus bacterial cells before the purification 

process (Figure 3.3 (a)) and Figure 3.3 (c) where BC has been through the full purification 

process of boiling in 1% NaOH followed by deionised water, reveals a porous, ultra-fine 

network structure with the absence of bacterial cells and fermentation by-products. The results 

from the purification process of BC are also confirmed via the colour changes of the BC 

pellicles (Figure 3.2). Once purified, BC pellicles became colourless and transparent (Figure 

3.2 (c)), an ideal characteristic of wound dressings that allows the state of a wound to be 

monitored visually by healthcare professionals without the need for constant dressing changes 

(Tabaii and Emitiazi, 2018). 

During cultivation, G. xylinus produced BC with a porous and ultra-fine nanofibril 

structure which was confirmed via the SEM micrographs (Figure 3.3 (c)). The images show 

BC to have a dense microfibrillar network structure with high porosity allowing for the 

inclusion of potential active substances. The SEM micrographs (Figure 3.3. (c)) are also in 

accordance with SEM images of purified BC found in the literature (Swingler et al., 2021).   

Traditional wound dressings included the use of cotton wool, bandages, and gauze to 

protect the wound. Although these types of dressings helped to an extent by absorbing excess 
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wound exudate and providing a physical barrier for prevention of infection; they failed to 

provide a moist wound healing environment. This in turn resulted in the wound becoming dry 

and adhesion to the wound bed causing pain and trauma to the patient on dressing changes 

(Guo et al., 2018).  

Modern wound dressings provide a warm and moist environment to promote wound 

healing, whilst absorbing and retaining excess wound exudate. Water absorption capacity is 

therefore a key feature of wound dressings in ensuring an optimal wound environment to 

accelerate wound healing (Cai et al., 2018). This feature is not only beneficial for absorption 

of exudates and preventing moisture loss, but also facilitates wound healing by accelerating 

proliferation of epithelial cells and formation of new tissue (Mohamad et al., 2014; Shao et al., 

2016).  

BC has a high-water holding content due to its high porosity and large surface area 

which allow entrapment of large quantities of liquid (Chang and Chen, 2016). BC itself is not 

soluble in water and many standard organic solvents, but its fibrous structure allows it to imbibe 

large amounts of fluid when immersed in aqueous media (Gao et al., 2019; Lin et al., 2013). 

The current study evaluated the effect of four different variables i.e., the effect of time, 

temperature, rehydration volume and BC biosynthesis time on water absorption capacity of 

freeze-dried BC pellicles.   

In terms of the effect of time on water absorption capacity of BC, the WAC (%) 

increased as the contact period between the BC pellicle and the water increased (Figure 3.14). 

The high-water absorption capacity of BC is a result of the development of hydrogen bonds 

with the water molecules, the longer the BC pellicle is in contact with the water, the higher the 

chance for hydrogen bond interactions to occur, resulting in a higher water holding content. 

These results are also in line with those in the literature. The high-water absorption capacity of 
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BC in water is owed to the high number of hydrogen bonds formed predominantly with the 

available hydroxyl groups in the amorphous regions of the BC (Rivero-Buceta et al., 2020). 

Two temperatures (30°C and 37°C) were selected as the rehydration temperature 

variables for the WAC of freeze-dried BC in water. These were the two temperatures of choice 

due to them being the closest to normal body temperature (36.5°C-37.5°C) which can vary and 

tends to be lower around areas such as the nose and the feet. Research also shows that normal 

wound bed temperature is within ranges of 30.2°C-37.0°C (Gethin et al., 2021; Wang et al., 

2019). BC had a high-water absorption capacity of between 80%-90% at both temperatures, 

the WAC (%) of BC increased by 2.85% as the temperature increased (Figure 3.15). BC has a 

network-like structure interspersed with voids, which allow BC to draw up and retain water 

molecules within the void spaces (Figure 3.3 (c)) (Halib et al., 2019). Generally, as the 

temperature increases, the strength of hydrogen bonds should decrease thus absorption capacity 

should also decrease (Alonso et al., 2007). Although a minimal increase in WAC (%), there 

was only a 7-degree difference between the temperatures used, therefore there should not be a 

major impact on the strength of the hydrogen bonding. In hindsight, to show more of a 

difference in WAC (%) at different temperatures, two very different temperatures should have 

been chosen. Nevertheless, 30 and 37°C were selected as the temperatures of choice to provide 

a true representation of a wound environment.  

It is very difficult to measure the amount of wound exudate in practice. In healthcare 

settings, terms used to describe the amount of wound exudate tend to be ‘light’ ‘moderate’ and 

‘heavy’, however these terms will have a different meaning for different healthcare 

professionals. The type of wound and amount of wound exudate can also change daily 

(Nichols, 2016). For this reason, it was difficult to justify the three rehydration volumes of 

water used but 50ml, 100ml and 150ml were the appropriate amounts according to the average 

thickness of the freeze-dried BC pellicles used (10.80 ± 0.56mm). From experience, when the 
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BC is stored in deionised water at 4°C, the BC tends to imbibe large amounts of water leaving 

small amounts of excess water, thus requiring fresh water to be added.   

As the rehydration volume of water increased, the WAC (%) of freeze-dried BC 

increased (Figure 3.16). The high-water holding capacity of BC can be attributed to the many 

hydroxyl groups of cellulose. It is thought that the free water molecules in BC account for 10%, 

whereas the other water molecules are trapped via hydrogen bonding to the cellulose hydroxyl 

groups (Zhong, 2020).  

The ability of BC hydrogels to have a high-water absorption capacity is vital for 

creating a moist wound healing environment. This feature allows BC to maintain a moist 

environment by donating moisture and absorbing any exudate particularly from sloughy 

wounds. The high moisture of a BC hydrogel also allows for ease of dressing changes causing 

minimal pain to the patient and reduced damage to newly formed skin (Mohite et al., 2014).  

Although BC boasts some remarkable features, it lacks inherent antimicrobial 

properties which are necessary for the treatment of infected chronic wounds (Almasi et al., 

2018). BC has displayed good water absorption capacity necessary for the transfer of active 

substances. The next study observes loading of the BC pellicle with silver, a common 

antimicrobial agent where antimicrobial activity will be assessed. Furthermore, other necessary 

physico-chemical characteristics including water vapour transmission rate shall be evaluated 

to optimise the formulation. 

3.9. Conclusion  

Bacterial cellulose is an ideal biosynthetic hydrogel for application in wound healing. 

With the many features it exhibits from good mechanical strength, high porosity, high water 

absorption capacity to high crystallinity, BC is a potential candidate for use as a potential 

wound dressing material.  
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4. PHYSIOCHEMICAL CHARACTERISATION OF BC AND ANTIMICROBIAL-

LOADED HYDROGELS: BACTERIAL CELLULOSE VERSUS DRUG DELIVERY 

SYSTEM (DDS)-IN-BC PERFORMACNE IN VITRO  

 

4.1. Introduction  

This chapter focuses on the incorporation of a liposomal drug delivery system into the 

bacterial cellulose hydrogel as a controlled release delivery vehicle for antimicrobial silver 

nitrate. The importance of a drug delivery system is to ensure that the drug is administered to 

the patient and targeted at the site of action rather than to other unwanted areas which could 

potentially lead to side effects (Devi et al., 2010). Liposomes are a specialised drug carrier 

system; they are spherical, lipid bilayer vesicles with a large aqueous inner core for allowing 

encapsulation and delivery of medicinal agents. The structure of liposomes enables them to 

entrap both lipophilic and hydrophilic agents (Bozzuto and Molinari, 2015).  

The current study focusses on silver as an antimicrobial agent which has long been used 

in wound healing dating back to 69 BC, with applications ranging from healthcare and food 

industry to hard surface materials and textiles. However, with so many existing uses and silver 

toxicity on the rise, the challenge is to maintain a balance of an effective concentration 

providing enough antimicrobial activity without developing the problem of resistance (Murphy 

& Evans, 2012).  

The favourable characteristics of hydrogels and liposomes are an exciting prospect for 

wound management applications. The versatility of these two drug delivery systems, including 

high water absorption capacity coupled with the ability of encapsulating both hydrophilic and 

lipophilic drugs, shows the potential for wound responsive release to improve the eradication 

of wound infecting pathogens, whilst reducing the toxic side effects of a broad spectrum 

antimicrobial agent. The aim of this work was to delve into this challenge and investigate the 

safety and toxicity profile of silver incorporated into a hydrogel.   
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This investigation explored the antimicrobial activity of aqueous silver nitrate 

(AgNO3), liposomal AgNO3 (Lipo-Ag+), AgNO3 loaded into bacterial cellulose (BC-AgNO3), 

silver zeolite (AgZ) loaded into BC (BC-AgZ) and liposomal AgNO3 embedded in a 

biosynthetic bacterial cellulose hydrogel (BC-Lipo-Ag+), against two common wound 

infecting pathogens in vitro, namely Pseudomonas aeruginosa NCIMB 8295 and 

Staphylococcus aureus NCIMB 6571. Physicochemical characterisation studies for the 

formulations including but not limited to SEM, EDX, FTIR and WVTR were explored. Finally, 

silver release from the BC pellicles alongside the safety and toxicity profiles of the 

formulations were examined.   

4.2. AgNO3 and BC-AgNO3  

In chapter 3, SEM imagery revealed BC to have a microfibrillar network with 

interspersed voids scattered throughout the structure (Figure 3.2 (c)). Thus, due to the highly 

porous nature of BC, SEM confirmed the possibility of drug loading into the BC matrix as a 

possibility to assist in the wound healing process.  

The BC hydrogel was loaded with AgNO3 antimicrobial agent as a potential controlled 

drug delivery system for wound management applications to reduce silver toxicity. MIC/MBC 

levels determined for AgNO3 against the two common wound infecting pathogens; P. 

aeruginosa and S. aureus were found to be 1.95 x 10⁻³ % (w/v) and 7.81 x 10⁻³ % (w/v) 

respectively. Unfortunately, results from turbidity testing used to assess MIC/MBC levels were 

not as valid as light/air oxidation of the silver resulted in all tubes other than TSB alone 

displaying turbidity. Therefore, all samples were plated onto fresh TSA plates and MIC/MBC 

levels assessed after 24 hours. Although the MIC/MBC levels provided a basis for drug loading 

into the BC, they were not used as the final drug loading concentrations as it was possible not 

all the drug would be successfully loaded into the porous structure of the BC. For this reason, 

1% and 2.5% AgNO₃ were used as the starting concentrations for drug loading.  
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The loading of AgNO₃ into the BC hydrogel (BC-AgNO3) was confirmed by SEM, 

EDX and FTIR.  

4.2.1. Confirmation of BC structure and the presence of Ag+ (FTIR) 

FTIR results confirmed the presence of Ag+ in the BC structure with the characteristic 

peaks displayed and their corresponding band regions (Figure 4.1).  

 

 

 

 

Figure 4.1. FTIR spectra for (a) purified BC; (b) AgNO₃ crystals and (c) BC-AgNO₃ from 400 

to 4000 cm-1. 
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FTIR analysis confirms the loading of AgNO₃ into the BC matrix. The FTIR spectra of 

BC-AgNO₃ adopts similar characteristic peaks of both the purified BC and AgNO₃ FTIR 

spectra (Figure 4.1).  

BC has characteristic absorption peaks at 3272cm-1, 2931cm-1, 1624cm-1, 1230cm-1 and 

1159cm-1 (refer to Table 3.1). The characteristic peaks for Ag are 790cm-1 and 727cm-1 

meanwhile the peak at 1350cm-1 falls within the vibration bands region of 1350-1400cm-1, 

which is attributed to nitrate ions (NO3ˉ) (Salim and Malek, 2016).  

FTIR analysis confirms the incorporation of AgNO3 into the BC hydrogel matrix and 

ultimately the formation of a BC-AgNO₃ hydrogel.  
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4.2.2. Imaging and sizing of BC and BC-AgNO₃ (SEM) 

 

In addition to FTIR analysis, SEM imaging also confirmed the loading of AgNO₃ into 

the BC matrix which can be observed in Figure 4.2 (b). 

    

  

 

Figure 4.2. SEM images of (a) purified BC, fibre network highlighted; (b) BC loaded with 1% 

(w/v) AgNO₃ under constant agitation, impregnated AgNO₃ in BC network highlighted.  

a) 

b) 
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The SEM image of lyophilised pure biosynthetic BC (Figure 4.2 (a)) reveals a high 

dense network of an almost fine ribbon like structure produced by G. xylinus. The occurrence 

of interspersed voids throughout the network of the microfibrillar structure can also be 

observed. When padded dry BC pellicles were rehydrated by immersing in 1% (w/v) AgNO₃, 

the interspersed voids became physically entrapped with silver microcrystals within the BC 

fibre network (Figure 4.2 (b)). SEM also confirms that widespread consistent loading of the 

silver was achieved and a BC-AgNO₃ hydrogel was produced successfully.  

4.2.3. Confirmation of silver loading 

Elemental analysis was carried out by EDX studies. Analysis confirmed the presence 

of silver in 1% BC-AgNO₃ hydrogel (Figure 4.3).  

 

 

 

 

 

 

 

Figure 4.3. EDX spectra for (a) purified BC, (b) 1% AgNO₃ and (c) 1% BC-AgNO₃ hydrogel 

displaying the characteristic elemental peaks. 

 

  (a) 

   (b) 

   (c) 
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Results confirmed the composition of BC with the presence of the characteristic peaks 

carbon and oxygen and the composition of AgNO₃ with the presence of the silver peaks. In 

addition to carbon and oxygen, silver was also detected in the EDX spectra for 1% (w/v) BC-

AgNO₃ hydrogel confirming not only the presence of silver but also the incorporation of silver 

into the BC network structure. The findings of the EDX spectra confirm the formation of a BC-

AgNO₃ hydrogel.  

4.2.4. Antimicrobial activity  

Opportunistic pathogens can invade wounds, causing impaired wound healing and 

eventually leading to a chronic state of a wound (Woodburn et al., 2019). Silver antimicrobial 

agents are established as having broad antimicrobial activity against both Gram-negative and 

Gram-positive bacteria (Chen et al., 2018).  

The antimicrobial activity of 1% (w/v) and 2.5% (w/v) BC-AgNO₃ (loaded under 

agitated conditions in both hydrated and rehydrated BC) and aqueous AgNO₃ against two 

common wound infecting pathogens; Pseudomonas aeruginosa NCIMB 8295 and 

Staphylococcus aureus NCIMB 6571 was investigated using the disc diffusion assay over a 72 

hour period for BC-AgNO₃ and over 24 hours for aqueous AgNO₃ (n=3). Pure BC was used as 

a control. Results are presented for ZOI (mm) and displayed in Figure 4.4. Figure 4.5 

represents the images from the disc diffusion assay for the ZOI data after 24 hours for both 1% 

and 2.5% BC-AgNO₃ against the two common wound pathogens in question. 
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Figure 4.4. Antimicrobial activity assessed by ZOI against P. aeruginosa and S. aureus using 

the disc diffusion assay for a) 1% (w/v) BC-AgNO₃ hyd b) 2.5% (w/v) BC-AgNO₃ hyd c) 1% 

(w/v) BC-AgNO₃ rehyd d) 2.5% (w/v) BC-AgNO₃ rehyd & e) 2.5% and 1% (w/v) aqueous 

AgNO₃ (n=3; error bars=SD). 
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Figure 4.5. Images representing ZOI (mm) data for a) b) & c) 1% and 2.5% (w/v) BC-AgNO₃ and plain BC against P. aeruginosa and d) e) & f) 1% 

and 2.5% (w/v) BC-AgNO₃ and plain BC against S. aureus over 24h at 37°C (n=3). 

a) c) b) 

e) d) f) 
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It was important to test the antimicrobial activity against both Gram-positive and Gram-

negative bacteria to demonstrate the scope of activity the hydrogel may have against a whole 

host of bacteria.  

The disc diffusion assay revealed aqueous AgNO₃ and BC-AgNO₃ to exhibit 

antimicrobial activity against P. aeruginosa and S. aureus over 24 and 72 hours (Figure 4.4). 

Pure BC exhibited no antimicrobial activity which confirmed that silver was responsible for 

any antimicrobial activity throughout the investigation.  

The assay also compared antimicrobial activity between hydrated (padded dry prior to 

immersing in AgNO3) and rehydrated (freeze-dried prior to rehydration in AgNO₃) BC pellicles 

for 1% and 2.5% (w/v) BC-AgNO₃ (Figure 4.4 (a-d)). On observation from the graphs, it can 

be noted that both 1% and 2.5% (w/v) AgNO₃ loaded onto rehydrated BC exhibits a higher 

antimicrobial activity against P. aeruginosa and S. aureus compared with 1% and 2.5% (w/v) 

AgNO₃ loaded onto hydrated BC. Rehydrated BC is classed as BC which has been loaded with 

suspension after it has been through the freeze-drying process for 48 hours. Hydrated BC is BC 

which has been padded dry with filter paper to remove as much excess water as possible before 

loading, however it is not completely free from water molecules. With this is mind, it could be 

possible that during the loading process, more AgNO₃ microcrystals became entrapped in the 

freeze-dried BC in comparison to the padded dry BC due to a higher number of available pores. 

Some of the pores within the padded dry BC may be occupied with water molecules leaving 

less room available for the uptake of AgNO₃, thus rehydrated BC has a higher antimicrobial 

effect.  

ZOI was also observed with free AgNO₃ over a 24-hour period (Figure 4.4(e)). The 

2.5% (w/v) aqueous AgNO₃ exhibited a higher antimicrobial effect compared with 1% (w/v) 

aqueous AgNO₃ which is due to the higher silver content present in 2.5% (w/v) aqueous 

AgNO₃.  
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A possible mechanism of action for the antimicrobial activity revealed by BC-AgNO₃ 

and AgNO₃ could be down to the contact between the silver and bacterial cell wall. Once in 

contact, silver ions are taken in which causes damage to the bacterial cell. The silver ions then 

become highly reactive oxygen species (ROS) disrupting the bacterial cell components, leading 

to its antimicrobial effect (Rai et al., 2009).  

Results revealed that both BC-AgNO₃ and aqueous AgNO₃ had a higher antimicrobial 

effect against P. aeruginosa compared with S. aureus (Figure 4.4). This could be due to the 

differences in the bacterial cell wall structures. The cell wall of Gram-positive species (S. 

aureus) contain a higher peptidoglycan content compared with Gram-negative species (P. 

aeruginosa); peptidoglycan is negatively charged owing to teichoic acid which is present in 

higher amounts in Gram-positive bacteria. The overall negative charge binds to cations, 

reducing the amount of silver that can reach the plasma membrane. Therefore, S. aureus are 

less susceptible to the antimicrobial effect of silver compared with P. aeruginosa (Copcia et 

al., 2011).  

These findings are in accordance with Wilkinson et al. (2018) who discovered that 

silver bioactive glass exhibited higher antimicrobial activity against P. aeruginosa compared 

with S. aureus in an ex vivo skin wound biofilm model. This was due to the differences in 

structures of the bacterial cell walls. Gram-positive S. aureus is surrounded by a thicker 

peptidoglycan cell wall in comparison to Gram-negative P. aeruginosa leading to an increased 

resistance to antibiotics. Nevertheless, Ag+ has shown to exhibit antimicrobial activity against 

different wound infecting pathogens, including drug resistant S. aureus. Thus, novel BC-

AgNO3 biosynthetic hydrogel could potentially be used to treat infected, chronic wounds. 
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4.2.5. Swelling Ratio  

Not only is the swelling behaviour of a hydrogel important for the potential application 

as a wound dressing material for the absorption of wound fluid and exudates but it is also a 

vital property in terms of drug delivery. The swelling of a hydrogel can have an impact on drug 

release to the site of action at the wound bed (Pereira et al., 2013). The quantity of drug 

absorbed in a hydrogel is dependent on its porosity and surface area. Bacterial cellulose has a 

high surface area and pore volume with a high swelling ratio and therefore a greater volume of 

drug is absorbed into the BC network. Hence the porosity and swelling behaviour of a hydrogel 

has an impact on the encapsulation efficiency of a drug (Treesuppharat et al., 2017).  

Figure 4.6 shows the results of the swelling ratio of pure BC, 1% (w/v) BC-AgNO₃ 

and 2.5% (w/v) BC-AgNO₃ immersed in 100ml of deionised water. 

 

Figure 4.6. Swelling ratio for pure BC, 1% (w/v) BC-AgNO₃ and 2.5% (w/v) BC-AgNO₃ in 

deionised water over 24 hours (n=3, error bars=SD). 

 

The swelling ratio of pure BC, 1% (w/v) BC-AgNO₃ and 2.5% (w/v) BC-AgNO₃ in 

water was 1.63 ± 0.72, 4.54 ± 0.37 and 3.96 ± 0.25 respectively (Figure 4.6). The swelling 

ratio of 1% (w/v) BC-AgNO₃ immersed in DI H2O was almost three times higher compared 

0

1

2

3

4

5

6

BC 1% (w/v) BC-AgNO₃ 2.5% (w/v) BC-AgNO₃ 

S
w

el
li

n
g
 R

a
ti

o

Formulation



134 
 

with pure BC indicating it has the highest potential of the three formulations as a wound 

management application for highly exuding wounds.  

When the padded dry BC pellicles were rehydrated in their specific formulations i.e. 

1% or 2.5% (w/v) aqueous AgNO₃; the AgNO₃ crystals fill the interspersed voids within the 

BC network. When the loaded BC pellicles are immersed in deionised water, the water 

molecules become entrapped within the network structure of BC, resulting from the formation 

of hydrogen bonds. It is possible that the 1% (w/v) BC-AgNO₃ had more void space available 

within the BC network compared with pure BC and 2.5% (w/v) BC-AgNO₃ allowing more 

water to become penetrated within the porous network (Lin et al., 2013).  

The high swelling ability of BC-AgNO3 hydrogel renders it a suitable application for 

wound healing, maintaining a moist environment, hence providing the optimum wound healing 

environment for chronic wounds to progress through the healing stages. 

4.2.6. Passage of water vapour (BC vs. BC-AgNO₃) 

One of the fundamental properties of a hydrogel for potential as a wound dressing is its 

ability to provide optimal moisture to the wound bed. The water vapour transmission rate 

(WVTR) is one of the parameters utilised to rate a dressing in terms of its ability to control 

water loss. Nonetheless, a wound dressing should not have an exceptionally high WVTR 

whereby it could dehydrate the wound, nor should it have a very low WVTR where wound 

exudate cannot be absorbed efficiently. Thus, a wound dressing should have the optimal 

WVTR to provide a moist environment in promoting healthy wound healing (Xu et al., 2016).  

The WVTR was recorded as the weight loss from the samples versus time. Table 4.1 

displays the range of WVT rates (g/m2/day) for three different BC formulations. 
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Table 4.1. Water vapour transmission rate of BC, 1% (w/v) BC-AgNO₃ and 2.5% (w/v) BC-

AgNO₃ tested under 21°C and 50% relative humidity conditions (n=3). 

 

Literature claims that a WVTR of between 2000-2500 g/m²/day is the optimal rate a 

wound dressing should possess to promote natural wound healing. However, not all 

commercial wound dressings acquire this level of WVTR, since the treatment of wounds range 

from dry, necrotic wounds to highly exuding wounds, therefore requiring different levels of 

moisture (Elsner and Zilberman, 2010).  

Research suggests that a WVTR of between 2000-2500 g/m²/day is the optimal rate a 

wound dressing should possess to promote natural wound healing (Elsner and Zilberman, 

2010). The results indicate that 2.5% (w/v) BC-AgNO₃ hydrogels falls within the 

recommended range making it suitable for wound healing applications. Furthermore, results 

reveal a higher water loss from neat BC hydrogels compared with 1% and 2.5% (w/v) BC-

AgNO₃ hydrogels. This was assumed to be due to the loading of BC with AgNO₃ reducing the 

availability of pores for the transmission of water, thus causing a lower transmission of water 

in the test hydrogels compared with neat BC.  

4.2.7. Incorporation efficiency of silver in BC hydrogels  

 Inductively coupled plasma (ICP) was the analytical technique used to calculate the 

incorporation efficiency (IE%) of silver in 1% and 2.5% (w/v) BC-AgNO₃ pellicles. Table 4.2 

shows the readings and the calculated IE (%).  

Formulation  BC pellicle thickness 

(mm) 

WVTR (g/m2/day) 

BC 2.16 ± 0.29 2074.46 – 2258.84 

1% (w/v) BC-AgNO₃ 2.41 ± 0.52 643.74 – 929.56 

2.5% (w/v) BC-AgNO₃ 2.5 ± 0.5 1846.38 – 2108.96 
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Table 4.2. Incorporation efficiency of Ag+ in 1% & 2.5% (w/v) BC-AgNO₃ hydrogels 

determined using ICP analysis. 

Sample Average ICP 

reading (PPM) 

Dilution Amount of encapsulated Ag+ 

(mg/ml) (Average ICP 

reading / dilution / 1000) 

*BC-AgNO₃ (1% w/v) 

 

474.86 ± 16.5 0.25 1.9 

*BC-AgNO₃ (2.5% w/v) 

 

1002.03 ± 17.36 0.25 4 

  BC 0.00 0.00 0.00 

 

*=In this instance: 1.9mg/ml = 0.0019g/ml = 0.19g/100ml which is the equivalent to 0.19% 

Ag+ in 100ml solution  

*=In this instance: 4mg/ml = 0.004g/ml = 0.4g/100ml which is the equivalent to 0.4% Ag+ in 

100ml solution  

 

According to the data, 2.5% (w/v) BC-AgNO₃ contains a higher silver content 

compared with 1% (w/v) BC-AgNO₃ as expected. The results also confirm the incorporation 

of silver into the BC fibre network resulting in the formation of BC-AgNO₃ hydrogels.  

4.2.8. In vitro release of silver  

Silver bioavailability determines the amount of active drug that reaches the site of 

action. It is therefore vital to understand the mechanism of drug release to enable optimisation 

of the release process but also to aid in the design of a drug delivery system (Wang, 2009).  

Silver is released from both 1% and 2.5% (w/v) biosynthetic BC-AgNO₃ hydrogels over 

72 hours as determined by ICP analysis (Figure 4.7). 
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Figure 4.7. Cumulative silver release of 1.0% & 2.5% (w/v) BC-AgNO₃ over a 72-hour 

period (n=3, error bars=SD).  

 

Results reveal that Ag+ release was greatest within the first 8 hours for both 1% (w/v) 

and 2.5% (w/v) BC-AgNO₃ hydrogels, indicating a burst release. After 8 hours, the release 

continues to increase for both formulations but at a much steadier rate.  

A higher amount of silver is released from 2.5% (w/v) BC-AgNO₃ over 72 hours 

compared with 1% (w/v) BC-AgNO₃ which was expected due to a higher incorporation 

efficiency of silver available in the formulation (refer to Table 4.2).  

This method of silver release does not consider factors such as type of wound, volume 

of exudate and the size of the dressing. Silver release from the wound dressing will be 

dependent on these factors. In addition, the environment used in this study is not representative 
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of a true wound microenvironment. Factors such as presence of bacteria, inflammatory 

cytokines, neutrophils, blood and oxygen supply to the wound and hydrolytic enzymes would 

need to be taken into account for this to happen (Zarei and Soleimaninejad, 2018). However, 

this study is a good indicator of the release profile of silver from BC-AgNO3 hydrogels.  

4.2.9. Cytocompatibility (in vitro study)  

 Cytocompatibility is an important property for potential candidates to be suitable for 

use as wound dressing materials. One of the features of BC which has commonly been tested 

and documented in literature is its biocompatible nature.  

Figure 4.8. HEp-2 cell viability (%) as determined by MTT assay after 24, 48 & 72h exposure 

to BC, BC-AgNO₃ and free AgNO₃ (equivalent amounts) (n = 6).  
 
 

BC has good cytocompatibility which explains the reason for so many BC products 

available on the market from temporary skin substitutes to artificial blood vessels (Li et al., 

2009). The biocompatible nature of BC is also confirmed in this investigation. The cytotoxicity 

test reveals both 1% and 2.5% BC-AgNO₃ hydrogels to have better compatibility compared 

with the free drug since the Human epithelial type 2 (HEp-2) tested cell line demonstrated a 

better survival rate with the BC hydrogel as opposed to the free agent. Silver is known to have 
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toxic effects on mammalian cells which is well documented in literature. Nevertheless, this test 

confirms reduced silver toxicity with silver loaded in a biosynthetic BC hydrogel. The 

corresponding photomicrographs also confirm the results of the cytotoxicity testing (Figure 

4.9).
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                Figure 4.9. Photomicrographs of HEp-2 cells (10x magnification) after exposure to pure BC, BC-AgNO₃ and free AgNO₃ for 24, 48 & 72 h. 
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Figure 4.9. cont. Photomicrographs of HEp-2 cells (10x magnification) after exposure to pure BC (control), BC-AgNO₃ and free AgNO₃ for 24, 48 & 

72 h. 
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4.3.  Silver-zeolite loaded BC hydrogel  

Although silver nitrate embedded in a BC hydrogel exhibited antimicrobial activity 

against both P. aeruginosa and S. aureus over 72 hours, while displaying a controlled drug 

release profile after 8 hrs, it showed reduced cell viability i.e. less than 20% after 72 hours. 

This leads to toxic side effects which is not ideal for treating chronic wounds. For this reason, 

while still investigating silver as a potential antimicrobial agent for wound management 

applications, one of the latest delivery systems in the form of silver zeolite was explored as a 

possible alternative.  

This sub-section focusses on silver zeolite (AgZ) and its incorporation into the BC 

network structure (BC-AgZ). The physicochemical properties alongside chemical 

characterisation of a BC-AgZ hydrogel were examined. Furthermore, antimicrobial activity 

and cytocompatibility were investigated.  

4.3.1. Confirmation of BC structure and the presence of Ag+ 

FTIR analysis confirmed the incorporation of AgZ into the BC hydrogel network and 

ultimately the formation of a BC-AgZ hydrogel (Figure 4.10). The characteristic peaks are 

labelled with their corresponding band region.  
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Figure 4.10. FTIR spectra from 400 to 4000cm-1 for a) purified BC and b) 1% (w/v) BC-AgZ 

hydrogel.  

 

On observation, the FTIR spectral results for BC and BC-AgZ have very similar 

characteristic peaks. The BC characteristic peaks of 3273cm-1, 2931cm-1 and 1624cm-1 can also 

be observed in the BC-AgZ spectra (Figure 4.10). FTIR spectral results for BC-AgZ (Figure 

4.10b) display a large characteristic peak at 982cm-1 which is indicative of Si–O–Si vibration 

band assigned to the zeolite structure (Hanim et al., 2016). The peak at 430cm-1 is attributed to 

the bending vibration of O–T–O (Hashemi et al., 2016). Finally, the presence of silver in the 

BC-AgZ structure is confirmed by the presence of the peak at 600cm-1 (Gupta et al., 2016). 

The characteristic peaks for BC and AgZ are observed in the spectra for BC-AgZ, hence 

confirming the entrapment of AgZ within the BC network leading to the successful formation 

of a BC-AgZ hydrogel.  

4.3.2. Imaging and sizing of BC and BC-AgZ  

The shape and morphology of both BC and 1% (w/v) BC-AgZ was observed under 

SEM. Pure biosynthetic BC and BC loaded with 1% (w/v) AgZ under static and agitated 

conditions were analysed (Figure 4.11).  
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Figure 4.11. SEM images of (a) purified BC, fibre network highlighted; (b) BC loaded with AgZ under static conditions, area of aggregated AgZ 

highlighted; and (c) BC loaded with AgZ under constant agitation, AgZ highlighted.  

(a) (b) 

(c)  
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SEM images show BC to have a dense compact network structure with interwoven 

cellulose fibres and voids allowing for entrapment of agents (Figure 4.11 (a)). SEM images of 

freeze-dried BC-AgZ under static and agitated conditions reveal AgZ becomes physically 

entrapped within the interspersed voids within the BC network. BC loaded with AgZ under 

constant agitation (Figure 4.11 (c)) displays more of a uniform, consistent loading compared 

with the loading of BC with AgZ under static conditions which appears more aggregated 

(Figure 4.11 (b)). Furthermore, SEM imaging confirmed the entrapment of AgZ in the BC 

network leading to the formation of a BC-AgZ hydrogel.  

4.3.3. Antimicrobial activity 

 

Recent advances in wound management have discovered various pathways where 

antimicrobial agents can interfere with bacteria structure to promote wound healing (Simões et 

al., 2018).  

The antimicrobial activity of 1% (w/v) BC-AgZ hydrogel against two common wound 

infecting pathogens; P. aeruginosa and S. aureus was investigated over a 96-hour period. 

Results were collected and recorded as ZOI (mm) displayed in Figure 4.12. Pure BC and 

zeolite-loaded BC (BC-Z) were used as controls.  
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Figure 4.12. Antimicrobial activity for 1% (w/v) BC-AgZ tested against P. aeruginosa and S. 

aureus at 37°C over 96h assessed by ZOI using the disc diffusion assay (n=6; error bars=SD). 

 

1% (w/v) BC-AgZ exhibited antimicrobial activity against both P. aeruginosa and S. 

aureus. There was a higher antimicrobial activity observed against P. aeruginosa over the 96-

hour period. This is also in accordance with the behaviour observed with BC-AgNO₃ (section 

4.2.4). Pure BC and BC-Z exhibited no antimicrobial activity which confirms that silver is 

solely responsible for any antimicrobial activity observed which also coincides with findings 

confirmed in the literature (Maneerung et al., 2008). The ZOI results for 24 hours can be 

observed in the disc images in Figure 4.13.  

A possible mechanism of action for the antimicrobial activity revealed by AgZ-BC 

could be down to the contact between the silver and bacterial cell wall. Once in contact, silver 

ions are taken in which causes damage to the bacterial cell. The silver ions then become highly 

reactive oxygen species (ROS) disrupting the bacterial cell components, leading to its 

antimicrobial effect (Rai et al., 2009).  

After 24 hours, the antimicrobial activity of BC-AgZ against P. aeruginosa increases 

and at 48 hours is where it exhibits its peak activity (Figure 4.12). After 48 hours, the 

antimicrobial activity against the Gram-negative bacteria decreases. 1% (w/v) BC-AgZ 
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displays a lower antimicrobial activity against S. aureus but the peak activity is at 24 hours 

after which the antimicrobial activity against the Gram-positive bacteria shows a steady decline 

and there is no activity observed at 96 hours. The difference in antimicrobial activity of 1% 

(w/v) BC-AgZ against the two bacteria is possibly due to the differences in the bacterial cell 

wall structures. The cell wall of Gram-positive species (S. aureus) contain a higher 

peptidoglycan content compared with Gram-negative species (P. aeruginosa); peptidoglycan 

is negatively charged due to the presence of teichoic acid which is present in higher amounts 

in Gram-positive bacteria. The overall negative charge binds to cations, reducing the amount 

of silver that can reach the plasma membrane. Therefore, S. aureus are less susceptible to the 

antimicrobial effect of silver compared with P. aeruginosa (Copcia et al, 2011).       

Overall, the results indicate that BC-AgZ hydrogels possess antimicrobial activity 

against both P. aeruginosa and S. aureus and are therefore suitable for wound management 

applications.      
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Figure 4.13. Images representing ZOI (mm) data for a) b) & c) 1% (w/v) BC-AgZ, 1% & 2.5% (w/v) BC-AgNO₃ and neat, hydrated BC against P. 

aeruginosa and d) e) & f) 1% (w/v) BC-AgZ, 1% & 2.5% (w/v) BC-AgNO₃ and neat, hydrated BC against S. aureus over 24 h at 37°C (n=3). 

                                         

(a) (b) (c) 

(d) (e) (f) 
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4.3.4. Swelling Index  

The importance of swelling behaviour of hydrogels for the application of wound 

management has been covered in detail in 4.2.5. It is one of the important parameters in 

assessing how effective a hydrogel wound dressing is for absorption of wound exudate as well 

as delivering a drug to its targeted site of action. The swelling behaviour of padded dry pure 

BC and 1% (w/v) BC-AgZ when immersed in deionised water was investigated and results 

displayed in Figure 4.14.  

 

 

Figure 4.14. Swelling ratio of BC and 1% (w/v) BC-AgZ when immersed in deionised water 

over 24 hours (n=3, error bars=SD). 

 

1% (w/v) BC-AgZ has a higher swelling ability when immersed in deionised water 

compared with pure BC. The swelling ratios are 1.63 and 1.98 respectively indicating 1% (w/v) 

BC-AgZ hydrogel has a higher swelling ability compared with pure BC (Figure 4.14).  

The uptake of liquid or biological fluids such as wound exudate is key in promotion of 

healthy wound healing, as a result a high swelling capability of a hydrogel is favourable. 1% 

(w/v) BC-AgZ hydrogel could potentially be a good candidate for exuding wounds.  
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4.3.5. Passage of water vapour (water vs. BC-AgZ) 

 The transmission of water vapour through a wound dressing material is a vital 

characteristic for optimising wound healing and has been discussed in detail in section 4.2.6. 

Table 4.3 displays the WVT rates (g/m2/day) for BC and BC-AgZ. 

 

Table 4.3. Water vapour transmission rate of BC and 1% (w/v) BC-AgZ tested under 21°C and 

50% relative humidity conditions (n=3). 

 

 Evaporative water loss from the body is an important part of homeostasis and any loss 

of integrity of the skin will affect this function. Lamke et al. (1977) discovered that water loss 

from granulating wounds could go up to 5138.4 ± 201.6 g/m2/day. Since the integrity of the 

skin has been compromised, an ideal wound dressing must be able to control the evaporative 

water loss.  

 The current study showed that neat BC would be suitable in controlling water loss from 

a wound and therefore has the potential for a wound dressing application. In comparison, 1% 

(w/v) BC-AgZ hydrogel does not fall within the recommended range of 2000-2500 g/m²/day 

and would not be suitable for controlling water loss from a granulating wound. The reason for 

the low water vapour transmission rate adopted by 1% BC-AgZ hydrogel may be due to the 

AgZ which is loaded in the BC network structure, thus reducing the availability of pores in the 

hydrogels and controlling the transmission of water in BC-AgZ hydrogels compared with neat 

BC.  

 

Formulation  BC pellicle thickness 

(mm) 

WVTR (g/m2/day) 

BC 2.16 ± 0.29 2074.46 – 2258.84 

1% (w/v) BC-AgZ 2.65 ± 0.25 687.83 – 932.80 
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4.3.6. In vitro release of silver  

Silver release from 1% (w/v) BC-AgZ and 1% (w/v) BC-AgNO₃ hydrogels as 

determined by ICP analysis are displayed in Figure 4.15. 

 

Figure 4.15. Cumulative silver release from 1% (w/v) BC-AgZ (loaded under agitated 

conditions) and 1% (w/v) BC-AgNO₃ over a 72-hour period (n=3, error bars=SD). 

 

Results indicate that Ag+ release was greatest between 1-8 hrs from both 1% (w/v) BC-

AgZ and 1% (w/v) BC-AgNO₃ hydrogels. After 8 hours, both hydrogels followed a similar 

release profile where a steady release of silver was experienced (Figure 4.15). Pure BC was 

used as a control measure and no silver release from the BC pellicle was observed which was 

as expected. Overall, BC-AgZ released more silver over the 72-hour period compared with 

BC-AgNO₃. This is due to the highly porous framework of the zeolite structure, allowing for 

an increased Ag+ loading within the pores and subsequently the BC matrix. A higher amount 

of Ag+ is then released into the surrounding release medium compared with BC-AgNO3 

(Kwakye-Awuah et al., 2008).  
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4.3.7. Cytocompatibility (in vitro study)  

 Cytocompatibility of a material is an important parameter for selection of wound 

dressing materials. In the current study, the cytocompatibility of BC-AgZ hydrogels was 

investigated using HEp-2 mammalian cell line. The cytotoxicity was determined by MTT assay 

and revealed BC-AgZ to be compatible against the tested HEp-2 tested cell line (Figure 4.16). 

 

 

Figure 4.16. HEp-2 cell viability (%) as determined by MTT assay after 24, 48 & 72h exposure 

to BC, BC-AgNO₃ and BC-AgZ (equivalent amounts) (n = 6).  

 

 BC has good cytocompatibility which has also been demonstrated earlier on in the 

investigation; the HEp-2 cells had a very good survival rate over the 72-hour period. Both 1% 

(w/v) BC-AgNO₃ and 1% (w/v) BC-AgZ hydrogels demonstrated a similar cytocompatibility 

nature with the HEp-2 cell viability reducing over 72 hours (Figure 4.16).  

 Microbial bioburden at the wound site tends to lead to chronic non-healing wounds in 

which instance an antimicrobial agent is required. Although some bactericidal agents can be 
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harmful to mammalian cells, treatment must be assumed on a case by case basis where the 

benefit versus risk ratio needs to be considered when selecting antimicrobials (Hiro et al., 

2012). In this case, silver containing wound dressings are a classic example where under certain 

circumstances, the benefit of their use outweighs the risk (Zou et al., 2012). 

 Although both 1% (w/v) BC-AgNO₃ and 1% (w/v) BC-AgZ hydrogels demonstrate 

toxicity due to reduced HEp-2 cell viability over the 72-hour period, their antimicrobial activity 

renders them effective for treatment of chronic non-healing wounds. The corresponding 

photomicrographs for this study are displayed in Figure 4.17. 
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         Figure 4.17. Photomicrographs of HEp-2 cells (10x magnification) after exposure to BC-AgNO₃ and BC-AgZ over 24, 48 & 72 h.  
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4.4. Liposomes  

Silver zeolite proved to be an effective antimicrobial agent against both Gram-negative 

and Gram-positive bacteria, whilst demonstrating a marginal increased cell viability compared 

with BC-AgNO₃ over 72 hours i.e. 15.8% cell viability compared with 14.1% was observed at 72 

hours. Nevertheless, BC-AgZ still displayed a reduced HEp-2 cell viability and a burst release 

profile of silver in the first 8 hours which was not expected. For this reason, a liposomal drug 

delivery system encapsulating silver nitrate was investigated for the potential of achieving a 

controlled drug delivery to the site of the wound with the aim of reducing silver toxicity to HEp-

2 cells. Silver zeolite could not be used for encapsulation into the liposomes due to the sizing, 

hence why silver nitrate was the chosen antimicrobial agent. 

This section concentrates on the production of a liposomal drug delivery system for wound 

management applications. Targeted release of a drug at the site of action seems to be one of the 

many challenges faced in the pharmaceutical industry. Liposomes carry many advantages. Not 

only can they provide a sustained release of a medicinal agent over a period of time, but their high 

drug loading capacity of both hydrophobic and hydrophilic drugs means many different agents 

can be used in the vesicular system (Paasonen et al., 2010).  

In this study, liposome encapsulated silver is investigated for its potential as an 

antimicrobial agent in wound healing both alone (Lipo-Ag+) and within a drug delivery vehicle 

i.e. a biosynthetic BC hydrogel (BC-Lipo-Ag+). Physicochemical properties were investigated and 

various chemical characterisation experiments including FTIR and EDX were used to confirm the 

loading of Ag+ into BC-Lipo-Ag+ hydrogel. Furthermore, antimicrobial activity of Lipo-Ag+ and 

BC-Lipo-Ag+ against Gram-positive and Gram-negative bacteria was investigated.  

 

 



156 
 

4.4.1. Confirmation of BC structure and the presence of Lipo-Ag+ 

FTIR analysis confirmed the chemical structures of pure BC, Lipo-Ag+ and BC-Lipo-

Ag+ (Figure 4.18).  

 

 

 

Figure 4.18. FTIR spectra from 400 to 4000 cm-¹ for (a) purified BC, (b) 1% (w/v) Lipo-Ag+ 

(neutral charge); and (c) 1% (w/v) BC-Lipo-Ag+ (neutral charge). 
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Figure 4.18 cont. FTIR spectra from 400 to 4000 cm-1 for (a) purified BC, (b) 1% (w/v) 

Lipo-Ag+ (neutral charge); and (c) 1% (w/v) BC-Lipo-Ag+ (neutral charge). 

 

The pure BC and Lipo-Ag+ (neutral charge) characteristic peaks appear in the FTIR 

spectral results of BC-Lipo-Ag+ hydrogel, thereby confirming the presence and incorporation 

of liposome encapsulated silver into the BC matrix. In Figure 4.18 (b), the peak at 1037cm-1 

corresponds to stretching of both C–C backbone vibration and C–O vibration which are 

attributed to cholesterol. In addition, the peak at 680 cm-1 is attributed to bending of the C=C 

ring in cholesterol (Paradkar and Irudayaraj, 2002). The characteristic peak at 1220 cm-1 

(Figure 4.18b) is attributed to antisymmetric stretching of the phosphate (PO2ˉ) group which 

is indicative of phosphatidylcholine (Frias et al., 2006). Finally, the presence of silver is 

confirmed in both Figure 4.18 (a) and Figure 4.18 (b) by the peak at 810 cm-1. The 

characteristic peaks present in both pure BC and Lipo-Ag+ are present in BC-Lipo-Ag+ spectral 

results, hence confirming the entrapment of Lipo-Ag+ into the BC structure, resulting in the 

formation of BC-Lipo-Ag+ hydrogel.  
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4.4.2. Imaging and sizing of BC and Lipo-Ag+ 

SEM analysis was used to explore the morphology of pure BC, Lipo-Ag+ and Lipo-H₂O 

structures. The lyophilised samples were sprayed with compressed air before analysis to 

remove any traces of dust which could affect the clarity of the images. SEM images confirm 

the formation of liposome structures (Figure 4.19).  

Figure 4.19 (a) revealed the characteristic fibrous network of BC showing interspersed 

voids scattered throughout the structure. The SEM image for BC is also in accordance with 

results from the earlier stage of the investigation and from literature confirming an accurate 

representation (Krishnamachari et al., 2011).  

Figures 4.19 (b) and (c) revealed the structures of both liposome encapsulated silver 

and liposome encapsulated water respectively. The lipsosomes vary in size from 0.5 µm to 

5.5µm confirming their ability to become entrapped within the BC network pores. There are 

no SEM images available for BC-Lipo-Ag+ due to having to use more complicated staining 

procedures involving radiation to provide clear images. Nevertheless confocal imaging carried 

out later during the investigation confirms the loading of Lipo-Ag+ within the BC network 

structure (Photomicrograph 5.3).  
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Figure 4.19. SEM images of (a) purified BC, fibre network highlighted; (b) 1% (w/v) Lipo-Ag+ (neutral charge), liposome highlighted, and (c) Lipo-H₂O 

(neutral charge), liposomes highlighted.  

(a) (b) 

(c) 
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4.4.3. Confirmation of silver loading  

EDX was used to confirm the presence of silver in the BC-Lipo-Ag+ hydrogel. The 

EDX spectra shown correspond to purified BC, BC-Lipo-H₂O (neutral) and 1% (w/v) BC-

Lipo-Ag+ (neutral charge) with their characteristic elemental peaks displayed (Figure 4.20).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

  

 

 

 

 

 

Figure 4.20. EDX spectra of (a) purified BC; (b) BC-Lipo-H₂O (neutral) and (c) 1% (w/v) 

BC-Lipo-Ag+ (neutral charge). 

 (a) 

  (b) 

   (c) 
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The presence of silver in BC-Lipo-Ag+ hydrogel is confirmed with the silver elemental 

peaks (Figure 4.20 (c)). In addition, the carbon, oxygen, phosphorus and sulphur peaks are 

present in the BC-Lipo-Ag+ hydrogel also confirming the incorporation of silver not only 

within the liposomes but also within the BC network matrix. Overall, EDX analysis confirmed 

the formation of a BC-Lipo-Ag+ hydrogel.  

4.4.4. Antimicrobial activity 

The antimicrobial activity of 1% and 2.5% (w/v) Lipo-Ag+ (neutral charge) loaded onto 

both hydrated and rehydrated BC (over 72 hours) and 1% and 2.5% (w/v) Lipo-Ag+ suspension 

(neutral charge) (over 24 hours) against P. aeruginosa and S. aureus was investigated using 

the disc diffusion assay. Pure BC, BC-Lipo-H₂O and Lipo-H₂O were used as controls. Results 

are displayed in Figure 4.21 with the corresponding images from the disc diffusion assay in 

Figure 4.22. 
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Figure 4.21. Antimicrobial activity for a) 1% (w/v) BC-Lipo-Ag+ hydrated b) 2.5% (w/v) BC-

Lipo-Ag+ hydrated c) 1% (w/v) BC-Lipo-Ag+ rehydrated d) 2.5% (w/v) BC-Lipo-Ag+ 

rehydrated & e) 1% and 2.5% (w/v) Lipo-Ag+ suspension against P. aeruginosa and S. aureus 

at 37°C using the disc diffusion assay (n=3, error bars=SD, p values annotated).  
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Figure 4.21 cont. Antimicrobial activity for a) 1% (w/v) BC-Lipo-Ag+ hydrated b) 2.5% 

(w/v) BC-Lipo-Ag+ hydrated c) 1% (w/v) BC-Lipo-Ag+ rehydrated d) 2.5% (w/v) BC-Lipo-

Ag+ rehydrated & e) 1% and 2.5% (w/v) Lipo-Ag+ suspension against P. aeruginosa and S. 

aureus at 37°C using the disc diffusion assay (n=3, error bars=SD, p values annotated).  

0

2

4

6

8

10

12

14

16

18

2.5% (w/v) Lipo-Ag+ 1% (w/v) Lipo-Ag+ Lipo-H2O

Z
O

I 
(m

m
)

Formulation

P. aeruginosa S. aureus

(e)



164 
 

 

 

Figure 4.22. Images representing ZOI (mm) data for a) b) & c) 1% (w/v) BC-Lipo-Ag+ & 2.5% (w/v) BC-Lipo-Ag+ and neat, hydrated BC against P. 

aeruginosa and d) e) & f) 1% (w/v) BC-Lipo-Ag+ & 2.5% (w/v) BC-Lipo-Ag+ and neat, hydrated BC against S. aureus over 24h at 37°C (n=3). 

(a) (b) (c) 

(f) (e) (d) 
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The disc diffusion assay revealed 1% and 2.5% (w/v) BC-Lipo-Ag+ and 1% and 2.5% 

(w/v) Lipo-Ag+ suspension to exhibit antimicrobial activity against P. aeruginosa and S. 

aureus over 72 hours and 24 hours, respectively (Figure 4.21). Pure BC, BC-Lipo-H₂O and 

Lipo-H₂O suspension exhibited no antimicrobial activity (Figure 4.22). This is in accordance 

with the findings in literature (Yang et al., 2012) and also reveals that silver is responsible for 

any antimicrobial activity exhibited.  

There was a difference in antimicrobial activity observed for Lipo-Ag+ suspension 

loaded onto hydrated (padded dry before drug loading) and rehydrated BC (freeze-dried before 

drug loading) (Figure 4.21 a-d). 1% and 2.5% (w/v) rehydrated BC-Lipo-Ag+ had a higher 

antimicrobial activity against P. aeruginosa and S. aureus compared with 1% and 2.5% (w/v) 

hydrated BC-Lipo-Ag+ (Figure 4.21 (c) & (d)). BC has a high-water absorption capacity, so it 

is possible that the freeze-dried BC absorbed a higher quantity of Lipo-Ag+ (neutral) 

suspension when rehydrated during the initial loading compared with padded dry BC. Although 

as much water as possible has been removed from padded dry BC using filter paper, it is never 

completely dry as opposed to freeze dried BC which has undergone the freeze-drying process 

for 48 hours. Freeze dried BC may have a higher void space available compared with padded 

dry BC which in turn means a higher uptake of Lipo-Ag+ suspension and thus a higher 

antimicrobial activity against the wound infecting pathogens (Ul-Islam et al., 2012).  

It was also noticed that 2.5% (w/v) BC-Lipo-Ag+ hydrated and rehydrated BC 

possessed a higher antimicrobial activity against the Gram-positive and Gram-negative bacteria 

compared with 1% (w/v) BC-Lipo-Ag+ hydrated and rehydrated BC (Figure 4.21 a-d). This is 

due to a higher silver content present in 2.5% (w/v) BC-Lipo-Ag+, thus leading to a stronger 

antimicrobial effect against P. aeruginosa and S. aureus. As discussed in section 4.2.4, a 

possible mechanism of action for the antimicrobial activity demonstrated by BC-Lipo-Ag+ 

could be down to the contact between the silver and bacterial cell wall. Once in contact, silver 
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ions are taken in which causes damage to the bacterial cell. The silver ions then become highly 

reactive oxygen species (ROS) disrupting the bacterial cell components, leading to its 

antimicrobial effect (Rai et al., 2009).  

Another observation was that both 1% and 2.5% (w/v) BC-Lipo-Ag+ exhibited a higher 

antimicrobial activity against P. aeruginosa in comparison with S. aureus (Figure 4.21). The 

difference in antimicrobial activity of 1% and 2.5% (w/v) BC-Lipo-Ag+ against the two tested 

microbial strains could be due to the differences in the bacterial cell wall structures also 

discussed in section 4.2.4. The cell wall of Gram-positive species (S. aureus) contain a higher 

peptidoglycan content compared with Gram-negative species (P. aeruginosa); peptidoglycan 

is negatively charged owing to teichoic acid which is present in higher amounts in Gram-

positive bacteria. The overall negative charge binds to cations, reducing the amount of silver 

that can reach the plasma membrane. Therefore, S. aureus are less susceptible to the 

antimicrobial effect of silver compared with P. aeruginosa (Copcia et al., 2011). 

Nevertheless, results confirmed that Lipo-Ag+ suspension loaded onto both hydrated 

and rehydrated BC hydrogel exerted anti-microbial activity against Gram-positive and Gram-

negative bacteria over 48 hours (Figure 4.21 a-c), with the exception of 2.5% (w/v) BC-Lipo-

Ag+ (rehydrated) hydrogel which achieved antimicrobial activity over 72 hours (Figure 4.21d). 

Hence, the development of an interactive topical silver containing hydrogel dressing would aid 

in the healing of infected chronic wounds.  

4.4.5. Swelling Index  

The importance of a wound dressing to hold and retain liquids for large periods of time 

as well as being moisture donating has been discussed in detail in section 4.2.5. The current 

study investigates the swelling ability of padded dry neat BC, 1% (w/v) BC-Lipo-Ag+ (neutral) 

and 2.5% (w/v) BC-Lipo-Ag+ (neutral) when immersed in deionised water and the results are 

displayed in Figure 4.23. 
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Figure 4.23. Swelling ratio of BC, 1% (w/v) BC-Lipo-Ag+ and 2.5% (w/v) BC-Lipo-Ag+ 

over 24 hours (n=3, error bars=SD). 

 

Results show that 2.5% (w/v) BC-Lipo-Ag+ has a higher swelling ability when 

immersed in water compared with BC and 1% (w/v) BC-Lipo-Ag+. The swelling ratios are 2.9, 

1.63 and 2.18 respectively with the ratio of 2.5% (w/v) BC-Lipo-Ag+ being almost double 

compared with that of BC.  

It is crucial for a hydrogel to be applied as a wound dressing material, it needs to adopt 

good swelling behaviour for the absorption of wound exudate and provide moisture to dry, 

necrotic wounds. The results indicate that 2.5% (w/v) BC-Lipo-Ag+ hydrogel has the potential 

for wound management applications especially in the case of highly exuding wounds to 

promote healthy wound healing.  
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4.4.6. Passage of water vapour  

The importance of WVTR for wound management applications has been discussed in 

detail in 4.2.6. The WVTR for three different hydrogel formulations i.e. purified BC, 1% (w/v) 

BC-Lipo-Ag+ (neutral) and 2.5% (w/v) BC-Lipo-Ag+ (neutral) was investigated and the results 

are presented in Table 4.4. 

Table 4.4. WVTR of 3 different hydrogel formulations under 21°c and 50% relative humidity 

conditions (n = 3). 

Formulation  BC thickness (mm) WVTR (g/m2/day) 

BC 2.16 ± 0.29 2074.46 – 2258.84 

1% (w/v) BC-Lipo-Ag+ (neutral) 2.65 ± 0.25 2014.99 – 2306.95 

2.5% (w/v) BC-Lipo-Ag+ (neutral) 2.5 ± 0.5 701.06 – 1086.04 

 

BC and 1% (w/v) BC-Lipo-Ag+ (neutral) hydrogel formulation have the highest WVTR 

compared with 2.5% (w/v) BC-Lipo-Ag+ (neutral) (Table 4.4). Research suggests that a 

WVTR of between 2000-2500 g/m²/day is the optimal rate a wound dressing should possess to 

promote natural wound healing (Elsner and Zilberman, 2010). Hence, 1% (w/v) BC-Lipo-Ag+ 

(neutral) hydrogel formulation would be an ideal candidate as a wound dressing material in 

terms of controlling evaporative water loss from a wound. This is the optimal formulation 

required for dehydrated wounds.  

4.4.7. Fluorescent microscopy  

Both Lipo-Ag+ and Lipo-H₂O stock formed via the REV method underwent fluorescent 

microscopy (Nikon ‘Eclipse’ ME600, Nikon Corp., Japan; Camera: Spot RT Color, Diagnostic 

Instruments Inc., Michigan, USA) to analyse their morphology and determine both the size and 

type of liposomes produced (Photomicrograph 1). The sizing of the liposomes was established 

using Image-Pro software.  
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Photomicrograph 1 (a). Liposomes encapsulating water formed via REV method* (Magnified images sized using Image-Pro software). 

        

 

Photomicrograph 1 (b). Liposomes encapsulating Ag+ formed via REV method* (Magnified images sized using Image-Pro software). 

        

*Fluorescent microscope, 1000x magnification, G2A filter [excitation filter (EX) wavelengths: 510-560nm, dichromatic mirror cut-on (DM) wavelength: 572 nm, barrier filter (BA) 

wavelength: 590nm] 

2.78μm 

3.25μm 
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Photomicrograph 1 (c). 1% (w/v) Lipo-Ag+ formed via REV method at 400x magnification. 

 

 

      

                                          

                                           

3.49µm 
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Photomicrograph 1 (c) images were captured using the Nikon Eclipse ME600 

Differential Interface Contrast (DIC) microscope. The images display the sizing and types of 

liposomes in detail. The magnified image shows a multilamellar liposome with a size of 

3.49µm which was measured using the Image-Pro software. The DIC microscopy images were 

preferred to the images produced by fluorescent microscopy due to the scope of detail and 

clarity observed.  

4.4.8. Particle size analysis  

The size distribution of the liposomes was measured using Image-Pro software and 

laser diffraction. Laser diffraction was carried out using a Mastersizer 3000 particle size 

analyser to analyse the size of the liposome particles and particle size distribution. Results 

showed that the liposomes were multilamellar vesicles (MLV) with size diameters ranging 

from ≈0.4-7µm. The size distribution of Lipo-H₂O and Lipo-Ag+ are shown in Figure 4.24.
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 Figure 4.24. Size distribution of liposomes for (a) lipo-H₂O and (b) lipo-Ag+.

(a) 

(b) 
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From the size distribution profiles of both lipo-H₂O and lipo-Ag+, results revealed that 

the size distribution of lipo-H₂O shows a polydisperse profile in comparison to that of lipo-Ag+ 

which shows a monodisperse profile (Figure 4.24). In addition, the Lipo-Ag+ generally have a 

bigger size diameter compared with Lipo-H₂O.   

4.4.9. Encapsulation Efficiency (EE%) 

Encapsulation efficiency for 1% (w/v) Lipo-Ag+ and 2.5% (w/v) Lipo-Ag+ was 

determined by Inductively Coupled Plasma (ICP) spectroscopy. Lipo-H₂O was also run 

through ICP as a control. Results were provided in parts per million (ppm) and then converted 

to percentage (Table 4.5).  

Table 4.5. Encapsulation efficiency of Ag+ in 1% & 2.5% (w/v) Lipo-Ag+ pellets calculated 

using ICP analysis. 

Sample Average ICP 

reading 

(PPM) 

 

Dilution Amount of encapsulated Ag+ 

(mg/ml) (Average ICP reading 

/ dilution / 1000) 

*Lipo-Ag+ pellet 

(1% (w/v) AgNO₃) 

17.38 0.25 0.07 

 

 

*Lipo-Ag+ (2.5% 

(w/v) AgNO₃) 

55.83 0.25 0.22 

 

 

  Lipo-H₂O 0.00 0.00 0.00 

 

*=In this instance: 0.07mg/ml = 0.00007g/ml = 0.007g/100ml which is the equivalent to 

0.007% Ag+ in 100ml solution  

*=In this instance: 0.22mg/ml = 0.00022g/ml = 0.022g/100ml which is the equivalent to 

0.022% Ag+ in 100ml solution  
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4.4.10. In vitro release of silver  

The silver release profile for 1% and 2.5% (w/v) BC-Lipo-Ag+ was carried out over 72 

hours. Release was determined by ICP analysis and the results collated are shown in Figure 

4.25.  

 

Figure 4.25. Cumulative silver release of 1.0% & 2.5% (w/v) BC-Lipo-Ag+ over a 72-hour 

period. 

Silver is released from both 2.5% (w/v) BC-Lipo-Ag+ and 1% (w/v) BC-Lipo-Ag+ over 

72 hours (Figure 4.25). There is a higher silver release observed from 2.5% (w/v) BC-Lipo-

Ag+ compared with 1% (w/v) BC-Lipo-Ag+ which is due to a higher encapsulation efficiency 

of Ag+ in 2.5% (w/v) BC-Lipo-Ag+ hydrogel (Table 4.5).  

Both formulations experience a prolonged release of silver over the 72-hour period. 

This is a different scenario to 1% and 2.5% (w/v) BC-AgNO₃ (Figure 4.7) which experienced 

a burst release of silver between 1 hour and 8 hours and a steady release thereafter. A possible 

explanation for this comparison between the two formulations could be due to an impeded 

release of silver firstly from the liposome structure and then from exiting the 3-D hydrogel 

structure (Figure 4.25), whereas the silver in 1% (w/v) and 2.5% (w/v) BC-AgNO₃ hydrogels 
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is released solely from the hydrogel structure and has no other barriers. Overall, BC-Lipo-Ag+ 

provides a controlled release of silver over a 72-hour period and is favourable in terms of 

achieving a lower side effect profile thus avoiding issues with silver toxicity.  

4.4.11. Cytocompatibility (In vitro study)  

 The importance of materials to be biocompatible with mammalian cells has been 

discussed. It is well documented that biosynthetic BC hydrogels are not toxic to host cells. This 

study tested the cell viability of HEp-2 cells against 1% and 2.5% (w/v) BC-Lipo-Ag+ and free 

Lipo-Ag+ over 72 hours (Figure 4.26).  

 

Figure 4.26. HEp-2 cell viability (%) as determined by MTT assay after 24, 48 & 72h exposure 

to BC, Lipo-Ag+ and BC-Lipo-Ag+ (equivalent amounts) (n = 6) (error bars = SD). 

 BC is cytocompatible which has also been demonstrated over the course of the 

investigation. This feature of BC has led to its various applications in the biomedical industry.  
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The cytotoxicity as determined by MTT assay demonstrated that 1% and 2.5% BC-

Lipo-Ag+ hydrogels are cytocompatible with HEp-2 cells over a 72-hour period. HEp-2 cells 

tolerated up to 2.5% liposome encapsulated silver loaded in a biosynthetic BC hydrogel over 

72 hours showing good survival rates (Figure 4.26). At the highest tested dose of 2.5% 

liposome encapsulated silver in BC,  HEp-2 cells showed over 40% survival rate after 72 hours. 

Although this is a significant decrease compared with the BC control, even after 48 hours at 

the highest tested dose (2.5%) in BC, the dose has not reached IC50 i.e. there is over 60% 

survival rate after 48 hours exposure to the drug. Therefore, this cannot be considered a toxic 

effect. Considering this is liposome encapsulated silver within a BC delivery vehicle, in 

patients, this will translate into a very small amount reaching the systemic circulation rendering 

it unlikely to cause a harmful effect to organs.  

Furthermore, when comparing the cytocompatibility of BC-Lipo-Ag+ hydrogels with 

the free Lipo-Ag+ (equivalent amount) (Figure 4.26), the free liposomal silver nitrate showed 

a lower cell viability over 72 hours in comparison to when loaded in biosynthetic BC (p < 

0.05). Liposome encapsulated silver loaded in BC must overcome two barriers i.e. the liposome 

and BC hydrogels structures before the drug can be released, whereas free Lipo-Ag+ must 

overcome the liposome barrier only causing a higher silver toxicity to the mammalian cells. 

The photomicrographs corresponding to the MTT assay are displayed in Figure 4.27.  
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                                       24 HRS                                                                 48 HRS                                                             72 HRS 

                

                              

   

 

Figure 4.27. Photomicrographs of HEp-2 cells (10x magnification) after exposure to BC-Lipo-Ag+ and free Lipo-Ag+ for 24, 48 & 72 h. 

B
C

 
1
%

 L
ip

o
-A

g
+
 

2
.5

%
 L

ip
o

-A
g

+
 



178 
 

                

                                                  

   Figure 4.27 cont. Photomicrographs of HEp-2 cells (10x magnification) after exposure to BC-Lipo-Ag+ and free Lipo-Ag+ for 24, 48 & 72 h. 
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4.5. Discussion  

The main aim of this part of the investigation was to explore the effect of silver 

bioavailability on physicochemical characteristics and antimicrobial activity against two 

common wound infecting pathogens, Pseudomonas aeruginosa and Staphylococcus aureus. 

Biosynthetic bacterial cellulose versus liposomal drug delivery system embedded in bacterial 

cellulose was investigated. Results from the investigation revealed differences in antimicrobial 

activity of the agents when tested in bacterial cellulose compared to liposome encapsulated 

silver embedded in bacterial cellulose (Figure 4.21). Overall, results reveal 1% and 2.5% (w/v) 

hydrated and rehydrated BC-Lipo-Ag+ adopt antimicrobial activity against Gram-positive and 

Gram negative-bacteria over 48 hours (Figure 4.21 a-d). 1% and 2.5% (w/v) Lipo-Ag+ 

suspension has a higher antimicrobial effect (Figure 4.21e) in comparison with Lipo-Ag+ 

embedded in BC however these results are only representative of a 24-hour period since due to 

nature of the tested liposomal suspensions, they could not be transferred to freshly seeded 

plates. Pure BC had no antimicrobial effect against the Gram-positive and Gram-negative 

bacteria indicating that silver was solely responsible for the antimicrobial activity (Figure 

4.22).  

 SEM imaging revealed the morphology of pure lyophilised biosynthetic BC. Imaging 

showed G. xylinus produced a high network of interwoven fibres with interspersed voids 

scattered throughout the structure (Figure 4.2a). These voids are capable of entrapping 

antimicrobial agents to facilitate in chronic wound healing. SEM images of BC-AgNO₃ and 

BC-AgZ hydrogels further confirmed the entrapment of AgNO₃ and AgZ crystals within the 

BC porous network structure (Figure 4.2b & 4.11c). The SEM images prove BC can entrap 

medicinal agents into its microfibrillar structure showing its feasibility to act as a drug delivery 

vehicle. The SEM images of BC are also in accordance with findings in literature (de Santa 

Maria et al., 2009). 
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 Chemical characterisation experiments including FTIR and EDX also confirmed the 

formation of BC-AgNO₃, BC-AgZ and BC-Lipo-Ag+ hydrogels. The characterisation and 

chemical peaks confirmed the loading of the aqueous AgNO₃, AgZ and Lipo-Ag+ suspensions 

into the BC structure.  

 The swelling index and water vapour transmission rate are important parameters when 

assessing the effectiveness of wound dressing materials for exuding and dehydrated wounds. 

BC has a high-water holding capacity enabling it to retain large amounts of water within its 

porous structure (Ul-Islam et al., 2012). This is crucial to allow absorption of wound exudate 

but also to allow moisture to dehydrated wounds. From all of the formulations tested, 1% (w/v) 

BC-AgNO₃ had the highest swelling index (Figure 4.6) with a ratio of 4.54 which was almost 

three times that compared with pure BC  indicating it has the highest potential of all the 

formulations as a wound management application in terms of aiding in treatment of highly 

exuding wounds. In addition to having a high-water holding capacity, a wound dressing 

material must be able to provide efficient gaseous exchange allowing the transfer of oxygen 

and moisture to the wound site. A moist wound healing environment is favoured in promoting 

healthy and efficient wound healing (Vowden and Vowden, 2017). The WVTR of the BC 

formulations were investigated and 1% (w/v) BC-Lipo-Ag+ hydrogel was found to have the 

highest WVT rate at 2014.99 – 2306.95 (g/m²/day) (Table 4.4). This is favourable as previous 

studies have revealed that a WVTR of between 2000-2500g/m²/day for a wound dressing is 

ideal to provide an optimal moist environment at a wound site (Balakrishnan et al., 2005; Gupta 

et al., 2019). Therefore, 1% (w/v) BC-Lipo-Ag+ hydrogel seems to be the ideal candidate as a 

wound dressing material to provide optimum moist wound healing with a balance of preventing 

dehydration of a wound without causing accumulation of wound exudate.   

The silver release profiles of 1% and 2.5% (w/v) BC-AgNO₃, 1% (w/v) BC-AgZ and 

1% and 2.5% (w/v) BC-Lipo-Ag+ were investigated via ICP analysis. The BC-AgNO₃ and BC-
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AgZ formulations adopted a burst silver release profile whereas BC-Lipo-Ag+ hydrogels 

adopted a sustained silver release profile. This study confirmed BC-Lipo-Ag+ has the potential 

for a controlled release drug delivery system with a potentially lower side effect profile (Figure 

4.25).  

Furthermore, BC-Lipo-Ag+ hydrogels displayed the highest cytocompatibility with 

over 40% HEp-2 cell viability after 72 hours at exposure to the highest dose (2.5%) of 

liposomal silver nitrate embedded in BC. This study confirmed the potential for BC-Lipo-Ag+ 

hydrogel as an advanced wound dressing to facilitate in chronic wound healing with a reduced 

side effect profile. 

 Liposomal drug delivery systems have many advantages as well as certain limitations 

too. Advantages include the ability to entrap both hydrophobic as well as hydrophilic agents. 

Liposomes are also capable of increasing the effectiveness of an encapsulated agent as well as 

maintaining the therapeutic drug level into the blood stream. These specialised systems also 

offer protection of the drug which otherwise could be affected by environmental factors. With 

these advantages however, also come limitations such as high production costs resulting from 

expensive phospholipids and lengthy production times (Garg & Goyal, 2014). 

4.6. Conclusion 

 Silver is a strong antimicrobial agent but with this also comes a high side effect profile. 

The use of a liposomal drug delivery system limits the side effect profile by distributing the 

drug via a controlled release mechanism as opposed to a burst release experienced with the free 

agent. This allows for a therapeutic drug release over a longer period compared with the free 

antimicrobial agent. Lower production costs are possible with minimal drug concentrations 

which reduces the overall cost of wound management appliances. Overall, Lipo-Ag+ embedded 

in BC has the potential for use in advance wound management applications.  
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5. EFFECT OF VESICLE CHARGE ON LIPOSOME-IN-BACTERIAL CELLULOSE 

DRUG DELIVERY SYSTEM 
 

5.1. Introduction  

A liposomal drug delivery system embedded in a BC biosynthetic hydrogel has proved 

to be a good candidate as a potential for wound management applications. Ideal features that 

the BC-Lipo-Ag+ formulation adopts includes good antimicrobial activity against both Gram-

negative and Gram-positive bacteria, good swelling ability, control of evaporative water loss 

and good cytocompatibility against HEp-2 tested cell line with over 40% survival rate after 72 

hours.  

This chapter explores the concept of liposomal drug delivery systems by altering vesicle 

surface charge and determining the effect this may have on liposome characteristics and their 

influence within a biosynthetic BC hydrogel.  

Studies have found that altering the surface charge density of liposomes can impact the 

efficacy of drug delivery (Ma et al., 2011). This investigation focussed on altering the surface 

charge density of liposomes to produce neutral, anionic and cationic liposomes followed by 

characterisation studies. Investigating antimicrobial activity and cytocompatibility of neutral 

charged liposomes embedded in BC hydrogel has been presented in Chapter 4, therefore is not 

repeated in this chapter. 

5.2. NEUTRAL Lipo-Ag+ (1 & 2.5% (w/v) AgNO₃) 

Neutral liposomes were produced via the REV method using phosphatidylcholine (PC) 

and cholesterol (CH) in a 2:1 molar ratio dissolved in chloroform in a sterile beaker. The 

aqueous phase; either distilled water, 1% or 2.5% (w/v) aqueous AgNO₃ was then slowly added 

dropwise to the organic phase with constant stirring on a magnetic stirrer.  
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5.2.1. Confirmation of BC structure and the presence of Lipo-Ag+ 

FTIR spectroscopy (Genesis II FTIR™, Thermo Scientific, Runcorn, UK) was used to 

analyse the chemical structure of BC and confirm the presence of Lipo-Ag+ within the BC 

matrix (Figure 5.1) and has also been demonstrated in Figure 4.19.  

 

 

 

Figure 5.1. FTIR spectra for (a) purified BC, (b) Lipo-Ag+ (neutral) and (c) BC-Lipo-Ag+ 

from 400 to 4000cm-1. 
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Figure 5.1 cont. FTIR spectra for (a) purified BC, (b) Lipo-Ag+ (neutral) and (c) BC-Lipo-

Ag+.from 400 to 4000cm-1. 

 

FTIR analysis confirms the presence and incorporation of liposomal silver nitrate 

(neutral charge) into the BC matrix by the display of similar characteristic peaks and their 

corresponding band regions (Figure 5.1). The characteristic peaks and their corresponding 

band regions have been discussed in detail in section 4.4.1.  

5.2.2. Imaging and sizing of BC and Lipo-Ag+ 

Scanning electron microscopy (SEM) (Zeiss Evo®50 EP, Carl Zeiss AG, Oberkochen, 

Germany) was used to analyse the morphology of the BC and Lipo-Ag+ (neutral) structures. 

The sizing of the structures was also determined (Figure 5.2). SEM for Lipo-Ag+ (neutral 

charge) loaded in BC hydrogel could not be determined due to the requirement of a more 

complicated liposome staining method using radiation to produce clear images.  
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Figure 5.2. SEM images of (a) purified BC, fibre network highlighted; and (b) Lipo-Ag+ 

(neutral charge), liposome highlighted and magnified; liposome size approx. 1.5µm.  

(a) 

(b) 
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Purified BC reveals a dense network of cellulose fibres intertwined with no visible 

bacterial cells confirming that the purification process was effective. The dense fibrous network 

is interspersed with voids ranging in size allowing for the encapsulation of agents within the 

structure (Figure 5.2(a)). SEM images of lypholised neutral Lipo-Ag+ reveal size ranges from 

0.5µm to 4µm confirming the ability to become entrapped within the BC fibre network 

structure (Figure 5.2(b)).  

Although there were no SEM images produced for liposomal silver nitrate embedded 

in BC, confocal microscopy images were produced to show the presence of liposomes within 

the BC structure and thus the formation of a successful BC-Lipo-Ag+ hydrogel. 

5.2.3. Confirmation of silver loading (EDX analysis) 

EDX analysis was used to confirm the incorporation of Lipo-Ag+ (neutral) within the 

BC structure. The EDX spectra correspond to purified BC, phophatidylcholine, cholesterol (the 

individual components of the neutral liposome formulation) and the final BC-Lipo-Ag+ 

hydrogel formulation. The characteristic elemental peaks for each spectra are presented.  
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Figure 5.3. EDX spectra of (a) purified BC; (b) phosphatidylcholine; (c) cholesterol; and (d) 

BC loaded with Lipo-Ag+ (neutral). 

 

(a) 

(b) 

 (c) 

 (d) 
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The EDX spectra of BC loaded with Lipo-Ag+ (neutral) (Figure 5.3 (d)) confirms the 

presence of lipo-Ag+ within the BC structure. The phosphorus peak present in 

phosphatidylcholine (Figure 5.3 (b)) and the carbon and oxygen peaks present in cholesterol 

(Figure 5.3 (c)) are also observed in the EDX spectra for the final hydrogel formulation 

confirming the successful production of liposomes. The presence of silver in the BC-Lipo-Ag+ 

hydrogel spectra confirms the encapsulation of silver into the liposome vesicle. Purified BC is 

composed of carbon and oxygen which are also present in BC-Lipo-Ag+ hydrogel reinforcing 

that Lipo-Ag+ has become entrapped within the interspersed voids of the BC hydrogel matrix. 

Furthermore, EDX analysis confirms the production of a BC-Lipo-Ag+ (neutral) hydrogel 

formulation.  

5.2.4 Swelling ratio (neat BC vs. BC-Lipo-Ag+) 

The swelling behaviour of padded dry neat BC, 1% and 2.5% (w/v) BC-Lipo-Ag+ 

hydrogel pellicles (4.5 ± 0.5cm) was investigated. The weight prior to rehydration was recorded 

and then the weight after 24 hours rehydration in deionsied water was recorded and results 

displayed in Figure 5.4.  
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Figure 5.4. Swelling ratio of pure BC, 1% (w/v) BC-Lipo-Ag+ and 2.5% (w/v) BC-Lipo-Ag+ 

hydrogels in deionised water over 24 hours (n=3). 

 

The swelling ratio of 2.5% (w/v) BC-Lipo-Ag+ was the highest compared with pure 

BC and 1% BC-Lipo-Ag+ formulations with ratios of 2.9, 2.18 and 1.63, respectively (Figure 

5.4).  

One of the main characteristics of hydrogels which makes them particularly attractive 

in wound management applications, is their ability to imbibe large amounts of water. This 

characteristic is useful in wound management to allow the uptake of surrounding wound fluids 

yet at the same time providing hydration to the wound site. 2.5% BC-Lipo-Ag+ has potential 

as a wound dressing material to aid in wound healing by absorbing and donating moisture to a 

wound.  

5.2.5. Fluorescent microscopy  

Fluorescent microscopy was used to observe the morphology, sizing, and bilayer 

characteristics of the Lipo-Ag+ (neutral) structure. Photomicrograph 5.1 shows the formation 

of multilamellar liposomes which ranged in size from 0.4μm – 5.46μm. Liposome sizing was 
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measured using Image-Pro software. Photomicrograph 5.1 confirms the production of multi-

lamellar vesicles produced by the REV method with the presence of multiple lipid bilayers.  

Photomicrograph 5.1. Microscopy image (400x magnification) created using Nikon Eclipse 

ME600 Differential Interface Contrast (DIC) microscope, depicting 1% (w/v) liposome 

encapsulated silver nitrate formed via REV method (liposome highlighted is 2.7μm in size 

with 3 lipid bilayers observed). 

 

 

 

5.2.6. Confocal microscopy  

Prior to observation under a confocal microscope, liposomes and associated BC 

samples were stained with 0.01% acridine orange. During confocal scanning microscopy, in 

addition to observation of liposomes, a Z-stack was carried out to determine the extent of 

encapsulation of liposomal silver nitrate into the BC hydrogel matrix.  

Photomicrograph 5.2 displays neutrally charged empty liposomes encapsulating 

deionised water and 2.5% liposomal silver nitrate spliced to allow the morphology to be 
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observed. Although confocal images of the liposome structures are displayed, images created 

using fluorescent microscopy from a differential interface contrast (DIC) microscope were 

preferred due to a greater clarity of images, allowing the observation of the lipid bilayers. 

Nevertheless, confocal scanning microscopy was more attractive in terms of providing 

evidence of the encapsulation of liposomal silver nitrate into the BC matrix by creating z-

stacking images (Photomicrograph 5.3). The z-stack analysis allows the depth of liposomal 

silver nitrate embedded into the BC to be observed which confirmed the penetration of the 

liposomes into the BC matrix.  

Photomicrograph 5.2. (a) Lipo-H₂O & (b) 2.5% Lipo-Ag+ stained with 0.01% acridine orange 

under a confocal scanning microscope.  

   

 

 

 

 

 

 

 

 

 

 

(a) (b) 
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Photomicrograph 5.3. Z-stack images of 2.5% (w/v) Lipo-Ag+ suspension embedded in a 

padded dry bacterial cellulose hydrogel from top view through to the bottom using confocal 

scanning microscopy. 

 

 

 Confocal scanning microscopy confirmed the penetration of 2.5% (w/v) lipo-Ag+ 

suspension into the biosynthetic BC hydrogel (Photomicrograph 5.3).  
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5.2.7. Encapsulation efficiency  

 Encapsulation efficiency as determined by ICP analysis for 1% and 2.5% (w/v) Lipo-

Ag+ is recorded in Table 5.1. 

 

Table 5.1. Encapsulation efficiency of Ag+ in 1% & 2.5% (w/v) Lipo-Ag+ using ICP 

analysis. 

Sample Average ICP 

reading 

(PPM) 

Dilution Amount of encapsulated 

Ag+ (mg/ml) (Average ICP 

reading / dilution / 1000) 

*Lipo-Ag+ pellet (1% 

(w/v) AgNO₃) 

17.38 ± 1.45 0.25 0.07 

 

 

*Lipo-Ag+ (2.5% 

(w/v) AgNO₃) 

55.83 ± 10.39 0.25 0.22 

 

 

  Lipo-H₂O 0.00 0.00 0.00 

 

*=In this instance: 0.07mg/ml = 0.00007g/ml = 0.007g/100ml which is the equivalent to 

0.007% Ag+ in 100ml solution  

*=In this instance: 0.22mg/ml = 0.00022g/ml = 0.022g/100ml which is the equivalent to 

0.022% Ag+ in 100ml solution  
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5.2.8. In vitro silver release  

 Liposomes have many advantages from increasing drug encapsulation efficiency to 

enhancing the bioavailability of a drug while also reducing problems associated with targeting 

(Low et al., 2013). In the present study, silver release from 1% BC-Lipo-Ag+ (neutral) and 1% 

BC-AgNO3 was conducted over 72 hours using ICP analysis. Silver was released from both 

1% (w/v) BC-AgNO3 and 1.0% (w/v) BC-Lipo-Ag+ over the 72-hour period (Figure 5.5). 

 

Figure 5.5. Cumulative silver release of 1.0% (w/v) BC-AgNO3 and 1.0% (w/v) BC-Lipo-Ag+ 

over 72 hrs determined by ICP analysis. 

 

 There was a higher silver release observed with 1% (w/v) BC-AgNO3 compared with 

1% (w/v) BC-Lipo-Ag+ (Figure 5.5). An explanation for this could be due to an impeded 

release of silver firstly from the liposome structure and then from exiting the 3-D hydrogel 

structure; silver in 1% (w/v) BC-AgNO3 is released solely from the BC hydrogel structure. In 
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its bioavailable form. This would explain the sustained release of BC-Lipo-Ag+ over 72hrs, 

whilst BC-AgNO3 has only the barrier of the hydrogel to overcome. In addition, between 1 and 

8 hrs, 1% BC-AgNO3 experiences a burst release of silver while 1% BC-Lipo-Ag+ experiences 

a slower controlled release of the Ag+ after which time, both formulations experience a slow 

gradual increase. Findings suggest that BC-Lipo-Ag+ exhibiting a more sustained drug release 

profile compared to BC-AgNO3 is a potentially more favourable option for wound healing as 

a slower release of silver could exhibit a lower side effect profile. 

5.3. ANIONIC Lipo-Ag+ (1 & 2.5% AgNO₃) 

Lipo-Ag+ anionic liposomes were produced via the REV method in a 1:0.5:0.5 molar 

ratio of phosphatidylcholine, cholesterol and dihexadecyl phosphate, respectively. Dicetyl 

phosphate was responsible for providing the negative charge for liposomes.    

Physicochemical characterisation studies including SEM, EDX and FTIR were used to 

analyse the morphology, sizing and structure of the liposomes, in addition to providing 

confirmation of the incorporation of anionic liposomes into the BC matrix. The disc diffusion 

assay as described in Chapter 2 was used to investigate antimicrobial activity. Finally, in vitro 

cytocompatibility studies using HEp-2 tested cell lines were carried out to examine the safety 

profile of anionic Lipo-Ag+ both alone and embedded in a biosynthetic BC hydrogel.    

5.3.1. Confirmation of BC structure and the presence of Lipo-Ag+ (anionic) 

FTIR spectroscopy was used to analyse the chemical structures of BC, dicetylphosphate 

and BC-Lipo-Ag+ (anionic) to confirm the incorporation of Lipo-Ag+ (anionic) into the BC 

matrix. The characteristic peaks for each chemical structure are displayed (Figure 5.6).  



197 
 

 

 

 

 

Figure 5.6. FTIR spectra for (a) purified BC; (b) dicetyl phosphate and (c) BC-Lipo-Ag+ 

(anionic) from 400 to 4000cm-1.  
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FTIR analysis confirms the incorporation of anionic Lipo-Ag+ into the BC matrix. The 

FTIR spectra for the final hydrogel formulation (Figure 5.6 (c)) consists of similar 

characteristic peaks to that of BC and dicetyl phosphate confirming not only the penetration of 

Lipo-Ag+ into the BC fibre network but also the incorporation of dihexadecyl phosphate which 

provides the overall negative charge for the liposomes.  

A detailed investigation into the vibrational spectra of BC has been examined in 

Chapter 3. The FTIR spectra for BC-Lipo-Ag+ anionic formulation contains similar 

characteristic peaks to BC i.e. 3353 cm-1 and 2904 cm-1 which correspond to OH stretching and 

CH stretching of CH2 and CH3 groups, 1640 cm-1 assigned to H-O-H bending of absorbed 

water, 1426 cm-1 referring to OH in plane bending. The intense peak displayed at 1046 cm-1 

corresponds to asymmetric stretching of the PO4 group present in dihexadecyl phosphate 

(Figure 5.6 b & c). This not only confirms the successful production of anionic liposomes but 

also their entrapment within the BC matrix (Figure 5.6c). Finally, the presence of silver is 

confirmed by the peak at 812 cmˉ1 (Figure 5.6c).  

FTIR analysis confirmed the successful production of BC-Lipo-Ag+ (anionic charged) 

biosynthetic hydrogel.   

5.3.2. Imaging and sizing of BC and Lipo-Ag+ (anionic) 

SEM was used to analyse the morphology of purified BC and Lipo-Ag+ (anionic) in 

addition to examining the sizing of the anionic liposome structures. Analysis confirmed the 

existence of a highly porous structure within BC consisting of intertwined fibres produced by 

G. xylinus. The interspersed voids within the network allow for the entrapment of antimicrobial 

agents to aid in wound healing (Figure 5.6 (a)).   

 



199 
 

 

               
                                                                                              
 
 
 

                                      

                                       
 
 

Figure 5.7. SEM images of (a) purified BC; fibre network highlighted and (b) Lipo-Ag+ 

(anionic); liposome highlighted and magnified; approximately 2µm in size.  

(a) 

(b) 
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 Figure 5.7 (b) shows SEM analysis for Lipo-Ag+ anionic liposomes with an example 

of an anionic liposomal silver nitrate magnified and corresponding size of approximately 2μm. 

Although SEM was useful in determining the sizing of liposomes, fluorescent microscopy was 

preferred in terms of investigating the lipid bilayer structure of the multilamellar liposomes as 

it appeared to show greater clarity. SEM analysis for BC-Lipo-Ag+ was not possible due to 

complicated staining procedures required involving radiation. 

5.3.3. Fluorescence Microscopy  

 Images were captured using a Nikon Eclipse ME600 Differential Interface Contrast 

(DIC) microscope (Photomicrograph 5.4) and sizing of liposomes were examined by Image-

Pro software.  
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Photomicrograph 5.4. 1% (w/v) anionic Lipo-Ag+ at x1000 magnification.  

Photomicrograph 5.4 shows multilamellar anionic silver nitrate loaded liposomes. 

The magnified image shows a multilamellar anionic liposome with a size of 2.18μm.  

The fluorescent microscopy images using the DIC microscope were preferred to the 

SEM images since they provided greater clarity of the lipid bilayer density, confirming that the 

anionic liposomes produced were in fact multilamellar vesicles.  

 

2.18μm 
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5.3.4. Confirmation of silver loading  

EDX analysis was used to confirm the incorporation of Lipo-Ag+ (anionic) within the 

BC structure. The EDX spectra for the final formulation of BC-Lipo-Ag+ (anionic) confirmed 

the presence of lipo-Ag+ within the BC matrix by the occurrence of silver elemental peaks 

confirming the formation of anionic liposomal silver nitrate embedded in a BC hydrogel 

(Figure 5.8).  

 

 

 

(a) 

(b) 

(c) 
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Figure 5.8. EDX spectra for (a) purified BC, (b) dicetyl phosphate, (c) Lipo-H₂O (anionic) 

and (d) BC-Lipo-Ag+ (anionic). 
 
 
 

The EDX spectra displayed for BC-Lipo-Ag+ hydrogel formulation confirms the 

presence of silver within the structure due to the silver chemical peaks (fig. 5.8(d)). Not only 

does the spectra contain silver peaks but carbon and oxygen peaks (characteristic of BC) and 

phosphorus peaks (characteristic of dicetyl phosphate) are also observed. This confirms that 

not only has the silver been encapsulated within the anionic liposomes but the Lipo-Ag+ 

(anionic) have also become entrapped within the voids of the BC fibre network structure 

(Figure 5.8(d)).    

 

5.3.5. Swelling Index  

The swelling ability of a hydrogel formulation is vital in determining its potential in 

wound management applications. Hydrogel wound dressings should have a high-water 

absorption capacity to be able to absorb wound exudates (Soler et al., 2012).  

The swelling behaviour of BC, 1% (w/v) BC-Lipo-Ag+ (anionic) and 2.5% (w/v) BC-

Lipo-Ag+ (anionic) was investigated and results displayed in Figure 5.9.  

(d) 
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Figure 5.9. Swelling ratio of BC, 1% (w/v) BC-Lipo-Ag+ (anionic) & 2.5% (w/v) BC-Lipo-

Ag+ (anionic) in deionised water (n=3, error bars = SD). 
 
 
 

The degree of swelling of the hydrogels was defined as a ratio of the weight of the 

hydrogel in its swollen state to the weight of the dry hydrogels. The values for BC, 1% BC-

Lipo-Ag+ and 2.5% BC-Lipo-Ag+ were 1.63, 2.61 and 6.91 respectively (Figure 5.9). The data 

showed 2.5% (w/v) BC-Lipo-Ag+ to have the highest swelling ratio, 4 times higher than that 

of BC indicating its potential as an effective hydrogel wound dressing material, especially in 

the case of wounds oozing high amounts of exudate. Hydrogel wound dressings with good 

swelling behaviour have been shown to significantly aid the wound healing process by 

providing an optimal moist wound healing environment (Qu et al., 2019).  

 

5.3.6. Encapsulation efficiency 

 Encapsulation efficiency of silver in both 1% and 2.5% (w/v) Lipo-Ag+ pellets achieved 

after centrifugation was determined by ICP and recorded in Table 5.2. As expected, 2.5% Lipo-
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provided confirmation of the encapsulation of silver nitrate within the anionic liposome 

vesicles. 

Table 5.2. Encapsulation efficiency of Ag+ in 1% & 2.5% (w/v) anionic Lipo-Ag+ using ICP 

analysis. 

Sample Average ICP 

reading 

(PPM) 

Dilution Amount of encapsulated Ag+ 

(mg/ml) (Average ICP reading / 

dilution / 1000) 

*Lipo-Ag+ pellet 

(1% (w/v) AgNO₃) 

(anionic) 

23.13 ± 2.07 0.25 0.09 

 

 

 

*Lipo-Ag+ pellet 

(2.5% (w/v) AgNO₃) 

(anionic) 

64.65 ± 5.45 0.25 0.24 

 

 

 

  Lipo-H₂O 0.00 0.00 0.00 

 

*=In this instance: 0.09mg/ml = 0.00009g/ml = 0.009g/100ml which is the equivalent to 

0.009% Ag+ in 100ml solution  

*=In this instance: 0.24mg/ml = 0.00024g/ml = 0.024g/100ml which is the equivalent to 

0.024% Ag+ in 100ml solution  

 

5.3.7. Antimicrobial activity  

 Antimicrobial activity of free Lipo-Ag+ and Lipo-Ag+ embedded in BC was 

investigated against P. aeruginosa and S. aureus using the disc diffusion assay (Figure 5.10).  
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Figure 5.10. Antimicrobial activity as determined by ZOI (mm) for aqueous AgNO₃ and Lipo-

Ag+ (anionic) suspension against (a) P. aeruginosa and (b) S. aureus cultivated on TSA at 37°C 

over 24 hours (n = 3, error bars = SD). 
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Figure 5.11. Antimicrobial disc diffusion assay results for (a) 1% (w/v) hydrated BC-Lipo-

Ag+ (anionic) and (b) 2.5% (w/v) hydrated BC-Lipo-Ag+ (anionic) against P. aeruginosa and 

S. aureus cultivated on TSA at 37°C over 72 hours (n = 3, error bars = SD, p-values annotated). 
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Figure 5.12. Antimicrobial disc diffusion assay results for (a) 1% (w/v) rehydrated BC-

Lipo-Ag+ (anionic) and (b) 2.5% (w/v) rehydrated BC-Lipo-Ag+ (anionic) against P. 

aeruginosa and S. aureus cultivated on TSA at 37°C over 72 hours (n = 3, error bars = SD, p-

values annotated). 

 

Results indicate that both 1% and 2.5% Lipo-Ag+ anionic suspension exhibit 

antimicrobial activity against P. aeruginosa and S. aureus over a 24-hour period (Figure 5.10). 

Silver is thought to interfere with bacterial cell walls by impairing vital enzymes, disrupting 
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metabolic pathways, and causing possible alteration of RNA and DNA. The silver ions then 

become highly reactive oxygen species (ROS) destroying the bacterial cell wall, thus leading 

to its antimicrobial effect (Melaiye and Youngs, 2005; Rai et al., 2009).  

In addition, 2.5% Lipo-Ag+ suspension exhibited a higher antimicrobial activity in 

comparison to 1% Lipo-Ag+ suspension (Figure 5.10) which was expected due to a higher 

encapsulation efficiency of silver in 2.5% Lipo-Ag+ (Table 5.2) leading to a stronger 

antimicrobial effect. Unfortunately, due to the nature of the free Lipo-Ag+ suspension, it could 

not be transferred over to freshly seeded plates which is why antimicrobial activity was only 

investigated over 24 hours. Nevertheless, Lipo-Ag+ anionic suspension loaded in a BC 

hydrogel was tested over 72 hours (Figure 5.11 & 5.12) which provided further indication of 

antimicrobial activity of anionic liposomal silver nitrate.  

 Both 1% and 2.5% (w/v) Lipo-Ag+ (anionic) suspension and BC-Lipo-Ag+ exhibited a 

higher antimicrobial activity against P. aeruginosa compared with S. aureus following a 

similar pattern to both silver nitrate and silver zeolite (Figure 5.10, 5.11 & 5.12). The 

difference in antimicrobial activity of 1% and 2.5% (w/v) Lipo-Ag+ and BC-Lipo-Ag+ (anionic) 

against the two bacteria could be due to the differences in the bacterial cell wall structures also 

discussed in section 4.2.4. The cell wall of Gram-positive species (S. aureus) contain a higher 

peptidoglycan content compared with Gram-negative species (P. aeruginosa); peptidoglycan 

is negatively charged owing to teichoic acid which is present in higher amounts in Gram-

positive bacteria. The overall negative charge binds to cations, reducing the amount of silver 

that can reach the plasma membrane. Therefore, S. aureus are less susceptible to the 

antimicrobial effect of silver compared with P. aeruginosa (Copcia et al., 2011). 

Empty anionic liposomes only containing deionised water with no drug i.e. Lipo-H2O 

acted as a control measure and displayed no antimicrobial activity against the bacteria (Figure 
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5.10). This confirmed that silver nitrate was responsible for any antimicrobial activity achieved 

against the Gram-negative and Gram-positive bacteria.  

 Silver has shown to exhibit bactericidal activity against wound infecting pathogens 

including drug resistant S. aureus strain, leading to its potential as an interactive topical silver 

formulation for the management of infected chronic wounds.  

5.3.8. In vitro release of silver  

The silver release profile for 1% and 2.5% (w/v) BC-Lipo-Ag+ (anionic) was carried 

out over 72 hours. Release was determined by ICP analysis and the results collated are shown 

in Figure 5.13.  

Figure 5.13. Cumulative silver release from 1% (w/v) BC-Lipo-Ag+ (anionic) and 2.5% (w/v) BC-

Lipo-Ag+ (anionic) over a 72-hour period (n = 3, error bars = SD). 
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hours, although still in a controlled manner. After 8 hours, release is very steady and controlled. 

This indicates that BC-Lipo-Ag+ hydrogel may display a lower side effect profile due to a 

slower release of silver over time compared with a burst release which is experienced with BC-

AgNO3.  

5.3.9. Cytocompatibility (in vitro study) 

 The cytocompatibility of BC-Lipo-Ag+ (anionic) hydrogels were evaluated using HEp-

2 cell lines. The cytotoxicity determined by ICP analysis concluded that the BC-Lipo-Ag+ 

hydrogels are cytocompatible as the HEp-2 tested cell line had a good survival rate (Figure 

5.14).  

Figure 5.14. HEp-2 cell viability (%) as determined by MTT assay after 24, 48 & 72h exposure to BC, 

BC-Lipo-H2O (controls), 1% & 2.5% (w/v) BC-Lipo-Ag+ and free Lipo-Ag+ (equivalent amounts) (n = 

6, error bars = SD). 
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HEp-2 cells tolerated up to 2.5% liposome encapsulated silver loaded in a biosynthetic BC 

hydrogel over 72 hours showing good survival rates (Figure 5.14). At the highest tested dose 

of 2.5% liposome encapsulated silver in BC,  HEp-2 cells showed over 40% survival rate after 

72 hours. Although this is a significant decrease compared with the BC control, even after 48 

hours there is just under a 60% survival rate after 48 hours exposure to the drug. Therefore, 

this cannot be considered a toxic effect. Considering this is liposome encapsulated silver within 

a BC delivery vehicle, in patients, this is a very small amount reaching the systemic circulation 

rendering it unlikely to cause a harmful effect to organs.  

Furthermore, when comparing the cytocompatibility of BC-Lipo-Ag+ hydrogels with 

the free Lipo-Ag+ (equivalent amount) (Figure 5.14), the free liposomal silver nitrate showed 

a lower cell viability over 72 hours in comparison to when loaded in biosynthetic BC (p < 

0.05). Liposome encapsulated silver loaded in BC must overcome two barriers i.e. the liposome 

and BC hydrogels structures before the drug can be released, whereas free Lipo-Ag+ must 

overcome the liposome barrier only causing a higher silver toxicity to the mammalian cells.  

5.4. CATIONIC Lipo-Ag+ (1 & 2.5% AgNO₃) 

Cationic liposomes containing silver nitrate, embedded in a BC hydrogel (BC-Lipo-

Ag+ cationic) were produced via the REV method in a 1:0.5:0.5 molar ratio of stearylamine, 

cholesterol and phosphatidylcholine respectively. Stearylamine was responsible for providing 

the overall positive charge for the liposomes.  

5.4.1. Confirmation of BC structure and the presence of Lipo-Ag+ 

FTIR was used to analyse the chemical structure BC-Lipo-Ag+ (cationic). The 

characteristic peaks are shown with their corresponding band regions (Figure 5.15).  
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Figure 5.15. FTIR spectra for (a) purified BC & (b) BC-Lipo-Ag+ (cationic) from 400 to 

4000cm-1. 

 

A detailed investigation into the vibrational spectra of BC has been examined in 

Chapter 3. The FTIR spectra for BC-Lipo-Ag+ cationic formulation consists of similar 

characteristic peaks to BC i.e. 3353 cm-1 and 2904 cm-1 which correspond to OH stretching and 

CH stretching of CH2 and CH3 groups, 1640 cm-1 assigned to H-O-H bending of absorbed 

water, 1426 cm-1 referring to OH in plane bending (Figure 5.15). The peak at 922 cm-1 confirms 

the presence of silver, thereby confirming the entrapment of cationic Lipo-Ag+ suspension into 

the BC matrix. 
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5.4.2. Imaging and sizing of BC and Lipo-Ag+ (cationic) 

SEM was used to analyse the morphology and sizing of the liposome structures. 

Samples were sprayed with compressed air before testing under SEM to avoid traces of dust 

which could affect the quality of analysis. Figure 5.16 (a) confirmed the presence of a fibre 

network and porous structure of BC. 

 

Figure 5.16. SEM images of (a) purified BC; fibre network highlighted and (b) Lipo-Ag+ 

(cationic); a liposome highlighted and magnified; 4.53µm in size. 

 

 

 The structure of cationic liposomes loaded with 1% (w/v) AgNO₃ was analysed by SEM 

and reveals multilamellar liposomes ranging in size from 0.76μm to 5.16μm (Figure 5.16 (b)). 

The size of the liposomes was detected using Image-Pro software. 

 

 

 

 

(a) 
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Figure 5.16 cont. SEM images of (a) purified BC; fibre network highlighted and (b) Lipo-

Ag+ (cationic); a liposome highlighted and magnified; 4.53µm in size. 
 
 

As mentioned in section 5.3.2, SEM was useful in determining the sizing of liposomes, 

however fluorescent microscopy was preferred in terms of investigating the lipid bilayer 

structure of the multilamellar liposomes as it appeared to show greater clarity. SEM analysis 

for BC-Lipo-Ag+ was not possible due to complicated staining procedures required involving 

radiation. 

 

(b) 

4.53μm   
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5.4.3. Fluorescence Microscopy 

 Cationic lipo-Ag+ was subjected to fluorescence microscopy to assess the size and 

morphology of the liposome structures with results revealed in Photomicrograph 5.4.  

 

 
 

      
 
Photomicrograph 5.4. Cationic liposomes encapsulating Ag+ formed via the REV method and 

stained with 0.01% acridine orange (Fluorescent microscope, 1000x magnification, G2A filter 

(excitation filter (EX) wavelengths: 510-560 nm, dichromatic mirror cut-on (DM) wavelength: 

572 nm, barrier filter (BA) wavelength: 590 nm). 

 
Photomicrograph 5.4 displays multilamellar vesicles pertaining to encapsulated 

cationic liposomal silver. The liposome highlighted is 2.57μm which was detected using 

Image-Pro software. Although light microscopy was beneficial to ascertain the liposome sizes 

and types of liposome structures present, it did not produce high clarity images due to the lack 

of optical contrast. For this reason, DIC microscopy was the preferred technique. 

 

5.4.4. Confirmation of silver loading via EDX analysis 

EDX spectroscopy was used to analyse the chemical structure of BC, stearylamine and 

the final BC-Lipo-Ag+ (cationic) hydrogel formulation, in addition to confirming the presence 

2.57μm 
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of silver, the spectra also confirmed the successful incorporation of cationic liposomes within 

the BC matrix (Figure 5.17). 

 

 

 

 
Figure 5.17. EDX spectra for (a) purified BC, (b) stearylamine and (c) BC-Lipo-Ag+ (cationic). 

 

 

 
EDX analysis confirms the presence of silver within the BC-Lipo-Ag+ (cationic) by the 

presence of silver peaks (Figure 5.17 (c)). In addition, the occurrence of carbon and oxygen 

peaks confirmed the incorporation of stearylamine into the lipid bilayer structure of the 

liposome leading to the formation of cationic liposomes. Figure 5.17 (c) confirms the 

penetration of the silver nitrate loaded cationic liposomes into the BC structure.  

(a) 

(b) 

(c) 
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5.4.5. Swelling Index  

 

The swelling ability of a wound dressing material is an important characteristic for 

wound healing for absorption of biological liquids such as body fluids and wound exudate. 

This feature can accelerate healthy wound healing (Shao et al., 2017).  

The swelling ability of BC, 1% (w/v) BC-Lipo-Ag+ (cationic) and 2.5% (w/v) BC-Lipo-

Ag+ (cationic) were evaluated. The swelling ratios of BC, 1% BC-Lipo-Ag+ and 2.5% BC-

Lipo-Ag+ were 1.63, 2.61 and 6.91, respectively (Figure 5.18). The 2.5% BC-Lipo-Ag+ 

membranes adopted the highest swelling ability (up to four times higher) comparatively to that 

of pure BC making it a potentially good candidate for chronic wound management. 

 

 

 
 

Figure 5.18. The swelling ratio of BC, 1% (w/v) BC-Lipo-Ag+ (cationic) and 2.5% (w/v) 

BC-Lipo-Ag+ (cationic) in deionised water over 24 hours (n = 3, error bars = SD).  

 

 

 The high swelling behaviour of 2.5% BC-Lipo-Ag+ is fundamental for a wound 

dressing application, not only for absorbing exudates and providing hydration when in contact 

with injured skin but also in terms of rate of release of silver nitrate (Silva et al., 2014).  
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5.4.6. Encapsulation efficiency  

 The concentration of silver nitrate within the cationic liposomes was determined via 

ICP analysis. The 2.5% (w/v) lipo-Ag+ cationic formulation contained the highest content of 

silver as expected due to a higher initial loading concentration of silver nitrate used during the 

formulation process (Table 5.3). 

 

Table 5.3. Encapsulation efficiency of Ag+ in 1% & 2.5% (w/v) cationic Lipo-Ag+ using ICP 

analysis. 

Sample Average ICP 

reading (PPM) 

Dilution Amount of 

encapsulated Ag+ 

(mg/ml) (Average 

ICP reading / 

dilution / 1000) 

*Lipo-Ag+ pellet (1% (w/v) 

AgNO₃) (cationic) 

 

14.54 ± 0.79 0.25 0.06 

 

*Lipo-Ag+ (2.5% (w/v) AgNO₃) 

(cationic) 

 

37.26 ± 1.64 0.25 0.14 

 

  Lipo-H₂O 0.00 0.00 0.00 

 
*=In this instance: 0.06mg/ml = 0.00006g/ml = 0.006g/100ml which is the equivalent to 

0.006% Ag+ in 100ml solution  

*=In this instance: 0.14mg/ml = 0.00014g/ml = 0.014g/100ml which is the equivalent to 

0.014% Ag+ in 100ml solution  

 

5.4.7. Antimicrobial activity  

 The requirement for advanced wound materials to exhibit antimicrobial activity to 

combat wound associated infections is growing. The present study demonstrated cationic 

liposomal silver nitrate to be antimicrobial against P. aeruginosa and S. aureus over 24 hours 

(Figure 5.19). 
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Figure 5.19. Antimicrobial disc diffusion assay results for 1% (w/v) Lipo-Ag+ (cationic) and 

2.5% (w/v) Lipo-Ag+ (cationic) against (a) P. aeruginosa and (b) S. aureus cultivated on TSA 

at 37°C over 24 hours (n = 3, error bars = SD). 
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Figure 5.20. Antimicrobial disc diffusion assay results for (a) 1% (w/v) hydrated BC-Lipo-

Ag+ (cationic) and (b) 2.5% (w/v) hydrated BC-Lipo-Ag+ (cationic) against P. aeruginosa and 

S. aureus cultivated on TSA at 37°C over 24 hours (n = 3, error bars = SD, p-values annotated). 
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Figure 5.21.  Antimicrobial disc diffusion assay results for (a) 1% (w/v) rehydrated BC-Lipo-

Ag+ (cationic) and (b) 2.5% (w/v) rehydrated BC-Lipo-Ag+ (cationic) against P. aeruginosa 

and S. aureus cultivated on TSA at 37°C over 24 hours (n = 3, error bars = SD, p-values 

annotated). 
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rehydrated BC hydrogel form, exhibited antimicrobial activity against P. aeruginosa and S. 

aureus over 24 and 48 hours respectively (Figure 5.19, 5.20 & 5.21). After 48 hours, no 

antimicrobial activity from either of the hydrogels was observed. Pure BC and BC-Lipo-H2O 

displayed no antimicrobial activity suggesting that silver was responsible for the antimicrobial 

effect.  

Antimicrobial activity was stronger against P. aeruginosa compared to S. aureus. Silver 

possesses strong antimicrobial activity which has been confirmed in literature (Spacciapoli et 

al., 2002). As discussed in section 5.3.7, the differences in antimicrobial effect in Gram-

positive and Gram-negative microbial strains, could be due to the differences in the bacterial 

cell wall structures. The cell wall of Gram-positive species (S. aureus) contain a higher 

peptidoglycan content compared with Gram-negative species (P. aeruginosa); peptidoglycan 

is negatively charged owing to teichoic acid which is present in higher amounts in Gram-

positive bacteria. The overall negative charge binds to cations, reducing the amount of silver 

that can reach the plasma membrane. Therefore, S. aureus are less susceptible to the 

antimicrobial effect of silver compared with P. aeruginosa (Copcia et al., 2011). 

Nevertheless, BC-Lipo-Ag+ (cationic) hydrogels exert their antimicrobial effect against 

both Gram-negative and drug resistant Gram-positive S. aureus, indicating potential for chronic 

wound management of infected wounds.  

 

5.4.8. In vitro release of silver   

Silver release from 1% and 2.5% BC-Lipo-Ag+ (cationic) hydrogel over 72 hours as 

determined by ICP analysis demonstrated a controlled drug release from both membranes 

(Figure 5.22). There was a higher cumulative release observed with 2.5% BC-Lipo-Ag+ 
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compared with 1% BC-Lipo-Ag+ which was expected due to a higher encapsulation efficiency 

of silver in the 2.5% BC-Lipo-Ag+ hydrogel (Table 5.3).   

 

 

Figure 5.22. Cumulative silver release from 1% (w/v) BC-Lipo-Ag+ (cationic) (loaded under 

agitated conditions) and 2.5% (w/v) BC-Lipo-Ag+ over a 72-hour period (n=3, error bars=SD). 

  

 Results indicated a prolonged release from both 1% and 2.5% (w/v) BC-Lipo-Ag+ 

cationic hydrogels over a 72-hour period which is also in line with the release profiles from 

BC-Lipo-Ag+ neutral and anionic formulations (Figure 4.26 & 5.13). These results suggest 

that a low side effect profile will be experienced with a sustained release of silver over 72 

hours.   

 

5.4.9. Cytocompatability (In vitro study) 

 The non-toxic nature of BC is well documented in literature. This feature of BC has 

paved the way for many commercial products available on the market today such as Dermafill® 

and Biofill® (Gupta et al., 2020). The cytocompatibility of BC-Lipo-Ag+ (cationic) hydrogels 
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and free cationic Lipo-Ag+ investigated using HEp-2 cell line using MTT assay. The 

cytotoxicity study revealed that both 1% and 2.5% (w/v) BC-Lipo-Ag+ (cationic) hydrogels 

and free cationic Lipo-Ag+ is cytocompatible as HEp-2 tested cell line displayed good cell 

viability over 72 hours, with the exception of 2.5% (w/v) Lipo-Ag+ where HEp-2 cell viability 

was just over 20% after 72 hours (Figure 5.23).  

 

Figure 5.23. HEp-2 cell viability (%) as determined by MTT assay after 24, 48 & 72h 

exposure to BC, BC-Lipo-H2O (controls), 1% & 2.5% (w/v) BC-Lipo-Ag+ (cationic) and free 

Lipo-Ag+ (cationic) (equivalent amounts) (n = 6, error bars = SD). 

 

 Results suggested that free cationic Lipo-Ag+ demonstrated a lower cell viability 

against the HEp-2 tested cell line compared with BC-Lipo-Ag+ hydrogels (p < 0.05) (Figure 

5.23). The BC-Lipo-Ag+ hydrogels overcome two barriers for drug delivery i.e. the liposome 

and hydrogel membrane, whereas the cationic Lipo-Ag+ overcome the liposome barrier only. 

In addition, liposomal silver nitrate is a prolonged release formulation with the hydrogel 

structure further controlling the release, hence limiting cytotoxicity of the silver. The findings 

support the potential of BC-Lipo-Ag+ (cationic) hydrogels for use as interactive wound 

dressings materials to facilitate the wound healing process.  
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5.4.10. Water Vapour Transmission for liposome formulations 

 WVTR is one of the most important factors in determining how effective a wound 

dressing is in terms of retaining and providing moisture to a wound as well as gaseous 

exchange. WVTR for neutral, anionic and cationic liposome formulations was investigated 

(Table 5.4).   

 

Table 5.4. Water vapour transmission rate for BC-Lipo-Ag+ formulations under 21°C and 

50% relative humidity conditions (n = 3). 

Formulation  BC thickness (mm) WVTR (g/m2/day) 

BC 2.16 ± 0.29 2074.46 – 2258.84  

1% (w/v) BC-Lipo-Ag+ (neutral) 2.65 ± 0.25 2014.99 – 2306.95 

1% (w/v) BC-Lipo-Ag+ (anionic) 3 ± 0.5 832.10 – 1056.74  

1% (w/v) BC-Lipo-Ag+ (cationic) 

 

2.5 ± 0.26 740.96 – 965.13  

2.5% (w/v) BC-Lipo-Ag+ (neutral) 

 

2.5 ± 0.5 701.06 – 1086.04 

2.5% (w/v) BC-Lipo-Ag+ (anionic) 

 

3.2 ± 0.25 951.15 – 1235.76  

2.5 % (w/v) BC-Lipo-Ag+ (cationic) 3.5 ± 0.52 709.55 – 942.89  

 

 

Research suggests that the gold standard for WVTR is between 2000-2500 g/m²/day to 

provide the optimal rate of wound healing and prevent excessive dehydration of the wound 

(Sung et al., 2010). With this in mind, BC and 1% (w/v) BC-Lipo-Ag+ (neutral) hydrogel 

exhibit WVT rates within the range, indicating their potential as wound dressing materials to 

provide the optimum moist environment for wound healing to take place.  

Nevertheless, not all commercial wound dressings exhibit WVT rates that fall within 

this category. The skin has been found to exhibit varying levels of water vapour depending on 
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the wound type increasing from 204 to 278 g/m²/day for normal skin indicating, the rate is 

dependent on other intrinsic factors. On the contrary, water loss should not be overly restricted 

since the accumulation of exudate and other wound fluids beneath the dressing, may lead to 

maceration and ultimately a breeding ground for infection (Peles and Zilberman, 2012).  
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6. GENERAL DISCUSSION, CONCLUSION & FURTHER WORK 

6.1. Discussion  

 Infection is a major problem in the management of chronic wounds. Issues arising from 

chronic wound infections cause a delay in healing, formation of wound exudate and disrupted 

collagen synthesis (Rondas et al., 2013). With the prevalence of chronic wounds on the rise 

coupled with an increasing ageing population, modern wound management seeks to explore 

innovative dressings to facilitate and improve the wound healing process. Such dressings 

including biopolymeric hydrogels have revolutionised the field of wound management with a 

plethora of interactive dressings available on the market.  

 This investigation set out to explore the production of liposomes with varying surface 

charge embedded in a biosynthetic bacterial cellulose hydrogel, to control the release of 

antimicrobial silver nitrate for advanced wound management applications. Results from the 

investigation displayed differences in the degree of antimicrobial activity and 

cytocompatibility of silver nitrate when delivered as a free agent as opposed to liposome 

encapsulated and embedded in BC hydrogel. Overall, liposome encapsulated Ag+ embedded in 

a BC hydrogel controls the proliferation of common Gram-positive and Gram-negative wound 

infecting pathogens in vitro and displays reduced toxicity to HEp-2 mammalian cells (over 

60% cell viability) over a 48-hour period. Findings suggest, BC-Lipo-Ag+ hydrogels have the 

potential to be interactive wound dressing materials for the management of infected chronic 

wounds with reduced toxicity to mammalian cells.     

 The attributes of biosynthetic bacterial cellulose (BC) are widely documented in 

literature and the findings from the current investigation were in line with these studies.   

 Bacterial cellulose (BC) was produced by cultivating Gluconacetobacter xylinus ATCC 

23770 in HS medium at 30°C under static conditions for 7-14 days depending on the thickness 
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of BC sheets required. BC pellets (≈10mm) were observed on the air-liquid interface by day 2, 

which gradually transformed into BC pellicles (≈80mm) adopting the shape of the culture 

vessel between days 5-7 with an average thickness of 9 ± 0.79mm. Once harvested, the BC 

pellicles were purified and treated in boiling 1% (w/v) aqueous sodium hydroxide (NaOH) and 

deionised water to remove entrapped bacterial cells, residual medium and fermentation by-

products/debris. The resultant purified BC sheets became clear and transparent which is very 

beneficial in the management of heavily exudating wounds. This feature allows the clinician 

to monitor the healing of the wound without having to remove the dressing, thus avoiding any 

discomfort for the patient from frequent dressing changes and fear of damaging any healing 

tissue. 

 Surface SEM analysis confirmed the three-dimensional ultrafine, web-like architecture 

adopted by BC (Azeredo et al., 2019). The highly porous nature of BC allows the movement 

of biological liquids and the entrapment of therapeutic agents within its matrix which was 

confirmed in the current study (Mirtalebi et al., 2019). In the BC membranes, interspersed 

voids became entrapped with silver. The uniformity of these BC-AgNO3 and BC-AgZ 

membranes were confirmed by SEM analysis with images displaying good distribution of 

silver within the porous structure of the BC membranes and the absence of aggregated drug.  

 BC membranes displayed the typical FTIR spectrum of cellulose materials with the 

main absorption bands at 3273, 2931 and 1159cm-1 corresponding to the vibrations of the O-

H, C-H and C-O-C groups, respectively. The FTIR spectrums for BC-AgNO3, BC-AgZ and 

BC-Lipo-Ag+ hydrogels were a sum of the vibrational peaks of the individual components, 

thereby confirming their structures and thus the successful production of the hydrogels. 

Moreover, EDX analysis confirmed the structures of the hydrogels by the presence of the 

elemental peaks. Both FTIR and EDX analysis confirmed the structure produced by G. xylinus 

to be bacterial cellulose.  
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 An ideal wound dressing should offer protection by acting as a barrier to promote 

healthy wound healing with reduced scar formation (Joorabloo et al., 2019). Due to its 

attractive unique features and microstructure that mimics mammalian skin, BC hydrogels 

provide the optimum environment to promote wound healing. Its high-water holding capacity 

is not only fundamental for absorption of wound exudates and hydration of the skin, but its 

high degree of adherence and conformability to the skin means patients can avoid 

uncomfortable dressing changes (Fu et al., 2013). In this investigation, 1% (w/v) BC-Lipo-Ag+ 

(anionic) hydrogels demonstrated an increased swelling ratio (up to 4 times higher) in 

comparison to pure BC membranes. The phospholipid membranes of liposomes exhibit 

properties such as amphiphilicity and wettability which have a strong influence in the swelling 

behaviour of the BC membrane (Choudhary et al., 2019). Moreover, dicetylphosphate; the 

anionic component of liposomes is classed as a surfactant so increases the elasticity of vesicle 

membranes and thus contributing to the overall swelling ability of the BC hydrogel (Mbah and 

Attama, 2018). Their excellent swelling behaviour indicate their potential for candidates as 

wound healing dressings to provide an optimal wound environment for healthy wound healing. 

Other investigated hydrogels which adopted good swelling ability included 1% (w/v) BC-

AgNO3 and which had a swelling ratio of almost 3 times higher than pure BC  and 1% (w/v) 

BC-Lipo-Ag+ (neutral) which had a ratio of almost twice that of BC membranes. The swelling 

of BC is dependent on the penetration of water into the BC porous structure (Arikibe et al., 

2019). It was postulated that 1% (w/v) BC-AgNO3 had a higher void space within the BC 

matrix thus allowing a higher uptake of deionised water into the hydrogel compared with pure 

BC and 2.5% BC-AgNO3. Due to the phospholipid component of liposomes having an 

influence on the swelling behaviour; 1% (w/v) BC-Lipo-Ag+ (neutral) hydrogels also adopted 

good swelling ability.  
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 The swelling behaviour of a hydrogel wound dressing is vital for the absorption of 

wound biological fluids and exudates, but it is also important in terms of drug delivery. The 

swelling ability of hydrogels can influence the rate of drug delivery to the wound bed (Pereira 

et al., 2013). The rate of drug release from a wound dressing to the wound site is dependent on 

many variables including the type of wound, the size and type of dressing, the volume of blood 

loss and wound exudate (Gupta et al., 2016; Mohandas et al., 2018).  

In addition to swelling behaviour, another important parameter to take into 

consideration is water vapour transmission rate, responsible for providing adequate moisture 

for the wound to prevent dehydration and control the volume of exudate. A balance of 

evaporative water loss needs to be achieved where it is not too high, thus dehydrating the 

wound or too low, where the build-up exudate under the dressing could lead to potential 

infection. In this study, 1% (w/v) BC-Lipo-Ag+ (neutral) hydrogel had a water transmission 

rate which fell within the recommended region of 2000 – 2500 g/m2/day (Sung et al., 2016). 

Hence, this formulation would be extremely useful in the treatment of chronic wounds with or 

without high levels of exudate.  

Silver release was determined via ICP analysis for BC-AgNO3, BC-AgZ and BC-Lipo-

Ag+ hydrogels over a 72-hour period. It was noted that PBS release medium does not mimic a 

true wound environment. The presence of neutrophils, inflammatory mediators, microbes and 

associated enzymes would be required for the wound environment to be an accurate 

representation of a wound bed (Martin et al., 2013). Nevertheless, in vitro silver release studies 

demonstrated 1% (w/v) BC-Lipo-Ag+ hydrogels and 1% (w/v) BC-AgNO3 to exhibit silver 

release over 72 hours (Figure 5.5). A higher silver release was observed with 1% (w/v) BC-

AgNO3 compared with 1% (w/v) BC-Lipo-Ag+. A possible explanation for this could be due 

to an impeded release of silver firstly from the liposome vesicle membrane and then from 
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exiting the 3-D hydrogel structure; silver in 1% (w/v) BC-AgNO3 is released exclusively from 

the hydrogel structure.  

Liposome encapsulated drugs tend to have a higher retention inside the lipid vesicles 

compared to that of the free form leading to a sustained release over a prolonged period (Takagi 

et al., 1996). In case of the BC hydrogel, structural properties of the matrix such as morphology 

and porosity play an important role in the transport of water into and drug out of the natural 

biopolymer (Pillai and Panchagnula, 2001). In this instance, liposome encapsulated silver not 

only has to overcome the barrier of the lipid vesicle but also the network scaffold of the BC 

hydrogel before becoming released as Ag+ in its bioavailable form. This would explain the 

sustained release of BC-Lipo-Ag+ over 72hrs, whilst BC-AgNO3 has only the barrier of the 

hydrogel to overcome. One-way ANOVA revealed a statistically significant difference 

between the silver release from 1 % (w/v) BC-AgNO3 and 1% BC-Lipo-Ag+ (p < 0.05). In 

addition, between 1 and 8 hrs, 1% (w/v) BC-AgNO3 experiences a burst release of silver while 

1% (w/v) BC-Lipo-Ag+ experiences a slower controlled release of the Ag+ after which time, 

both formulations experience a slow gradual increase (Figure 5.5). Findings indicated that BC-

Lipo-Ag+ sustained release formulation could be more favourable compared with 1% BC-

AgNO3 option as a slower release of silver could exhibit a lower side effect profile. 

 Infected wounds present a huge burden to the public healthcare system. Both aerobic 

and anaerobic microorganisms residing in chronic wounds create problems not only for the 

wound microenvironment but also for the surrounding environment leading to cross-

contamination. For this reason, the use of antimicrobial agents is critical to control infection 

by reducing microbial load at the wound bed. Amongst the antimicrobial agents is broad-

spectrum silver which has regained popularity in the wound management field (O’Neill et al., 

2003). After establishing the silver release profiles of the formulations produced, antimicrobial 
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activity was assessed using an adaptation of the British Society for Antimicrobial 

Chemotherapy (BSAC) standard disc diffusion assay method (Low et al., 2016).  

Herein, 1% & 2.5% (w/v) BC-AgNO3, 1% (w/v) BC-AgZ and 1% & 2.5% (w/v) BC-

Lipo-Ag+ (neutral, anionic & cationic) hydrogels displaying antimicrobial activity against 

representative wound infecting bacteria were produced. All formulations displayed 

antimicrobial activity against P. aeruginosa and S. aureus tested strains over 48 hours. As no 

antibacterial activity was observed with pure BC, BC-Z and BC-Lipo-H2O, silver released from 

the silver loaded hydrogels was responsible for the antimicrobial action against the two micro-

organisms. Possible mechanisms of action of antimicrobial silver in bacteria include 

interference with DNA replication, inhibition of electron transport and changes in structure of 

the bacterial cell membrane (Kim et al., 2009).  

The disc diffusion assay results for antimicrobial activity indicated BC-AgNO3, BC-

AgZ and BC-Lipo-Ag+ exhibited stronger antimicrobial activity against P. aeruginosa 

compared to S. aureus. Statistical analysis using ANOVA suggests that there is a significant 

difference between the ZOI data of P. aeruginosa and S. aureus (p < 0.05) when treated with 

BC-AgNO3. This is also the case for both strains (p < 0.05) when treated with BC-AgZ and 

BC-Lipo-Ag+ (neutral, anionic & cationic). The reason for the variation in antimicrobial 

activity exerted by Ag+ against the two microbial strains, was due to the differences in the 

peptidoglycan content in the cell wall structures. Peptidoglycan is responsible for the integrity 

of the cell wall structure. The cell wall of Gram-positive species (S. aureus) contain a higher 

peptidoglycan content compared with Gram-negative species (P. aeruginosa); peptidoglycan 

is negatively charged due to teichoic acid which is present in higher amounts in Gram-positive 

bacteria. The overall negative charge binds to cations, thus reducing the amount of silver that 

can reach the plasma membrane. Therefore, S. aureus are less susceptible to the antimicrobial 

effect of silver compared with P. aeruginosa (Borisova et al., 2016). 
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It is the presence of these anionic glycopolymers; teichoic acids in Gram-positive 

microbial strains which give rise to their protective barrier mechanism, thus leading to 

antibiotic resistance (Brown et al., 2013). Nevertheless, throughout this investigation Ag+ 

exhibits antimicrobial activity against drug resistant, S. aureus. Hence, these interactive BC-

Lipo-Ag+ hydrogel dressings have the potential to be used in the application of chronic infected 

wounds.  

However effective wound dressings are in terms of antimicrobial activity, they also 

need to be non-toxic to mammalian cells (Ali et al., 2019). Although silver is a very effective 

antimicrobial agent, this is quite often outweighed by its cytotoxic effect (Karnik et al., 2019). 

BC has been reported to be cytocompatible for biomedical applications in numerous studies 

(Di et al., 2017). In the current investigation, BC-AgNO3 and BC-Lipo-Ag+ (neutral, anionic 

& cationic) hydrogels displayed a higher compatibility to HEp-2 mammalian cells in 

comparison with the free drug (p < 0.05). Pure BC and BC-Lipo-H2O had no toxic effect to the 

cells with almost 98% cell viability observed over 72 hours which confirms that Ag+ is 

responsible for any toxicity observed. HEp-2 cells tolerated up to 2.5% liposome encapsulated 

silver (neutral, anionic & cationic) loaded in a biosynthetic BC hydrogel over 72 hours showing 

good survival rates. Even at the highest tested dose of 2.5% liposome encapsulated silver in 

BC, HEp-2 cells showed over 40% survival rate after 72 hours. Although this is a significant 

decrease compared with the BC control, even after 48 hours at the highest tested dose (2.5%) 

in BC, the dose has not reached IC50 i.e. there is over 60% survival rate after 48 hours exposure 

to the drug. Therefore, this cannot be considered a toxic effect. Considering this is liposome 

encapsulated silver within a BC delivery vehicle, in patients, this will translate into a very small 

amount reaching the systemic circulation rendering it unlikely to cause a harmful effect to 

organs. Subsequently, BC-Lipo-Ag+ hydrogels have shown reduced toxicity to mammalian 
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cells coupled with broad-spectrum antimicrobial activity, leading to the prospect of a 

responsive drug delivery system to facilitate chronic wound healing.  

In addition, the surface charge of liposomes was modified to optimise the antimicrobial 

drug delivery to the wound site (Chapter 5). Results revealed that BC-Lipo-Ag+ anionic 

hydrogels exerted a stronger antimicrobial effect against the two tested microbial strains 

compared with BC-Lipo-Ag+ neutral and cationic formulations. Negatively charged vesicles 

are known to release a higher content of drug to the wound site compared with positively 

charged vesicles which supports these findings (Gillet et al., 2011). Nonetheless, further 

research into the modification of surface charge is still required. The influence of surface 

charge on the distribution of liposomes has been shown to increase the content of encapsulated 

drug due to the lipid bilayer charges repelling with charged liposomes (Abraham and Walubo, 

2005). This finding in literature agrees with the findings for anionic liposomes, however does 

not reflect with the cationic formulation, since encapsulation efficiency was lower than both 

anionic and neutral formulations (Chapter 5).  

6.2. Conclusion 

 The present investigation demonstrates the in vitro safety, performance and 

antimicrobial potential of biosynthetic BC hydrogels loaded with liposomal AgNO3 against 

common wound infecting pathogens; P. aeruginosa and S. aureus for the potential in wound 

management applications. The controlled release mechanism of liposomal Ag+ coupled with 

reduced toxicity to HEp-2 cells, indicates a low side effect profile and potential for use in 

chronic wound management.  

 The results confirm the non-toxic nature of biosynthetic bacterial cellulose hydrogels 

in vitro. In addition, the ability of bacterial cellulose hydrogels to imbibe large amounts of 
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water alongside its transparent and non-adhesive nature, make it an ideal candidate as a matrix 

for wound dressing materials. 

 The high fibrillar 3D network structure of bacterial cellulose allowed for the loading of 

antimicrobial agents. Silver loaded BC hydrogels exhibited broad-spectrum antimicrobial 

activity against Gram positive and Gram negative bacteria. The transparency of silver loaded 

BC hydrogels allows for the examination of the wound by health professionals without the 

need for frequent dressing changes, which also has the added benefit of reducing any trauma 

to the patient. Moreover, the novel aspect of my work explores the impact of varying the surface 

charge of drug loaded liposomes on the antimicrobial efficacy against tested microbial strains. 

The present study investigates the production, physicochemical and in vitro characterisation of 

silver-nitrate loaded liposomes with varying surface charge in BC hydrogels (neutral, anionic 

and cationic). The results confirmed the successful production of silver nitrate encapsulated 

liposomes with varying surface charge embedded in a BC hydrogel for wound management 

applications. Despite the effectiveness of Ag+ in both free and liposome encapsulated forms 

for the treatment of chronic infected wounds, liposomal silver nitrate embedded in BC may 

reduce the side effect profile, owing to a controlled drug release, hence reducing silver toxicity.  

 A balance in concentration of antimicrobial agent with antimicrobial efficacy needs to 

be achieved to avoid the problem of antibiotic resistance. The current study has demonstrated 

the development for various concentrations of liposomal silver nitrate embedded in BC, with 

both concentrations (1% and 2.5% (w/v)) displaying antimicrobial activity against the common 

wound pathogens. It is important for clinicians and healthcare professionals to weigh the 

benefit and risks of using such wound dressing materials. In addition, the use of a lower 

concentrated drug delivery system is associated with low costs and therefore a reduced burden 

to healthcare.  
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 To conclude, a novel biosynthetic bacterial cellulose hydrogel wound dressing 

embedded with varying charged liposomal silver nitrate, exhibiting sustained drug release 

alongside broad-spectrum bactericidal activity has been developed with the potential to manage 

chronic infected wounds. Owing to its reduced toxicity and good antimicrobial efficacy, it has 

the possibility of reducing wound healing times, and thus reducing long uncomfortable 

hospitalization stays for patients.  

6.3. Further work 

 The results from this investigation including compatibility, antimicrobial efficacy and 

stability of the hydrogels can be developed further with the use of in vivo animal studies to 

understand the wound healing properties of hydrogels better. An ideal wound 

microenvironment with the presence of inflammatory markers, cytokines, macrophages and 

wound exudate would provide an accurate representation of the cytocompatibility and 

antimicrobial efficacy of the controlled drug delivery system. This would also be beneficial for 

drug release studies as although PBS release medium was used, this did not mirror a real-life 

wound environment. Both Gram-positive and Gram-negative bacterial strains were tested, 

however there is scope for a further range of pathogenic organisms to be investigated. Since 

the outbreak of coronavirus (COVID-19), the number of associated invasive fungal infections 

have been on the rise, in particular Candida auris. This particular type of fungi is very invasive, 

easily transmissible and quite often difficult to treat with antifungal agents (Hoenigl et al., 

2022). Common opportunistic fungi present in the wound bed, if not treated can lead to 

Candida infections, creating further problems for the patient. Future work would therefore 

involve testing the liposome loaded hydrogel dressing against fungi. 

 Furthermore, liposomes were produced via the REV method which commonly 

produces liposomes in the micrometre range. The next step would be to use an additional 
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method such as sonication to produce nanolipsomes. The field of nanoliposomes is being 

widely researched for biomedical applications. With the advantage of high drug payloads and 

the ability to encapsulate both lipophilic and hydrophilic drugs, nanoliposomes also have the 

added benefit of becoming entrapped into smaller void spaces in biopolymeric delivery 

systems, resulting in a higher encapsulation efficiency.  

 This further research could allow the production of silver nitrate encapsulated 

liposomes with varying surface charge in a biosynthetic bacterial cellulose hydrogel for wound 

management applications, to be progressed to the clinical trials stage.  
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8. APPENDICES   
 

Appendix 1: Materials and reagents used during the experimental work cited in the thesis  

Reagent  Abbreviation Product 

Number  

Formula Molecular 

Mass 

Supplier  

Acetone  AR V800023 CH₃COCH₃ 58.08 Sigma-Aldrich, Gillingham, 

UK 

Acridine Orange base  - 235474 C17H19N3 265.35 Sigma-Aldrich, Gillingham, 

UK  

Agar No. 2 

Bacteriological General 

Purpose 

- MC006 C14H24O9 336.33 Lab M, Bury, UK 

Antibiotic Antimycotic 

Solution (100x) Stabilised  

- A5955 - - Sigma-Aldrich, Gillingham, 

UK 

Bacteriological Peptone - MC024 (C12H18O9)n 330.05 Lab M, Bury, UK  

Chloroform (HPLC grade, 

≥99.9% 

- 528730 CHCl3 119.38 Sigma-Aldrich, Gillingham, 

UK 

Cholesterol, Sigma Grade, 

minimum 99% 

- C8667 C27H46O 386.65 Sigma-Aldrich, Gillingham, 

UK 

Citric Acid  - 251275 C6H8O7 192.12 Sigma-Aldrich, Gillingham, 

UK 

Dextrose  - MC013 C6H1206 198.17 Lab M, Bury, UK 

Dihexadecyl Phosphate - D2631 C32H67O4P 546.85 Sigma-Aldrich, Gillingham, 

UK  

Dimethyl sulfoxide  DMSO PHR1309 (CH3)2SO 78.13 Sigma-Aldrich, Gillingham, 

UK 

Dulbecco’s Modified 

Eagle’s Medium (DMEM) 

-high glucose 

DMEM  D5796 - - Sigma-Aldrich, Gillingham, 

UK  
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Fetal Bovine Serum FBS F2442 - - Sigma-Aldrich, Gillingham, 

UK  

Glacial Acetic Acid - 10384970 C2H4O2 60.052 Fisher-Scientific, 

Leicestershire, UK  

Gluconacetobacter xylinus 

(ATCC 23770) 

G. xylinus - - - University of Wolverhampton 

Culture Collection 

Hydrogen Peroxide  - H1009 H2O2 34.01 Sigma-Aldrich, Gillingham, 

UK  

L-Glutamine solution  - G7513 - - Sigma-Aldrich, Gillingham, 

UK  

Lipoid S100 (Soybean 

Lecithin)  

- S100 - - Lipoid, Germany 

Mannitol  - LAB007 C6H14O6 182.172 Lab M, Bury, UK  

Methylthiazolyldiphenyl-

tetrazolium bromide 

(MTT formazan) 

MTT M2003 C18H17BrN5S 335.43 Sigma-Aldrich, Gillingham, 

UK  

Nitric Acid - 225711 HNO3 63.01 Sigma-Aldrich, Gillingham, 

UK  

Phosphate Buffered Saline 

tablets  

PBS BR0014 Cl2H3K2Na3O8P2 411.04 Thermo Scientific, Oxoid 

Limited, Basingstoke, 

Hampshire, UK  

Pseudomonas aeruginosa 

(NCIMB 8295) 

P. aeruginosa  - - - University of Wolverhampton 

culture collection  

Sodium Diphosphate 

Dibasic  

- 255793 Na2HPO4 141.96 Sigma-Aldrich, Gillingham, 

UK 

Sodium Hydroxide - 221465 NaOH 40.01 Sigma-Aldrich, Gillingham, 

UK  

Silver-exchanged zeolite, 

granular, +20 mesh 

AgZ 382280 Ag84Na[(AlO2)86(SIO2)106] 

. xH2O 

- Sigma-Aldrich, Gillingham, 

UK 

Silver Nitrate ACS 

Reagent ≥99.0% 

AgNit 209139 AgNo3 169.87 Sigma-Aldrich, Gillingham, 

UK 
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Staphylococcus aureus 

(NCIMB 6571) 

S. aureus  - - - University of Wolverhampton 

culture collection  

Stearylamine 

(octadecylamine) 

SA 74750 C18H39N 269.5 Sigma-Aldrich, Gillingham, 

UK 

Sterile 96-well tissue 

culture plates  

    Sarstedt (Leicestershire, UK) 

Sterile petri dishes     Sarstedt (Leicestershire, UK) 

Sucrose - 47289 C12H22O11 342.30 Sigma-Aldrich, Gillingham, 

UK 

Trypsin-EDTA solution  - T4049 - - Sigma-Aldrich, Gillingham, 

UK  

Tryptic Soy Agar TSA LAB011 - - Lab M, Bury, UK 

Tryptic Soy Broth TSB LAB004 - - Lab M, Bury, UK 

Ultrapure Water - 1012620 H2O 18.02 Sigma-Aldrich, Gillingham, 

UK  

Yeast Extract  - MC001 C19H14O2 274.3 Lab M, Bury, UK  

Zeolite  Z 96096 Na2Al2Si3O10 440.47 Sigma-Aldrich, Gillingham. 

UK 

¼ strength Ringers 

Solution (tablets) 

- LAB100Z - - Lab M, Bury, UK  

 

 

 

Appendix 2: Preparation of mannitol agar  

Constituent  Amount (g/L) Supplier  

Yeast Extract  5 Lab M, Bury, UK  

Peptone  3 Lab M, Bury, UK  

Mannitol 25 Lab M, Bury, UK 

Agar No. 2  15 Lab M, Bury, UK  
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All constituents added to distilled water, stirred well and autoclaved at 121°C for 15 minutes.  

 

 

Appendix 3: Preparation of HS medium 

Constituent  Amount (g/L) Supplier 

Dextrose 20 Lab M, Bury, UK 

Bacteriological Peptone 5 Lab M, Bury, UK  

Yeast Extract 5 Lab M, Bury, UK 

Disodium Phosphate  2.7 Sigma-Aldrich, Gillingham, UK 

Citric Acid  1.15 Sigma-Aldrich, Gillingham. UK  

 

All constituents added to distilled water, stirred well and autoclaved at 121°C for 15 minutes.  

 

 

Appendix 4: Preparation of DMEM 

 

 

 

Constituent  Amount (per litre) Supplier  

Glucose 4.5g Sigma-Aldrich, Gillingham, UK 

FBS 10% Sigma-Aldrich, Gillingham, UK 

Antibiotic Antimycotic Streptomycin 1% Sigma-Aldrich, Gillingham, UK 

L-Glutamine 2mM Sigma-Aldrich, Gillingham, UK 


